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Editor’s Preface

Important developments in astrophysics and cosmology continue at a frenetic
pace, and it is increasingly difficult to keep up with progress in these fields. This
second volume of Astrophysics Update comprises a collection of eleven topical
reviews, each presented as a separate chapter, covering important areas of as-
trophysics and cosmology. The contributions have been written by scientists at
the forefront of research in the selected areas, in a style which, we hope, will be
accessible not only to advanced undergraduate students and beginning graduate
students, but also to professional astronomers working in the field.

In this volume, we have attempted, once again, to highlight a diverse range
of topics, from studies of the early universe to work in stellar astrophysics. It is
clear that much of the new research is being driven by a combination of multi-
wavelength observations with powerful new ground- and space-based telescopes
together with new and improved facilities for modelling and simulation.

Ten years ago, in 1995, the discovery of Gliese 229B, the first bona fide
‘brown dwarf’, was announced. Since that time an increasing number of objects
less massive and cooler than red M-dwarf stars, but more massive than giant
planets such as Jupiter, have been discovered. It is, therefore, appropriate that
in Chapter 1 of this volume Katharina Lodders and Bruce Fegley look at recent
progress in the classification and chemistry of low mass dwarfs. The authors
discuss the spectral classification of L and T dwarfs, objects which include the
coolest known stars and substellar objects, and they examine the elements whose
chemistry plays a key role in shaping the optical and infrared spectra of these
so-called “failed” stars.

Neutron stars are the superdense remnants of Type II supernova explosions,
produced in the collapse of massive stars after they have exhausted their avail-
able nuclear fuel. In Chapter 2, Tod Strohmayer examines neutron stars from
the viewpoint that they provide a natural laboratory for the study of matter
under the most extreme conditions of density and pressure, with the strongest
magnetic fields known. The latest attempts to measure neutron star masses and
radii are discussed as they provide a means to constrain important aspects of
neutron star structure and fundamental physics. Recent observational efforts
have concentrated on measurements of X-ray pulsation signals and observations
of the thermal emission from neutron star surfaces.

The observations of the Chandra X-ray Observatory, launched into Earth or-
bit in 1999, have made outstanding contributions to many areas of astrophysics.
In Chapter 3, Martin Weisskopf and John Hughes discuss how Chandra ob-
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servations of supernova remnants (SNRs) have provided new insights into the
supernova phenomenon. Here, Chandra observations have clarified the existence
of a class of compact central objects associated with SNRs that are radio quiet
and appear unpulsed in X-rays. Chandra has also isolated and resolved the struc-
ture of pulsar wind nebulae. In some cases pulsars have been clearly identified
within SNRs, while in others Chandra has been unable to identify an associated
compact central object.

The study of colliding galaxies has seen enormous progress in recent years,
and in Chapter 4, Curtis Struck discusses a number of key issues in this field.
These include the role of major and minor collisions and mergers in building
galaxies, whether collisions differ in cluster, group or nearly isolated environ-
ments due to their differing relative velocities, and how the large-scale dynamics
of collisions and interactions induce star formation and nuclear activity, both
before and during mergers. The author also looks at the association of ultra-
luminous infrared galaxies (ULIRGs) with colliding galaxies, and examines to
what degree long-term secular effects are triggered by mergers and feedback.

For some years it has been known that there is a close correlation between
the mass of supermassive black holes (SMBHs) in galaxy nuclei and the ve-
locity dispersion inside the effective radius of the bulge. This suggests a com-
mon formation scenario for galaxies and their central black holes. In Chapter 5,
Françoise Combes discusses the various processes involved in the formation and
evolution of SMBHs, particularly self-regulation and feedback which are key to
this observed correlation. The author also describes a wide range of phenom-
ena including black hole formation in the very early Universe, mini-quasars and
reionisation, intermediate mass black holes, downsizing and lifetime of activity,
and how mergers of binary SMBHs help to heat and destroy central stellar cusps.
Bright quasars appear to grow rapidly at high redshift and their number density
then decreases sharply, while the density of low-luminosity objects peaks more
recently and then decreases smoothly.

The correlation between central black hole mass and velocity dispersion is
picked up in Chapter 6, where Mark Lacy discusses quasars and their host galax-
ies. Two major new quasar surveys with tens of thousands of objects have re-
cently appeared and have enabled the quasar luminosity function to be refined.
Estimates of black hole masses have been used to try and improve our physical
understanding of active galactic nuclei, such as in the case of quasar radio emis-
sion. One consequence of the large-scale quasar surveys has been an estimate of
quasar clustering and its evolution with redshift. The number density of very
high redshift quasars has also been used to estimate their contribution to reioni-
sation. The author also describes significant developments in the study of broad
absorption line quasars, advances in finding the obscured quasar population and
quasar host galaxy studies.

In Chapter 7, Matthias Bartelmann looks at applications of gravitational
lensing in cosmology. Since it appears that the Universe is dominated by dark
matter, gravitational lensing has evolved into one of the most important tools
for learning about the amount, composition and distribution of matter in the
Universe. The author first summarises the theory and basic properties of gravi-
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tational lensing, and then applies this to isolated lenses such as compact objects,
galaxies and galaxy clusters. Cosmologically important applications of gravita-
tional lensing are described, including searches for MACHOs, time-delay mea-
surements in multiple image systems which provide estimates of the Hubble Con-
stant, and mapping the dark matter distribution in galaxy clusters. The concept
of lensing by large-scale structures and its measurement are also introduced.

The techniques used to identify the oldest ”living stars in the Universe are
reviewed by Timothy Beers in Chapter 8. Such stars are inferred to be low mass
objects that inherited their observed low metallicities from the earliest gener-
ations of massive (Population III) stars, but with lifetimes so long that they
are still shining today. The author concentrates on the results of two modern
surveys: the HK survey and the Hamburg/ESO survey. The distribution of mea-
sured stellar metallicities derived from these samples and some results of recent
high-resolution spectroscopy of very metal-poor stars are described. Special at-
tention is given to the nature of r-process enhanced metal-poor stars.

Ultraluminous infrared galaxies (ULIRGs) are mergers between gas-rich
galaxies where the interaction triggers a dust-enshrouded starburst and AGN
activity. These fascinating, immensely luminous objects are the focus of the re-
view by Carol Lonsdale, Duncan Farrah and Harding Smith in Chapter 9. In
the past decade, comprehensive multi-wavelength observations of ULIRGs have
shown that instead of being merely local oddities, these objects are vastly more
numerous at high redshift. The authors describe recent progress in understand-
ing the physics and evolution of local ULIRGs, and the contribution of high
redshift ULIRGs to the cosmic infrared background and history of star forma-
tion. They also show how ULIRGs may be used as diagnostics of the formation
of massive galaxies and large-scale structures.

The role of galactic winds and outflows in galaxy formation are considered by
Crystal Martin in Chapter 10. The author begins by describing the astrophysics
of galaxy formation and the role of processes such as gas cooling and feedback.
The amount of feedback from massive stars is discussed and the hydrodynamics
of supersonic outflows from stellar winds and ensembles of supernovae are ex-
plained. The author demonstrates how our knowledge of galactic winds has been
refined by observations, which have also constrained dynamical models of such
outflows, and the measured properties of galactic outflows are described. The
cosmological impact of galactic winds is also assessed with regard to shaping the
galaxy luminosity function and dispersing heavy elements into the intergalactic
medium.

Finally, in Chapter 11, Fred Taylor, Isobel Hook and Matthew Colless look
at the exciting prospects for astronomical research which will result from the
construction of extremely large telescopes (ELTs), instruments having apertures
between 20m and 100m. The authors describe the mirror technology and optical
designs required for such large telescopes, their mountings and enclosures, the
selection of suitable observing sites for them, their instrumentation and the likely
cost of their construction. They then review the main science drivers for such
telescopes, which include the discovery and characterisation of Earth-like planets
around other stars, star formation throughout the Universe, the growth of galax-
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ies in the early Universe, and identification of the first objects and reionisation
of the Universe.

This book has benefited from the support and assistance of a large number of
people. I would like to offer my sincere thanks to all of the contributing authors
for their considerable efforts, perseverance and enthusiasm for this project. I am
also most grateful to Frank Herweg of Springer, Heidelberg for his invaluable as-
sistance and advice in the preparation of the LaTeX files for this book, including
his work on many of the illustrations prior to publication. Finally, I am indebted
to Sue Peterkin of Praxis Publishing for her very considerable assistance at all
stages in the organization and coordination of this project, and to Clive Hor-
wood, Publisher, for his encouragement, advice and patience throughout.

Barnham, November 2005 John W. Mason



List of Contributors

Matthias Bartelmann
Zentrum für Astronomie der Universität
Heidelberg
Institut für Theoretische Astrophysik
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1 Chemistry of Low Mass Substellar Objects

K. Lodders and B. Fegley, Jr.

Abstract: “Brown dwarfs” is the collective name for objects more massive than giant
planets such as Jupiter but less massive than M dwarf stars. This review gives a brief
description of the classification and chemistry of low mass dwarfs. The current spectral
classification of stars includes L and T dwarfs that encompass the coolest known stars
and substellar objects. The relatively low atmospheric temperatures and high total
pressures in substellar dwarfs lead to molecular gas and condensate chemistry. The
chemistry of elements such as C, N, O, Ti, V, Fe, Cr, and the alkali elements play a
dominant role in shaping the optical and infrared spectra of the “failed” stars. Chemical
diagnostics for the sub-classifications are described.

1.1 Introduction

2005 marked the 10th anniversary of the first discovery of Gl 229B, a bona-
fide brown dwarf – a substellar object too low in mass to sustain hydrogen
fusion to shine as a star (Nakajima et al. 1995, Oppenheimer et al. 1995). In the
1960s, it was already recognized that a lower mass limit of >0.08 solar masses is
required for dwarf stars to enter the main sequence and that such objects only
release energy from gravitational contraction and evolve into “black dwarfs”
(Kumar 1963). These low-mass objects became more colorful in 1975, when
Tarter called them “brown dwarfs”, a name still commonly used. However, since
these low-mass and faint objects appear reddish purple to magenta instead of
brown (Burrows et al. 2001), we use “low mass objects”, “substellar objects” or
“substellar dwarfs” in this review.

Since 1995, a plethora of objects less massive and cooler than true M dwarf
stars, but more massive than giant planets such as Jupiter, has become known
through the Two Micron All Sky Survey (2MASS), Deep Survey of the Southern
Sky (DENIS), and Sloan Digital Sky Survey (SDSS) infrared sky searches. These
objects extend the spectral sequence of stars to fainter and lower mass objects
(e.g., reviews by Chabrier & Baraffe 2000, Basri 2000, Burrows et al. 1999, 2001).
By 1999 two new classes, L and T, were added to the stellar spectral classification
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(Kirkpatrick et al. 1999, Martin et al. 1999. Current counts are ∼300 L dwarfs,
and ∼60 T dwarfs1.

The L dwarfs more closely resemble M dwarfs in their spectra and include the
lightest real stars and the heaviest substellar objects. The T dwarfs, characterized
by methane and water absorption bands, have closer spectral resemblance to
giant planets but are much more massive than ∼13 Jupiter masses, which is
the mass limit for deuterium burning (see below). The latest suggestion for
addition to the spectral sequence is the letter “Y” for objects that lack water
absorption bands because the outer atmospheres of Y dwarfs should be cool
enough (<∼500 K) to sequester water into clouds (Ackerman & Marley 2001,
Burrows et al. 2003). There are no direct observations yet of objects that are
cooler than the coolest known T dwarfs (Teff ∼ 700 K) to complete the bridge
to Jupiter (Teff ∼125 K).

The detection of the dim substellar objects is challenging because they are
small (about Jupiter’s radius) and low in mass. The upper mass limit for sub-
stellar dwarfs is about 7–8% that of the Sun (for comparison Jupiter’ mass is
0.095%), insufficient to sustain H-burning like in real stars. Substellar objects
may burn deuterium if they exceed 13 Jupiter masses and burn 6Li and 7Li
if they exceed 65 Jupiter masses (the mass limits for H and D burning are for
objects with solar metallicity, see Burrows et al. 2001). In the most massive
substellar objects, D-burning lasts up to ∼ 3 × 107 years and Li-burning up to
∼ 3 × 108 years, whereas H-burning operates several 109 years in dwarf stars.
Most of the energy released by a substellar object over its lifetime is from grav-
itational energy gained during its formation and contraction as it sits in space
and cools.

Substellar dwarfs never exceed ∼3000 K near their surfaces. As blackbody
curves show, the more an object cools, the less it is visible at optical wave-
lengths. M dwarf stars emit most strongly at red optical wavelengths (∼0.75 µm)
but maximum emissions of the cooler L (∼ 1200 < Teff < 2200 K) and T dwarfs
(300 K < Teff <∼ 1200 K) are shifted to longer wavelengths in the near infrared
(1–2 µm). Substellar objects also appear intrinsically fainter (i.e., compared to
an M dwarf star at the same distance) because of the significant decrease in the
energy density at maximum in cooler blackbodies. Furthermore increased opac-
ity from metal oxides, metal hydrides, water, carbon monoxide, methane, and
ammonia at different near-infrared wavelengths may reduce the overall energy
flux by so much that essentially nothing of an ideal blackbody intensity curve
remains.

The molecular chemistry in the relatively dense and cool atmospheres of
substellar objects leads to significant changes in the observed far-red and near-
infrared spectra when compared to hotter dwarf stars. Chemical thermodynamics
and kinetics determine the gases present at a given depth in the atmosphere
as functions of temperature, pressure, and overall elemental composition. The

1see http://spider.ipac.caltech.edu/staff/davy/ARCHIVE;
http://www.astro.ucla.edu/∼adam/homepage/research/tdwarf/ and
http://www.astro.ucla.edu/∼mclean/BDSSarchive/
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chemical speciation changes when a solar composition gas is cooled from high
to low temperatures and is largely responsible for the observed differences in
stellar and sub-stellar spectra. At high photospheric temperatures such as in K
and early M dwarf stars, monatomic ions and neutral atoms dominate, but at
the lower temperatures near the M/L transition and in T dwarfs, neutral atoms,
particularly of the alkali elements, and molecules such as TiO, VO, FeH, CrH,
CO, H2O, and CH4 become more and more important. Condensation of some
elements from the gas into clouds also occurs in L and T dwarfs.

1.2 Classification Schemes

The spectral M, L, and T dwarf classifications make use of the temperature
dependent appearance and disappearance of ions, atoms, and molecules in the
optical and near IR spectra of the these objects e.g., Kirkpatrick et al. 1999,
2000 (=K99, K00), Martin et al. 1999 (=M99), Burgasser et al. 2002a (=B02),
2003, Geballe et al. 2002 (=G02), Leggett et al. 2002 (=L02), McLean et al. 2003
(=Mc03), Nakajima et al. 2004). Some of the major characteristics also used for
classification are summarized in Table 1.1.

Spectral subtype numbers from zero for the hottest (e.g., L0, T0) to (cur-
rently) nine for the coolest (e.g., L9, T9) are set when certain spectral features
appear or disappear (Table 1.1). Note that currently there are 2 scales for subtyp-
ing the L dwarfs that differ in the assignments of the higher L subtype numbers
(M99, K99, K00). Here we follow the majority of the literature and use the
Kirkpatrick et al. scale; however, the conversion of this subtype scale to that by
Martin et al. is also given in Table 1.1.

Late M dwarfs (> M6) are characterized by increasingly stronger TiO, VO
H2O, FeH, CrH, CaH, and MgH bands. Water bands grow stronger from mid-M
dwarfs through the L and T dwarf sequence in all spectral ranges. The L dwarf
sequence starts when TiO and VO bands begin to weaken while CrH, FeH, and
water bands strengthen in the optical. In the near infrared, CO, CrH and FeH
absorptions strengthen towards the mid-L subclasses, and then decline.

However, the FeH absorption at 0.9896 µm reappears and strengthens again in
early T dwarfs and reaches a maximum in strength around T5 before completely
disappearing at T8 (Burgasser et al. 2002a,b). The band of CrH at 0.9979 µm
behaves similarly and could be a misidentified FeH band according to Cushing
et al. (2003) who investigated and identified many FeH transitions. However, the
assignment of the band at 0.9979 µm to CrH is confirmed by opacity computa-
tions for CrH by Burrows et al. (2002a) and FeH by Dulick et al. (2003). These
studies also show that the FeH/CrH abundance ratio plays a critical role for the
observability of CrH.

The L dwarfs show CO overtone bands in the 1–2.5 µm range and the band
at 2.3 µm is traceable into the T dwarf sequence up to T3 (B02, Mc03). The
strongest band of CH4 at 3.3 µm already appears in L5 dwarfs (Noll et al. 2000),
and in some L6.5 and L8 dwarfs very weak bands of CH4 are seen at 2.2 and
1.6 µm (see Nakajima et al. 2004, McLean et al. 2003). The T type is defined by
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Table 1.1. Spectral Classification of L and T Dwarfs

Spectral type Spectral characteristics Chemistry
M99 K99

M8 M8 TiO (705.3, 843.2 nm) at max. (M99, (K99)) TiO at max.
M9 M9 VO (740, 790 nm) at max (M99, (K99)) VO at max
L0 L0 blueward TiO gone, redder TiO remains (K99,M99); Al I, Ca I disap-

pear in J band (Mc03); Rb I (780.0, 794.8 nm); Cs I (852.1, 894.3 nm)
weak (K99, M99)

Ca, Al, Ti
cond.

L1 L1 VO bands (740, 790 nm) weaken; Na I (589.0 and 589.6 nm) doublet
weakens; Rb I, Cs I increasing in strength (K99,M99)

V cond.
Cs > Cs+

L2 L2 all TiO bands gone except at 843.2 nm (K99); Ca I triplet still in K
band (Mc03)

L2.5 L3 Fe I at 1.189 µm still present (Mc03)
L3.5 Fe I at 1.189 µm gone (Mc03); K I (1.169, 1.197, 1.25 µm) peak in

strength (R01)
Fe cond.

L3 L4 all VO gone (K99); CrH (861.1 nm) = FeH (869.2 nm); FeH at
869.2 nm and J band at max. (R01, B02, K99, M99, Mc03); K I
doublets in J-band at max (B02, Mc03)

FeH ≈ CrH
K at max.

L4 L5 CH4 appears at 3.3 µm (Noll et al. 2000); CaH at 685 nm still seen
(M99, Mc03); FeH (869.2 nm and J band) weakens (B02,K99,M99);
CrH 861.1 nm at max. (B02, K99, M99); optical Rb I, Cs I strength-
ening, but weaker in J band (K99, Mc03)

L5 L6 CrH weakens in optical (K99, M99)
Li I (670.8 nm) still observed in some objects (K99, M99)

Cr cond.
Li=LiCl

L5.5 L7 TiO 843.2 nm (K99, M99) essentially absent, ditto TiO 549.7, 559.7,
615.9, 615.9, 638.4 nm (M99); Li I most likely absent (K99,M99)

L6 L8 subtle CH4 band in K band (G02, N04); no or subtle CH4 in H band
(B02,G02,Mc03); Na I (589.0, 589.6 nm) very broad, Na I barely seen
in optical and J band (K99,M99,Mc03); K I doublets at min. in J
band (N04)

CO=CH4

T0 CH4 appears in K and H bands (G02)
FeH (989.6 nm) weaker (N04) or as strong as in L8 (B02b)

CO=CH4

T1 weak CH4 in H, J, and K bands (B02,G02); strengths of CO=CH4
in K band; K I (1.2432, 1.2522 µm) present in J band (B02)

CO=CH4

T2 strengths of CH4 > CO in K band (B02); CrH (861.1 nm) and
FeH (869.2 nm) disappear (B03); FeH (989.6 nm) weaker (N04) or
as strong as in L8 (B02b); Cs I (852.1, 894.3 nm) peak in strength
(B03)

T3 CO (2.295 µm) very weak or absent in K band (B02,Mc03,N04)
T4 FeH (989.6 nm), CrH (996.9 nm) increase again in strength

(B02,B02b,B03,N04)
T5 No CO in K band (B02); FeH (989.6 nm) and CrH (996.9 nm)

peak in strength (B02b,B03,N04); K I at maximum in J band
(B02,Mc03,N04)

Na2S cond.

T6 K I at in J band begins to weaken (B02)
T7 K I in J band very weak (B02, Mc03)
T8 no FeH (989.6 nm) (B02, Mc03); no K I in J band (B02, Mc03); Cs I

marginally detectable in optical (B03)
(NH3 =N2)?

B02: Burgasser et al. 2002a,b; G02: Geballe et al. 2002; K99: Kirkpatrick et al. 1999, 2000; M99:
Martin et al. 1999; Mc03: McLean et al. 2003; N04: Nakajima et al. 2004, R01: Reid et al. 2001
H band centered at ∼1.6 µm; J band centered at ∼1.25 µm; K band centered at ∼2.2 µm

the onset of methane absorption in the 1.6 and 2.2 µm photometric bandpasses
(H and K bands). This causes the shift towards blue in the infrared J-H and
H-K colors in the spectral sequence near the L/T transition (L02, Golimowski
et al. 2004). Within the T sequence increasingly stronger H2O and CH4 absorp-
tions appear between 1.0–2.2 µm (hence also the name “methane” dwarfs), and
in addition, optical spectra of T dwarfs are shaped from collisionally induced
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absorption (CIA) by H2 (K99, Tokunaga & Kobayashi 1999, Liebert et al. 2000,
B02, G02).

Throughout the L-sequence, the absorption resonance doublets of monatomic
Na I (0.5890, 0.5896 µm) and K I (0.7665, 0.7699 µm) weaken and become
strongly pressure broadened (see, K99, Tsuji et al. 1999, Burrows et al. 2000,
2002b, Liebert et al. 2000, Burrows & Volobuyev 2003). This continues within
the T dwarf sequence, where the extremely broadened wings of the Na I and K
I doublet absorptions dominate the slope of large portions in the red and near
IR spectra so that most of the sub-typing of T dwarfs is done better with near
infrared spectra (e.g., B02, G02). The near infrared K I doublets in the J band
(Table 1.1) peak in strength around L3.5-L4 (Reid et al. 2001, B02, Mc03) and
then decline but reach a second increase in strength around T5/T6 (e.g., B02),
a behavior that is mimicked by FeH noted above.

The lines of Rb I (0.7800, 7948 µm) and Cs I (0.8521, 8943 µm) appear near
the M/L transition, grow in strength throughout the L sequence, and reach a
peak in strength at T2, after which their strength decreases (K99, B02). The
presence of the resonance doublet of monatomic Li I (0.6708 µm) – a useful but
limited test for the substellar nature of an object (see below) – appears to be
restricted to earlier L subtypes of up to L6.

The introduction of the L and T classes is relatively new, and the defini-
tions of the L and T subtypes are still work in progress. Characterization of the
subtypes depends on the number of known and observed substellar dwarfs, the
spectral wavelength range (optical vs. infrared) covered and resolution of the
spectra, and the choice of spectral features used to parameterize the subclasses.
Kirkpatrick et al. (1999, 2000) and Martin et al. (1999) utilized red optical spec-
tra (0.63–1.01 µm) for M and L dwarfs, and near-infrared spectral features were
used to classify T dwarfs (BO2, G02). Work on linking the optical and infrared
observations into one scheme is ongoing and unified classification schemes for L
and T dwarfs using spectral indices from the same wavelength ranges are under
development (see, e.g., M99, K99, K00, Reid et al 2001, Tokunaga & Kobayashi
1999, Testi et al. 2001, B02, G02, Mc03, Nakajima et al. 2004). Geballe et al.
(2002) combined optical (0.6–1.0 µm) and infrared (1.0–2.5 µm) spectra for M,
L, and T dwarfs to find suitable infrared flux indices that also can be linked
to the optical classification scheme of L dwarfs from K99 and M99. Apparently
only the water band at 1.5 µm is useful for sub-typing the entire L and T se-
quence and for relating the infrared and optical classification schemes (but see
also Tokunaga & Kobayashi 1999, Reid et al. 2001, Testi et al. 2001, Knapp et
al. 2004). For objects of higher spectral type than L3 in the schemes of M99
and K99, the strength of the methane band at 2.2 µm provides an additional
common index for the L and T classes (G02). McLean et al. (2003) suggested a
classification scheme for L and T dwarfs based on several indicators such as the
relative strengths of the atomic lines of Na, K, Fe, Ca, Al, and Mg and bands of
water, carbon monoxide, methane, and FeH in near infrared spectra.
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1.3 Effective Temperatures along the L
and T Dwarf Sequence

The effective temperatures (Teff) of substellar objects depend on their total mass,
radius, and their age, and are generally below 3000 K (see Burrows et al. 2001).
The effective temperatures are related to luminosity (L) by L = 4πR2σT4

eff ,
where R is the radius of a substellar dwarf and σ the Stefan–Boltzmann constant.
The luminosities can be obtained from the bolometric magnitudes if bolometric
(filter) corrections as well as parallaxes of the objects are known. Bolometric
corrections were recently computed for a large set of L and T dwarfs (Golimowski
et al. 2004) which combined with parallax measurements (Dahn et al. 2002,
Vrba et al. 2004) and estimates of substellar object radii give Teff estimates
summarized in Table 1.2.

Other determinations of the effective temperature require detailed modeling
of the chemistry, the atmospheric structure and synthetic spectra (e.g., Burrows
et al. 2001). Ideally, the spectral subtypes should correspond to a regular tem-
perature scale, but this goal has not yet been reached for L and T dwarfs. The
spectral classification schemes utilize the temperature dependent chemistry of
the different elements but the appearance or disappearance of different atoms and
molecules does not happen in evenly spaced temperature intervals (see chemistry
below). So using the presence/absence of chemistry features alone for subtyping
cannot lead to a temperature scale that linearly correlates with spectral subtype.
Defining the subtypes so that they correspond to evenly spaced differences in
effective temperatures requires that one knows the absolute temperature at the
beginning and the end of the L dwarf sequence, and similarly at the start and
end of the T dwarf sequence. This requires synthetic spectra to calibrate effective
temperatures to the strength of certain absorption features so that practical flux
ratios for subtyping can be defined.

Table 1.2. Estimates of Effective Temperaturesa

M9/L0b L8-9/T0 T8 Source

2500 1390 760 (T8/9) Vrba et al. 2004
2400 1360 – Dahn et al. 2002
2300 1450 600–750 (T9) Golimowski et al. 2004
2250 1230 Burgasser et al. 2002a
2200 1400 – Stephens et al. 2001, Marley et al 2002
2200 1200 – M99, Basri et al. 2000
2100 1300 800 (T8) Geballe et al. 2001, 2002;

Leggett et al. 2001, 2002
2030 1300 920 (T7.5) Nakajima et al. 2004; Tsuji 2002
2000 1400 – Schweitzer et al. 2001, 2002
2000 1300 – K99, K00

a Typical uncertainties are ±100 K.
b Spectral type L according to K99
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The two classification schemes for L dwarfs by K99, K00 and M99 agree
from late M to L3 but the subtype classification and the assigned Teff diverge
significantly for later subclasses. K99 applied observed molecular and atomic
features and chemical equilibrium calculations of Burrows & Sharp (1999) to
estimate Teff ranges of 2000 to 1500 K between L0 to L8. M99 defined each L
spectral subtype to be exactly 100 K wide and they used a Teff scale for a set of
L dwarfs determined from optical lines of Cs I and Rb I by Basri et al. (2000).

These initially derived Teff probably need some revision because at the time,
the applied chemistry of Burrows & Sharp (1999) used by K99 & K00, and
the atmosphere models employed by Basri et al. (2000) used by M99 assumed
chemical equilibrium without sedimentation of condensates and also excluded
condensate opacities. However, since condensates are unavoidably present in L
and T dwarfs they affect the emerging spectral flux, either by blocking and
scattering radiation or by having removed gas opacity (see e.g., Tsuji et al.
1996a,b, 1999, Jones & Tsuji 1997, Ackerman & Marley 2001, Marley et al.
2002, Tsuji 2002).

Estimates for the effective temperatures in the spectral class L are about
2500–2000 K at M9/L0 for the coolest “true” stars, to about 1500–1200 K for
the substellar objects near the L/T transition (Table 1.2). Within the T dwarf
sequence a few objects have well constrained effective temperatures. For Gl 229B
(T6) and Gl 570D (T8) these are 940±80 K and 805±20 K, respectively (Saumon
et al. 2000; Geballe et al. 2001). The coolest T dwarf currently known is 2MASS
J04151954-0935066 and estimates for its Teff are 600–750 K (Golimowski et al.
2004), and 760 K (Vrba et al. 2004). Overall, the uncertainties in the Teff scales
of L and T dwarfs remain large (e.g., references in Table 1.2).

1.4 The Case for Condensate Cloud Layers

Condensate formation is important for understanding the atmospheric chemistry
and spectra of low mass stars and substellar objects. Condensate cloud forma-
tion in an aging, cooling atmosphere seems unavoidable, hence condensate cloud
layers are to be expected in L and T dwarfs. Cloud layer formation leads to
drastic compositional and morphological atmospheric changes by removal of po-
tential absorbers from the observable atmosphere and by blocking and scattering
emerging spectral flux depending on how close they are to the photosphere. So
in addition to chemical effects (see below), the physical effects of clouds (number
and sizes of cloud layers, size of cloud particles) must be included in the atmo-
spheric models that are needed to compute spectra. Physical cloud models have
been studied by Lunine et al. 1989, Tsuji et al. 1996a,b, 1999, 2004 Jones & Tsuji
1997, Chabrier et al. 2000, Ackerman & Marley 2001, Allard et al. 2001, Marley
et al. 2002, Tsuji 2002, Cooper et al. 2003, Tsuji & Nakajima 2003, Woitke &
Helling 2003).

Condensation in a planetary, substellar or stellar atmosphere proceeds differ-
ently than condensate formation in a low gravity environment such as the solar
nebula (or other protoplanetary disks) and stellar outflows (such as from giant
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stars). In a bound atmosphere, condensates precipitating from the gas at high
temperatures (‘primary condensates’) settle due to the influence of gravity and
form relatively thin discrete cloud layers. Consequently, the primary condensates
cannot react with gas at higher altitudes above the condensate clouds, and are
out of equilibrium with the overlaying atmosphere. Thus there are no secondary
condensates from gas-solid or gas-liquid reactions at lower temperatures.

The cloud-layer condensation approach (occasionally called rainout) works
well for the Jovian planets where refractory elements (e.g., Ca, Al, Mg, Si, Fe, Ti,
V) must be sequestered into high-temperature clouds deep in the atmospheres
(e.g., Lewis 1969, Barshay & Lewis 1978, Fegley & Prinn 1985a,b, 1986, Fegley
& Lodders 1994). Hence it is plausible to apply this approach to the atmospheres
of more massive, substellar objects (Fegley & Lodders 1996). Giant planets, T
and L dwarfs show a wide range in effective temperatures and the number of
cloud layers depends on the volatility of the different elements, so giant planets,
T, and L dwarfs will have different numbers of cloud layers (Fig. 1.1). Refractory
oxide clouds such as corundum clouds already appear in the photospheres of late
M dwarfs (Jones & Tsuji 1997). Silicates and liquid iron metal can form cloud
layers in the hottest L dwarfs.

Fig. 1.1. The change in cloud layer structure from cool to hot objects

On the other hand, Jupiter has water, ammonium hydrosulfide (NH4SH),
and solid ammonia as top-level clouds (Fig. 1.1). Deeper inside, alkali halide
and sulfide clouds follow, then silicate and iron cloud layers. The deepest Jovian
cloud layer consists of refractory Ca-Al- and Ca-Ti oxides. In the hotter T and
L dwarfs, the cloud layer structure shown for Jupiter is successively stripped off
at the top, and only the cloud layer with the most refractory condensates may
be left in the hottest L dwarfs. Thus, looking at hotter substellar objects is like
looking at deeper and deeper regions of Jupiter’s atmosphere after removing the
cooler atmospheric regions. The net effect of condensate cloud formation is that
the atmosphere above a cloud is depleted in gases that contained the elements
condensed into the clouds.



1 Chemistry of Low Mass Substellar Objects 9

The following examples show how observable chemical tracers can be used to
constrain the cloud layer model. The absence of silane (SiH4) and the presence
of germane (GeH4) in the atmospheres of Jupiter and Saturn is due to deple-
tion of refractory Si, but not of volatile Ge, by magnesium silicate condensate
cloud formation deep in their atmospheres (Fegley & Lodders 1994). Silicon is
much more abundant than Ge in a solar composition gas (atomic Si/Ge ∼8300)
but SiH4 is not observed on either Jupiter or Saturn (observational upper limits
are SiH4/H2 ∼ 1 × 10−9 by volume (1 ppbv)). For comparison, the solar Si/H2
molar ratio is 7.09 × 10−5, which is about 71,000 times larger than the observa-
tional upper limit on the silane abundance. In contrast, GeH4 is observed with
a GeH4/H2 ratio ∼0.7 ppbv on Jupiter and ∼0.4 ppbv on Saturn. These values
are less than the solar Ge/H2 molar ratio of 8.5 ppbv because not all Ge in the
atmospheres of Jupiter and Saturn is present as GeH4 (Fegley & Lodders 1994).
The presence of silicate clouds in T dwarfs is testable with searches for SiH4
in T dwarfs and Si, SiO, SiS or SiH in L dwarfs. In the atmosphere above the
Mg2SiO4 and MgSiO3 clouds, Si-bearing gases should be highly depleted and be
absent at the highest altitudes.

The Galileo entry probe mass spectrometer (GPMS) detected H2S at about
3 times the solar S/H2 ratio in Jupiter’s atmosphere (Niemann et al. 1998). This
is consistent with depletion of Fe-metal by Fe-cloud condensation (e.g., Lewis
1969, Barshay & Lewis 1978, Fegley & Lodders 1994). If Fe cloud formation
did not occur, H2S would be completely absent from the atmosphere of Jupiter
because formation of FeS (troilite) from Fe metal grains with H2S gas at ∼700 K
consumes all H2S gas (solar Fe/S ∼ 2). Hence the Fe-metal condensation cloud
layer model is in accord with the GPMS observations of H2S on Jupiter.

Monatomic K gas is present in the atmospheres of the T dwarfs Gl 229B
and Gl 570D (e.g., Burrows et al. 2000, Geballe et al. 2001). The observed K
abundances require that refractory rock-forming elements such as Al, Ca, and Si
be removed by condensate cloud formation deep in the atmosphere of Gl 570D
and Gl 229B (e.g., Geballe et al. 2001). Otherwise, potassium would condense
into silicate minerals such as KAlSi3O8 (orthoclase) at high temperatures, and K
gas would be depleted from the observable atmosphere (Lodders 1999, Burrows
et al. 2000).

1.5 Chemistry of Selected Elements

This section summarizes the chemistry of C, N, O, the major rock-forming ele-
ments Ca, Al, Mg, Si, Fe, Cr, and of Li and the other alkali elements (Na, K, Rb,
Cs) that significantly influence the spectra of low mass objects. The chemistry
is derived from thermochemical equilibrium computations, and where necessary
kinetic considerations (see Fegley & Lodders 1994, Lodders 1999, 2002, Lodders
& Fegley 2002). The atmospheric chemistry for Jupiter and Saturn of essentially
all naturally occurring elements is discussed by Fegley & Lodders (1994) and is a
useful guide for the chemistry of other elements in the coolest low mass objects.
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However, some differences may arise because Jupiter and Saturn are enriched in
elements heavier than He relative to solar abundances.

Relatively recently the solar abundances of C and O were significantly revised
downward and abundances of many other elements were updated (see Lodders
2003). The solar abundances are routinely used to model objects of solar metal-
licity hence the revisions in solar abundances change previous results for the
temperature and pressure dependent distribution of the elements between gases
and condensates. However, compared to previous results the new solar abun-
dances do not change the types of gases and condensates that are present in
substellar objects and only cause relative shifts of species abundances as func-
tions of temperature and pressure. Here all results from thermochemistry are
shown for the solar system abundances in Lodders (2003).

The major chemistry features as a function of total pressure (Ptot) and
temperature are summarized in Figs. 1.2a,b and are described in the following
subsections. The Figures also show model atmospheres for an M dwarf (Teff =
2200 K, dust-free; Tsuji et al. 1996a), Gl 229B (Teff = 960 K, Marley et al.
1996), and Jupiter to give some orientation which chemical features are relevant
for objects of different mass.

1.5.1 Carbon, nitrogen, and oxygen chemistry

After hydrogen, C, N, and O are the next most abundant chemically reactive
elements. The review of the C, N, and O chemistry is kept brief because a detailed
description is in Lodders & Fegley (2002). Much of the chemistry and therefore
the spectral appearance of substellar objects is governed by the distribution of
C and O between water, methane, and carbon monoxide according to the net
thermochemical reaction

CO + 3 H2 = CH4 + H2O

The distribution of C and O between these gases also determines the stability
of many other gases and condensates containing other elements, which makes
this equilibrium of fundamental importance for understanding the chemistry of
substellar objects.

Figures 1.2a and b illustrate carbon equilibrium chemistry as a function of
P and T. The dotted curve labeled CO = CH4 is the equal abundance curve
for these two gases. Carbon monoxide is more abundant than CH4 in the lower
pressure and higher temperature region to the left of the curve (the CO field).
Methane is more abundant than CO in the higher pressure and lower tempera-
ture region to the right of the curve (the CH4 field). The shift from CO as the
major C-bearing gas to CH4 as the major C-bearing gas is gradual and both
gases are always present, even if one is overwhelmingly dominant. This point
is illustrated by Figure 2 in Fegley and Prinn (1989) which shows logarithmic
CO/CH4 contours of . . . 0.01, 0.1, 1, 10, 100 . . . as a function of temperature
and Ptot for solar elemental abundances of H:C:O = 1446:1:0.6.

Late M dwarfs with relatively high temperatures and low total pressures in
their outer atmospheres plot in the CO field (Figs. 1.2a,b). In their observable
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Fig. 1.2a. Major features of the equilibrium chemistry for a solar gas as a function
of temperature and total pressure. The condensation temperatures of major element
and alkali element condensates are the solid lines. The constituent condensate elements
are removed from the gas above these curves. The curve labeled “Ca-Al-oxide” shows
which Al-bearing condensate forms first as a function of total pressure. At low pressures,
corundum forms. With increasing pressure hibonite, grossite, and gehlenite are the first
Al-bearing condensates and the transitions are indicated by the black dots on the Ca-
Al-oxide curve. Similarly, the curve “Ca-Ti-oxide” shows that at low total pressure,
perovskite is the first Ti bearing condensate, then Ca4Ti3O10, then Ca3Ti2O7, and at
the highest Ptot, TiN. The white dots on the enstatite and iron condensation curves
indicate melting points. The long-dashed curves indicate atmospheric P-T conditions
for Jupiter, Gl 229B (Teff = 960 K, Marley et al. 1996), and a M-dwarf (Teff = 2200 K,
dust-free; Tsuji et al. 1996a). The dotted curves show equal gas abundances for the
pairs CO/CH4, and N2/NH3
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VO and K reach their maximum in abundances (e.g., TiO max.) The long-dashed
curves indicate atmospheric P-T conditions for Jupiter, Gl 229B, and an M-dwarf (see
Fig. 1.2a).

atmospheres essentially all C is bound to CO and most of the rest of oxygen not
in CO is bound to water. On the other hand, Jupiter’s atmospheric P-T profile
falls into the methane field and only a very small amount of CO is present (but
also see kinetics below) and essentially all C is found as methane and O as water.

The P-T profile of the relatively late T dwarf Gl 229B (T6) with an effective
temperature of 970 K falls into the methane field but crosses into the CO field at
about 1600 K. Thus, CO is an abundant gas in the deeper atmosphere of Gl 229B
and convective mixing of kinetically stable CO from the deeper interior into the
observable atmosphere can occur. For example Noll et al. (1997) detected the
fundamental band of CO (4.7 µm) in Gl 229B, revealing a CO/CH4 ratio ∼103

times larger than expected from chemical equilibrium (see Fegley & Lodders
1996, Griffith & Yelle 1999, Saumon et al. 2000, 2003, and kinetics below).

The L/T dwarfs transition is determined by the appearance of abundant
methane and the CO = CH4 boundary can provide an estimate for the effec-
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tive temperature at the L/T transition. At the total pressures characteristic of
substellar dwarf atmospheres methane is only more abundant than CO at tem-
peratures below 1500–1200 K (Fig. 1.2b). This temperature range is in accord
with temperature estimates at the L/T transitions listed in Table 1.2. However,
the kinetics of CO destruction (see below) is also important in late L and early
T dwarfs because it affects methane abundances which in turn affect the onset
of methane bands. It also affects the atmospheric structure because methane is
the second strongest absorber after H2O in T dwarfs (e.g., Saumon et al. 2003).

Figure 1.2 also shows the curve of equal gas abundances for molecular nitro-
gen and ammonia (N2 = NH3, dotted curve). This is shifted to higher Ptot and
lower temperatures than the CO = CH4 boundary. This makes the N2/NH3 a
promising temperature probe for the coolest T dwarfs.

Ammonia was first detected in the H and K bands of the near-IR spectrum
of the T6 dwarf Gl 229B (Saumon et al. 2000). The P-T profile of Gl 229B stills
falls into the field where N2 is more abundant than NH3 but approaches the
NH3 = N2 boundary at lower T where NH3 abundances may become large enough
for detection. The models by Burrows et al. (2003) predict observable amounts
of NH3 at 1.5, 1.95 µm (H band) and 2.95 µm (K-band) for substellar dwarfs
with effective temperatures below 600 K. These expectations are consistent with
the observations by Knapp et al. (2004) and Golimowski et al. (2004) that NH3
absorptions are absent in the H and K bands for the coolest known T dwarf
2MASS J04151954-0935066 with Teff ∼ 700 K.

Ammonia absorption in T dwarfs is best detectable at mid-infrared wave-
lengths, and NH3 absorptions at 7.8 and 10 µm were recently reported by Roellig
et al. (2004) in spectra for the composite T1/T6 binary system ε Ind (Ba/Bb)
with the Spitzer Space Telescope. Note that one of the binary components has
essentially the same spectral type as Gl 229B so that the presence of NH3 in T6
dwarfs seems certain. The mid-IR absorption features of NH3 seem to be absent
in the spectrum of a L8 dwarf (Roellig et al. 2004). Given that the L/T tran-
sition is marked by the onset of methane bands in the near IR and that there
are considerable temperature differences between the CO = CH4 and N2 = NH3
boundaries, large detectable amounts of ammonia are unlikely near the L/T
transition. Instead, the appearance of ammonia in the near- and mid infrared
bands will probably become a marker for the T/Y dwarf transition.

However, kinetics (see below) are also important for the N2 to NH3 con-
version. For example, ammonia was found to be 50% depleted in the K band
spectrum of Gl 229B which suggests that N2-rich gas is transported upward
in the atmosphere (Saumon et al. 2000). Observations of NH3 in mid-infrared
spectra (such as reported by Roellig et al. 2004) probe further levels of the atmo-
spheres. Quantitative analyses of NH3 bands at different atmospheric levels then
should provide useful information on the mixing processes in substellar dwarf
over several pressure scale heights (Saumon et al. 2000, 2003).

The larger abundances of O and N lead to massive cloud layers at the lowest
temperatures when water, NH4SH, and solid NH3 condense (Fig. 1.2a) which
effectively remove all N and O from the atmosphere above the clouds. However,
these clouds are not expected within the atmosphere of the latest T dwarfs. As
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mentioned earlier, objects with water clouds will be members of a new spectral
class (Y dwarfs) or larger planetary objects.

1.5.2 Refractory rock-forming elements: Al, Ca, Ti and V

The major rock forming elements (Al, Ca, Ti) can form high temperature con-
densate cloud layers. Although not a major element, V is on the list of elements
here because it is observed in dwarfs and its chemistry is similar and related
to that of Ti. The condensation temperatures of Ca-Al-oxides and Ca-Ti-oxides
are shown in Fig. 1.2a by the solid lines. Curves for equal abundances of certain
pairs of gases and curves for maximum abundances of a given gas are shown in
Fig. 1.2b.

At temperatures below 2500 K but above temperatures where the first con-
densates appear (Figs. 1.2a,b), the major gases are monatomic Ca; Al, AlH,
Al2O, AlF, and AlCl; TiO; V and VO (at Ptot = 1 bar). The high temperature
distribution of vanadium is of interest because the V/VO abundance ratio could
serve as a good temperature indicator in M-dwarfs. High temperatures favor
V as the dominant gas and low temperatures VO, and the boundary where V
and VO reach equal abundances (at T ∼ 2080) is relatively insensitive to Ptot
(Fig. 1.2b).

The more pressure sensitive transition from Ti to TiO occurs at temperatures
above 2500 K for the total pressures shown here. Once VO is the major V-bearing
gas, VO2 gas increases in abundance with decreasing temperature, and similarly,
TiO2 gas gains at the expense of TiO gas. The curves where TiO and VO gas
abundances reach their maximum are shown in Fig. 1.2b. At Ptot > 10 bar, VO
and TiO remain the dominant gases until all V and Ti gases are removed into
condensates. This is the reason why the maximum TiO and VO abundances
coincide with the condensation temperatures of the Ca-Ti-oxides.

When a condensate appears, its constituent elements are removed from the
gas of the overlaying, cooler atmosphere above the condensate cloud. The abun-
dances of all gases that contain the constituent element(s) of the condensate
drop, e.g., once Ti condenses, the abundances of gaseous TiO, Ti, TiO2, etc. are
all reduced.

The most refractory major condensates contain Al-, Ca-, and Ti (Fig. 1.2a)
and the specific mineralogy of the initial condensate depends on total pressure
(Lodders 2002). The first Ca-Ti-bearing condensate as a function of Ptot are
perovskite (CaTiO3) below 0.03 bar, Ca4Ti3O10 from 0.03 to 3.2 bar, Ca3Ti2O7
from 3.2 to ∼10 bars, and above ∼10 bars, TiN (osbornite) replaces the Ca-Ti-
oxides as the first Ti-bearing condensate. The P-T range at which a certain Ca-
Ti-oxide is stable is indicated by black dots on the “Ca-Ti-oxide” condensation
curve in Fig. 1.2a. Vanadium condenses into solid solution with Ca-Ti-oxides
and can also form a solid solution with TiN at the highest total pressures.

The gradual disappearance of TiO and VO bands from the spectra of early L
dwarfs is most plausibly explained by condensate formation. Once the refractory
elements Ti and V are removed into cloud layers, they are no longer available to
form gaseous TiO and VO (Fegley & Lodders 1994, 1996, Lodders 2002).
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The mineralogy of the first Ca-Al-bearing condensates is also a function of
total pressure (Lodders 2002) At the lowest Ptot (< 3 × 10−3 bar) corundum
(Al2O3) is the initial condensate. With increasing Ptot, the initial condensates
are hibonite (CaAl12O19) from 3 × 10−3 to 5.6 bars, grossite (CaAl4O7) from
5.6 to ∼63 bar, and melilite (a solid solution of gehlenite and akermanite) above
63 bar. The condensation temperatures of the Ca-Al-oxides are similar to those
of the Ca-titanates and formation of calcium aluminate clouds leads to the dis-
appearance of the Ca I and Al I lines and CaH bands near the M to L dwarf
transition (Table 1.1).

1.5.3 Abundant condensates from rock-forming elements:
Fe, Cr, Mg, Si

The solar abundances of Fe, Mg and Si are much larger than those of the refrac-
tory rock-forming elements (Ca, Al, Ti) and condensates of Mg, Si and Fe form
the major mass of high temperature condensates. Chromium is included in the
list here because its chemistry is comparable to that of Fe so they are described
together.

After condensation of the refractory elements Ca, Al, and Ti, iron metal
forms the next cloud layer (at 1843 K at 1 bar). Before condensation occurs,
monatomic Fe is the major Fe-bearing gas in dwarf atmospheres. Chromium
behaves similarly – until condensation of Cr-metal (1518 K at 1 bar) the major
Cr-bearing gas is monatomic Cr (note that condensation of Cr2O3 instead of Cr
metal only occurs at lower Ptot ∼10−3 bar).

The hydrides FeH and CrH are always less abundant than the respective
monatomic gases and the hydride gas abundances actually decrease with decreas-
ing temperature (at constant Ptot) according to the equilibrium M(g)+0.5 H2 =
MH(g) where M = Fe or Cr. We note that other metal hydrides such as NiH
and CoH also appear in a similar manner.

Although less abundant than the monatomic gases, the hydrides of Fe and Cr
strongly shape the spectra of L and T dwarfs. The major reason for increasingly
stronger FeH and CrH bands within the L sequence up to spectral types L4-L6 is
that other absorbers such as TiO and VO gradually disappear into condensates
(see previous section) so that absorption features from other compounds become
more apparent. The decline in FeH band strength starting with spectral type L5
must be related to the condensation of Fe metal which reduces the abundances
of all Fe-bearing gases (i.e., monatomic Fe and FeH). Condensation of Cr metal
reduces the abundances of monatomic Cr and CrH and occurs at lower temper-
atures than for Fe (Fig. 1.2a) which explains the decline of CrH band strength
at a later spectral type (L6). After Fe metal condensation, abundances of FeH
drop and at some point CrH and FeH abundances are equal. This is shown by
the curve CrH = FeH in Fig. 1.2b. If spectroscopic properties of CrH and FeH
are sufficiently similar, this curve approximates these equal abundances to equal
band strengths, which is observed around spectral type L4 (Table 1.1).

At temperatures between Fe and Cr metal cloud condensation, a substantial
cloud layer mass develops when Mg and Si condense as forsterite (Mg2SiO4) and
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enstatite (MgSiO3) within a relatively narrow temperature interval (1688 and
1597 K, resp. at 1 bar). This removes opacity sources associated with the major
Mg and Si-bearing gases (Mg, Si, SiO, SiS, SiH) from the overlaying gas.

A comparison of the condensation temperatures of the Mg-silicates and those
of Fe and Cr and the behavior of the FeH and CrH bands with spectral type
suggests that condensation of the Mg-silicate cloud layer should leave its spectral
signature in the mid-L sequence (∼L4-L6). So far, no direct chemical tracers have
been observed that can confirm the presence of Mg-silicate clouds. These clouds
may be traceable by the strength of neutral monatomic Mg and Si lines, or in
the case of Si, observations of band strengths of SiO, SiS and various Si hydrides
(depending on Ptot). However, the latter require near to mid IR observations
and bands of the Si-bearing molecules could be swamped by those other strong
absorbers (e.g., FeH, CrH, CO, H2O) still present when the silicates form. The
Mg I lines may be more prominent that Si I lines because Mg I is the dominant
Mg gas whereas Si I gas is a minor fraction of all Si-bearing gases. Very weak
Mg I lines can be seen in the J-band spectra of late M dwarfs and are probably
present in L2 dwarfs (Mc03) but these weak lines are not useful for monitoring
any systematic decrease of Mg through the L-sequence.

Any clouds close to or above the photosphere will leave their mark on infrared
colors. The effect of clouds is also important for understanding the weakening
of some spectral features in the mid-L sequences and the strengthening again of
the same features (FeH, K I, see below) in the early T sequence. Detailed models
suggest that the clouds are expected to be most optically thick around L4-L6
(see, Ackerman & Marley, 2001, Burrows et al. 2001, Tsuji 2002, Knapp et al.
2004). Only in cooler objects where the silicate clouds sit deeper below the pho-
tosphere does the observable part of the atmosphere become more transparent
again.

Figure 1.2a shows that Fe, forsterite, and enstatite may condense as liquids at
sufficiently high pressures. For example, Fe liquid forms at T ≥ 1809 K, forsterite
liquid at T ≥ 2163 K, and enstatite liquid at T ≥ 1851 K. Many models of dwarf
atmospheres now include dust opacities but mainly of solid dust. However, for
several objects the derived P-T conditions may fall into the stability fields of
liquid condensates. The formation of dust particles or suspended liquid droplets
(hazes or aerosols) can have different effects on atmospheric opacities and needs
to be considered in atmospheric modeling. Liquid condensates may also dissolve
other elements, have complex compositions, and form at lower temperatures.

1.5.4 The alkali elements Na, K, Rb, and Cs

Atomic alkali element lines are prominent in all L dwarfs and remain detectable
in the hottest T dwarfs. With decreasing temperature, more of the alkali atoms
convert into halide gases and also condense into sulfide and/or halide clouds. As
before, we follow the chemistry from high to low temperatures in Figs. 1.2a,b
and use 1 bar as reference total pressure for the discussion.

Monatomic Na and K are the major Na and K gases at the highest temper-
atures relevant for L and T dwarfs; in M dwarfs K+ is important in addition
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to neutral K (Fig. 1.2b). Monatomic Na remains the dominant Na gas until
Na2S condensation at ∼1000 K but the abundances of other Na-bearing gases
such as NaCl steadily increase with decreasing temperature. In contrast, KCl
becomes the dominant K-bearing gas at temperatures below the boundary at
which monatomic K and KCl abundances are equal (K = KCl; ∼980 K at 1 bar,
see Fig. 1.2b). Formation of a KCl condensate cloud layer at ∼800 K leads to re-
moval of all K-bearing gases from the overlaying atmosphere. Thus, monatomic
Na is mainly depleted through condensation of Na2S and monatomic K is de-
pleted by conversion into KCl gas. These chemical changes are expected for
temperatures below 1000 K (at 1 bar).

The strength of the Na I doublet (0.5890 & 0.5896 µm) begins to decline and
to broaden at L1 and is barely perceptible at L8. The spectral region of the K
I resonant doublet lines (0.7665 & 0.7699 µm) develops into a broad depression
throughout the L sequence (K99). This behavior is due less to the chemical
changes because above 1200 K, the lowest estimate for Teff at the L/T transition
(Table 1.2), monatomic Na and K are still the most abundant Na and K-bearing
gases, although their chlorides become more abundant as temperature decreases.
Instead, pressure-broadening of the Na I and K I resonance doublets diminishes
the Na and K lines strengths.

Rubidium and Cs have the lowest ionization potentials of naturally occur-
ring elements so Rb+ and Cs+ ions are the dominant gases at the highest tem-
peratures shown in Fig. 1.2b. The abundances of Rb+ and Cs+ decrease with
decreasing temperature and the curves labeled Rb+ = Rb and Cs+ = Cs indicate
where the ion and neutral atom abundances are equal. At intermediate tempera-
tures monatomic Rb and Cs are the most abundant Rb and Cs gases. RbCl and
CsCl gas become more abundant at lower temperatures. The equimolar curves
(Rb = RbCl and Cs = CsCl) are reached at 987 and 1342 K, respectively (at 1 bar;
Fig. 1.2b). Further drops in temperature then allow condensation of solid RbCl
(607 K at 1 bar) and CsCl (542 K at 1 bar) which depletes the atmosphere in
gaseous RbCl and CsCl.

1.5.5 Lithium chemistry

Lithium is of particular interest because low mass dwarfs (<0.065 Msun) are not
expected to burn Li and their protosolar abundances of Li should be preserved.
In that case, the substellar nature of a low-mass object could be confirmed by
the observation of monatomic Li (Rebolo et al. 1992). However, this Li-test is of
limited use in cooler dwarfs because the abundance of atomic Li (gas) is reduced
below the bulk Li abundance when other Li-bearing gases such as LiOH and
LiCl form and consume monatomic Li.

Lithium chemistry is more sensitive to Ptot than the chemistry of the other al-
kali elements, and several other gases (LiOH, LiH, LiF) gases are more important
in addition to LiCl (Lodders 1999). Monatomic Li is the dominant Li-bearing
gas down to 1520 K (at 1 bar) where LiCl becomes the major Li-bearing gas
(Fig. 1.2b). At Ptot above ∼30 bar, monatomic Li converts to LiOH which is
then the most abundant Li gas. The Li = LiOH boundary (restricted to high
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Ptot) is much more sensitive to total pressure than the Li = LiCl boundary at
lower Ptot. Additional Li-bearing gases (not shown) become abundant at lower
temperatures until condensation of Li2S (at low Ptot) and LiF (at high Ptot)
occurs (Fig. 1.2a.)

Lithium chemistry is influenced by the position of the CO = CH4 boundary
and LiOH is generally more important when CH4 is more abundant than CO, and
LiCl is generally more important when CO is more abundant than methane. The
reason for this is that more H2O is available when CH4 forms via: CO + 3 H2 =
CH4 + H2O so that the reaction LiCl + H2O = LiOH + HCl also proceeds.

The increasing formation of Li-bearing molecules at lower temperatures
places limits on the use of monatomic Li as the sole measurement of the Li
content in a cool atmosphere. In order to obtain a measurement of the bulk Li
abundance in L dwarfs the abundance of LiCl needs to be measured in addition
to monatomic Li. Recently Weck et al. (2004) determined the spectroscopic prop-
erties of LiCl gas, which, in principle, would allow such determinations. However,
as noted by Weck et al. (2004), suitable bands of LiCl are only in the mid infrared
(15.8 µm) and these are most likely also blended by water absorptions.

1.5.6 Notes on a few other element condensates

For reference, we plotted some condensates of other, more abundant elements
(Mn, Zn, P, S) expected in substellar dwarf atmospheres. Manganese sulfide
(MnS) condenses between Cr-metal and Na2S, and is expected to form a small
cloud layer in late L-dwarfs (at 1340 K at 1 bar). Another sulfide, ZnS condenses
at 800 K (at 1 bar), at similar temperatures as KCl in dwarfs around the L/T
transition. A low temperature condensate that may appear already in very late
T dwarfs is NH4H2PO4 and is certainly expected for Y dwarfs. Another very
low temperature condensate, NH4SH, should also appear as a larger cloud layer
in Y dwarfs since this condensate removes most of the abundant H2S from the
atmosphere. Details for the chemistry of these elements are not yet described
for substellar dwarf atmospheres, but their chemistry in Jupiter and Saturn is
described in Fegley & Lodders (1994).

1.6 Kinetics

Thermochemical reactions in the atmospheres of planets and low mass substellar
objects take place in dynamic environments with only limited time available for
reactions to reach chemical equilibrium. Furthermore, different chemical reac-
tions take place at different rates, which generally decrease exponentially with
decreasing temperature.

Since the mid 1970s, telescopic observations showed CO, PH3, GeH4, and
AsH3 on Jupiter and Saturn at abundances much greater than expected from
chemical equilibrium considerations. Vertical convective mixing brings these
species to observable regions of Jupiter’s and Saturn’s atmospheres from deeper
levels where their chemical equilibrium abundances are orders of magnitude
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larger (Fegley & Lodders 1994). Similar effects may be important for CO, N2,
PH3, GeH4, AsH3, and HCN in the atmospheres of sub-stellar objects (Fegley &
Lodders 1996). We briefly review the theory underlying thermochemical disequi-
librium chemistry in planetary and sub-stellar atmospheres and then describe
possible consequences for chemistry of C, N, Cs, and Fe.

Carbon monoxide is a good example to explain the basic theory. As men-
tioned earlier, CO is the dominant carbon gas at high temperatures and low
pressures, while CH4 is the dominant carbon gas at low temperatures and high
pressures. The CO equilibrium abundance decreases strongly with decreasing
temperature. The altitude range over which [CO], the CO number density, de-
creases by a factor of e is the CO chemical scale height hchem

hchem = − [CO]/tchem

d
dz

([CO]/tchem)

The tchem in this equation is the chemical lifetime for CO destruction. It is
defined by

tchem = − [CO]
d[CO]/dt

The conversion between CO and CH4 occurs via the net thermochemical
reaction

CO + 3 H2 = CH4 + H2O

However, three H2 molecules do not simultaneously collide with a CO
molecule to yield one CH4 and one H2O molecule. Instead, the net reaction
plausibly proceeds via a series of elementary reactions (i.e., the actual chemical
steps that take place) such as that proposed by Prinn & Barshay (1977):

H2 = H + H
CO + H2 = H2CO (formaldehyde)
H2CO + H2 → CH3 + OH
CH3 + H + M = CH4 + M
H + OH + M = H2O + M
CO + 3 H2 = CH4 + H2O Net Reaction

Here the M that appears in some of the equations is any third body, statisti-
cally H2 or He in the atmosphere of a sub-stellar mass object, and it is necessary
to absorb the energy released by forming the H3C-H bond in methane and the
H-OH bond in water. The = sign denotes reactions that are in equilibrium in
the hot, deep atmospheres of gas giant planets and sub-stellar mass objects.
The direction of a reaction is indicated by the arrow. This series of elementary
reactions sums to CO + 3 H2 = CH4 + H2O, but the actual reaction sequence is
more complicated than suggested by that one reaction.

The chemical lifetime tchem for CO destruction is computed from the rate of
the slowest elementary reaction (the rate determining step), which is the reaction

H2CO + H2 → CH3 + OH
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The tchem for CO destruction is

tchem =
[CO]

[H2CO][H2]k

The rate constant k for the rate-determining step is

k = 2.3 × 10−10 exp(−36,200/T ) cm3 s−1

The tchem and hchem for CO decrease dramatically with decreasing tempera-
ture in atmospheric regions where the activation energy factor (Ea/R = 36,200)
is much larger than temperature T . Carbon monoxide is destroyed by conver-
sion to CH4 +H2O in gas parcels transported upward by convective mixing. The
convective mixing time tmix is

tmix ∼ H2/Keddy

The H and Keddy in this equation are the pressure scale height and the
vertical eddy diffusion coefficient. The pressure scale height is a function of
atmospheric temperature, mean molecular weight (µ), and gravity

H =
RT

µg

The vertical eddy diffusion coefficient is estimated from the convective heat
flux and is typically 107–109 cm2 s−1 for the tropospheres of Jupiter and Saturn.
Destruction of CO stops at the level where

tchem(CO) = tmix ∼ H2/Keddy

h2
chem � H2

This level is the quench level. For example, Prinn & Barshay (1977) calculated
a quench level of 1100 K for CO on Jupiter where hchem (CO) ∼25 km versus
H ∼ 220 km.

Several other molecules such as HCN and N2 are analogous to CO be-
cause they also have bonds with large dissociation energies (CO 11.09 eV,
N2 9.76 eV, CN 7.75 eV). The activation energy factors for destruction of N2
(Ea/R = 81, 515) and HCN (Ea/R = 70, 456) are also much larger than T
in the atmospheres of Jovian planets and sub-stellar mass objects. Thus, HCN
and N2 are also expected to be quenched at high temperature with the exact
temperature depending upon the considerations above.

In contrast, several other species such as monatomic Cs and FeH are un-
quenchable in the atmospheres of gas giant planets and sub-stellar mass objects
because the activation energy factors are effectively zero. For example, with
decreasing temperature Cs is probably converted into CsCl by the elementary
reaction

Cs + HCl → CsCl + H ∆H = −1.6 kJ mol−1

Clay & Hussain (1990) measured a rate constant k = 5.1 × 10−12 cm3 s−1 at
828 K. The estimated temperature dependence of the rate constant is
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k = 5 × 10−10 exp(−3800/T ) cm3 s−1

This estimate is based on the measured value of Clay and Hussain (1990) and
the temperature dependences for the rate constants for the analogous conversions
of Li to LiCl, Na to NaCl, and K to KCl. The chemical lifetime of Cs is

tchem(Cs) = (k[HCl])−1

For example, calculations for an otherwise solar composition gas with a metal-
licity of −0.5 dex give tchem (Cs) values ≤ 1 second at 1 bar for T ≥ 1100 K. This
shows that monatomic alkali to alkali halide conversions occur on very fast time
scales that are much faster than plausible mixing timescales (such as on Jupiter).
Griffith & Yelle (2000) also concluded that the observation of Cs in Gl 229B,
where CsCl instead of Cs is expected at the low temperatures, cannot be caused
by the presence of Cs from convection as initially proposed by Burrows & Sharp
(1999). Instead it is more likely that the observations of Cs probe a deeper,
hotter atmospheric level where Cs is the dominant Cs gas (see Fig. 1.2b).

No kinetic data are available for destruction of FeH gas. However, several
plausible destruction reactions are highly exothermic at 1000 K and should have
activation energy factors close to zero

FeH + OH → H2O + Fe ∆H = −344 kJ mol−1

FeH + CH3 → CH4 + Fe ∆H = −288 kJ mol−1

FeH + H → H2 + Fe ∆H = −282 kJ mol−1

FeH + HS → H2S + Fe ∆H = −228 kJ mol−1

FeH + FeH → H2 + 2Fe ∆H = −120 kJ mol−1

These reactions may proceed at rates close to the gas kinetic rate (10−10–
10−9 cm3 s−1) and have chemical lifetimes much less than the vertical mixing
times in the atmospheres of sub-stellar mass objects.

Thus, the observations of strengthening FeH bands within the T dwarf se-
quence cannot be related to convective upward mixing of FeH gas as favored by
Nakajima et al. (2004). This possibility was already considered by Burgasser et
al. (2002b) who concluded that the fragile molecule FeH (and, similarly CrH with
low dissociation energies 1.63 eV and 1.93 eV, respectively) precludes quenching
of the destruction reactions of FeH and CrH from high temperatures.

1.7 Summary: A Chemical Temperature Scale

Chemistry can be used to develop a chemical temperature scale’, which should
help to constrain effective temperatures within the L and T dwarf sequences. A
chemical temperature scale is model-atmosphere independent and only uses the
appearance (e.g., molecular gas formation) and disappearance (e.g., removal of
gases by condensation) of certain compounds. However, the chemical temper-
ature scale cannot easily be related to an effective temperature scale because
observations at different spectral wavelength track chemical changes that occur
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Fig. 1.3. A summary of the major chemistry features from Figs. 1.2a,b. The large dia-
monds indicate the temperature dependent chemical characteristics for a given spectral
type. These “chemical” temperatures are only lower limits to the true effective tem-
peratures. See the text for more explanations.

at different depth (and thus temperatures) in the atmospheres. Furthermore,
the temperatures derived from chemistry must be lower limits and are probably
100–200 K less than the effective temperatures because the chemistry observed
through the absorption features occurs within or above the photosphere. Keeping
these limits in mind, we use the condensation temperatures and curves for gas
abundance from Figs. 1.2a,b to relate the chemistry to spectral types. The major
chemical features from Figs. 1.2a,b, relevant to the observations (Table 1.1) are
shown in Fig. 1.3.

At the high temperature end, the V = VO boundary is located at ∼2080 K
over a wide range of total pressures. Temperatures between the V = VO boundary
and Ca-Ti-oxides and Ca-Al-oxide condensation curves should be characteristic
for mid- to late M dwarfs because TiO and VO are major gases, and all neutral
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alkali atoms become more abundant. For these objects, the Li abundance derived
from the Li I line is representative of the bulk Li abundance and can be used to
decide an object’s substellar nature.

Chemical temperatures at the L/M dwarf transition using the TiO (g) and
VO (g) abundances from thermochemical computations can be derived as fol-
lows (see Lodders 2002). In M8 dwarfs TiO bands are at maximum strength
(K99, M99), hence the chemical temperature for M8 dwarfs are placed on the
maximum TiO gas abundance curve in Fig. 1.3. Similarly, VO bands peak in
strength at M9, which places M9 onto the maximum VO gas curve. Total pres-
sures should be lower than ∼1 bar because otherwise the maxima of TiO and
VO both coincide with the Ca-Ti condensation curve. The position on the to-
tal pressure axis is further constrained by the positions of the Cs = Cs+ and
Rb = Rb+ boundaries. The lines of monatomic Cs and Rb strengthen beyond
M9 in part because the monatomic gases become the most abundant Cs and
Rb bearing gases (Figs. 1.2b, 1.3). The chemical temperature marker for M8
is placed in the vicinity where the TiO max curve is crossed by the Cs = Cs+

boundary (Fig. 1.3). This leads to temperatures of 1940 K for M8 and 1920 K
for M9.

In L0, TiO and VO bands start to decline and temperatures must be below
the Ti- and V-bearing condensate curve (labeled Ca-Ti cond.). Temperatures
at the beginning of the L sequence are <1920 K and are tentatively placed at
1900 K for L0. In addition to temperature, the TiO and VO abundances can also
uniquely constrain the total atmospheric pressures at the M/L dwarf transition
(see KL02).

A comparison with the relatively large range of estimates for the effective
temperatures of 2000–2500 K at the M/L transition (Table 1.2) shows that the
chemical temperature of ∼1900 K is lower by 100–600 K.

The next major chemical change in the early L sequence is the condensation
of metal, forsterite, and enstatite between 1840 and 1600 K (at 1 bar). Useful
markers for the chemical temperatures are the curves for FeH = CrH and max-
imum K I abundances shown in Fig. 1.3. The K I lines peak in strengths and
equal band strengths of FeH and CrH are seen in L4 dwarfs. At 1 bar, FeH = CrH
occurs at 1800 K and the maximum in K abundance at 1725 K. For illustrative
purposes, we place spectral type L3 onto the Fe condensation line since the Fe I
lines disappear around L3 (Table 1.1) and type L4 onto the K maximum curve
(Fig. 1.3). These temperatures are then also consistent with the position of the
FeH = CrH abundance curve. As to be expected the chemical temperature range
of 1725–1840 K for L3 and L4 is about 100 K lower than the effective tempera-
tures of 1800–1950 K for L3 and L4 found by Vrba et al. (2004).

The next chemistry markers are at spectral type L6 where CrH bands start to
weaken and which seems to be the lowest spectral type at which monatomic Li is
still seen (Table 1.1). Interestingly, the condensation curve of Cr metal and the
equal abundance curve for Li = LiCl are positioned very close together (Figs. 1.2,
1.3) and intersect at 1520 K (at ∼1.3 bar), which is used as chemical temperature
for L6. This temperature is only 50 K less than the effective temperature of
1570 K for L6 estimated by Vrba et al. (2004).
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The chemical temperature at the L-T transition is related to the CH4 = CO
boundary (Figs. 1.2, 1.3). In the total pressure range of 1.3–3 bar, the tem-
peratures from the CH4 = CO boundary give 1180–1280 K. The lower bound in
total pressure is that obtained for spectral type L6 above, and the upper bound
comes from the positioning of the effective temperature of the T dwarf Gl 229B
in Fig. 1.3. We plot the chemical temperature for T0 at 1230 K (at 2 bar). This
chemical temperature coincides with the effective temperature at the L-T tran-
sition given by Burgasser et al. (2002a), but is generally 100–200 K lower than
other estimates of the effective temperatures around the L-T transition (Ta-
ble 1.2). However, only knowledge of methane and CO abundance ratios in late
L and T dwarfs are good temperature diagnostics (Lodders & Fegley 2002) but
this requires quantitative CO and methane abundance determinations which in
turn require high-resolution model spectra for analyses.

There are no other direct chemical markers for the higher spectral types
within the T sequence. The re-occurrence and peak in strengths of the K I lines
and FeH bands around T5 (see Table 1.1) is most plausibly explained by effects
from cloud physics and not by chemistry. Burgasser et al. (2002b) suggested that
the cloud deck becomes more patchy within the T sequence, which allows to see
deeper into the atmosphere so that K I and FeH bands are detectable again.
These spectral features then begin to fade at T6 (Table 1.1) and we note that
the effective temperature of T6 is lower than the Na2S condensation temperature
(see Fig. 1.3). Thus, the appearance of a new, small cloud deck from Na2S around
spectral types T5/T6 can block again the view into deeper atmospheric layers
and is probably partly responsible that FeH and K are no longer seen in the
spectra of the late T dwarfs. If so, the Na2S condensation temperature of 1005–
1035 (for Ptot of 1.3–3 bar) may reflect the chemical temperature for T5. Finally,
effective temperatures of 700–800 K at the end of the T sequence (Table 1.2) are
close to the NH3 = N2 boundary at the 3 bar level (Fig. 1.3).
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2 Neutron Star Structure and
Fundamental Physics

T.E. Strohmayer

Abstract: Neutron stars provide a natural laboratory for the study of matter under
the most extreme conditions of density, pressure and magnetic fields known. Precise
measurements of neutron star masses and radii may provide one of the only means to
constrain important aspects of dense matter physics as well as fundamental particle
physics. Moreover, neutron stars may contain states of matter not present anywhere
else in the observable universe, for example, an exotic color-flavor-locked (CFL), super-
fluid quark matter phase. Here, I discuss and review recent efforts to measure neutron
star masses and radii in order to use them as probes of fundamental physics. Such
efforts have focused on measurements of X-ray pulsation signals from both isolated
and accreting neutron stars, as well as observations of the thermal emission from neu-
tron star surfaces. Indeed, recent X-ray observations have provided the first evidence
of discrete, redshifted spectral features from neutron star surfaces, which may eventu-
ally provide precise mass and radii estimates, however, uncertainties remain in their
interpretation. Fast X-ray timing observations of X-ray bursting neutron stars have re-
vealed spin modulation pulsations, and recent studies of “magnetar” giant flares have
found fast oscillations which may be signatures of global vibrations of neutron star
crusts. I will describe how these observations are yielding new insights on neutron star
structure.

2.1 Introduction

In some sense neutron stars don’t get enough respect. In the public eye they often
get second billing to their more compact cousins, the black holes, which have
deservedly captured many headlines over the past decade. While black holes are
famously said to have no “hair,” it is the very fact that neutron stars have lots of
“hair”, that is, an actual physical surface and interior, rather than an abstract
singularity, that makes them such important objects for both astronomers and
physicists.

Neutron stars are formed in a Type II supernova explosion, the final collapse
of a massive (≈ 10M�) star after it has exhausted all of its nuclear fuel. The
physics of neutron star formation is extremely complex, and it would be prema-
ture to claim that we understand it completely, perhaps even crudely. A number
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of important pieces of fundamental physics; such as the equation of state (EOS)
of dense matter, extensive libraries of nuclear and neutrino reaction cross sec-
tions, etc. are essential to the story, not to mention the influence of macroscopic
processess such as convection, rotation and magnetic fields (see, for example,
Fryer & Warren 2004; Prakash et al. 2001). Although the details of exactly how
neutron stars form are still uncertain, we are certain that they do form. The the-
oretical existence of collapsed neutron stars, and their possible association with
supernovae, was first discussed in the late ’30s by Zwicky and Baade (Baade
& Zwicky 1934; Zwicky 1938). The existence of “massive neutron cores” was
explored theoretically by Oppenheimer & Volkoff (1939), who showed that an
object of ∼ 1M� with a diameter of about 20 km could be supported by the
Fermi degeneracy pressure of neutrons, but it was not until the discovery of ra-
dio pulsars in the late ’60s that these objects actually came under observational
scrutiny (Hewish et al. 1968).

Today, neutron stars are detected over an impressive range of the electro-
magnetic spectrum; from radio to gamma-ray energies. More than a thousand
of the estimated 108 neutron stars thought to inhabit the Galaxy have been
observed. Most of these are “ordinary” radio pulsars, but a substantial fraction
are primarily observed at X-ray wavelengths; the isolated and accreting neutron
stars. Why are neutron stars of such interest to astronomers and physicists?
You could call it the “X-factor,” meaning that many of the physical parameters
which describe matter are at their most extreme in neutron stars. For example,
given a mass M = 1.4M�, and radius R = 10 km, we find a mean density,
ρ̄ = 3M/4πR3 = 6.7 × 1014 g cm−3, that is comparable to nuclear densities.
Neutron stars are easily the most dense objects known. Indeed, at such high
density the fundamental theory of particle and nuclear interactions, Quantum
Chromodynamics (QCD), is not sufficiently constrained to allow us to calculate
the exact state of matter. Perhaps the only way to constrain the theory is to
make precise measurements of both the masses and radii of neutron stars.

In addition to extreme densities, neutron stars are also the sites of the
strongest magnetic fields accessible to observation. Their dipole field strengths
span an impressive range; from less than 108 G, in the old, accreting, fast spin-
ning neutron stars (see, for example, Psaltis & Chakrabarty 1999), to more than
1015 G in the young, isolated and slowly spinning “magnetars,” the strongest
magnets known. The term “magnetars” was coined by Duncan & Thompson
(1992; Thompson & Duncan 1995), who suggested that strongly magnetized
neutron stars might be the sources of the “soft gamma-ray repeaters (SGRs),
the prototype of which is the source of the famous March 5, 1979 gamma-ray
flare (Mazets et al. 1979; Cline et al. 1980). Currently, four SGR sources are
known, three of which have produced similar giant flares, and a second class of
objects, the Anomalous X-ray Pulsars (AXPs), are also thought to be a mani-
festation of extreme neutron star magnetism (see Woods & Thompson 2004 for
a recent review).

The global structure of a neutron star is described by the general relativistic
equations of hydrostatic equilibrium, also know as the Tolman-Oppenheimer-
Volkoff (TOV) equations;
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Here, P , ρ, and m(r) are the pressure, mass-energy density, and gravitational
mass inside radius r. These equations show that the overall structure of a neutron
star, it’s mass and radius, depends directly on the run of pressure and density
in the star, that is, the EOS of matter in the star’s interior, which in turn,
depends on the fundamental particle interactions of matter. Thus, by accurately
measuring neutron star masses and radii we obtain fundamental information
about the structure of matter. In practice one usually computes a mass–radius
relation, M(R), for a particular theoretical EOS. Figure 2.1 shows a number
of theoretical mass–radius relations from different EOS from the recent study
by Lattimer & Prakash (2001). The left panel shows several modern EOSs with
“normal” (ie. nucleonic constituents), whereas the right panel displays several
relations incorporating more exotic components, such as kaon condensates and
quark matter. Quark matter configurations differ from standard stars in that
they are “self-bound,” that is, supported by the strong interactions themselves,
therefore the density does not drop to zero at their surfaces. In principle, the
mass–radius relation for these stars has a sufficiently different functional form to
distinguish them from standard configurations, if the mass–radius relation can be
measured with sufficient precision. Indeed, one of the fundamental observational
goals of neutron star astrophysics – some might say the “holy grail” – is to
accurately place real neutron stars on such a plot of mass versus radius. Although
the masses of some neutron stars, particularly pulsars in binary systems, have
been very accurately determined, there is no accurate radius information for this
sample (Thorsett & Chakrabarty 1999; Nice et al. 2004).

The process of gravitational collapse which forms a neutron star leaves it
incredibly hot. Peak temperatures in the core at formation can reach 5 × 1011

K. Most of this heat energy is lost quickly – in a matter of minutes – through
emission of energetic neutrinos from the star’s core, however, a small fraction
is retained and is only more slowly radiated from the surface over time. The
loss of heat from the star, in the form of neutrinos and photons, depends on the
detailed properties of matter, including the EOS as well as interesting superfluid
properties. Thus, measuring the surface temperatures and ages of neutron stars
provides another avenue for probing dense matter physics (see, for example Page
et al. 2004).

In addition to their dependence on the properties of ultra-dense matter, neu-
tron stars also require extreme gravitational physics to be described accurately.
This can be illustrated in a number of ways, for example, the escape velocity
from a neutron star surface is vesc ∼ (GM/R)1/2 = 1.4× 105 km s−1, about 1/2
the speed of light! Moreover, an object of mass m falling onto a neutron star from
infinity will attain a kinetic energy E ≈ GMm/R = mc2(GM/c2R) ≈ 0.42mc2,
which represents almost half of the rest-mass energy of the object. This explains
why accreting neutron stars (and black holes), are such powerful energy sources.
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Fig. 2.1. Mass–radius relations for a sample of theoretical EOS from the study of
Lattimer & Prakash (2001). The left panel summarizes stars which have nucleonic
and/or hyperonic constituents, while the right panel shows relations for stars with
more exotic components, such as pion and kaon condensates, or quark matter. See
Lattimer & Prakash (2001) for additional details.

Although the theory of general relativity has passed all tests to date, there are
predicted effects which can only be tested when the gravitational fields are very
strong, such as in the vicinity of a neutron star. Among these effects are the
existence of an inner-most stable circular orbit (ISCO), and the dragging of in-
ertial reference frames close to the compact object. By studying emission from
neutron star surfaces it may be possible to make inferences about these effects.

One of the most important gravitational effects in the context of studying
neutron star structure is the redshift. In order to escape a neutron star’s power-
ful gravitational field photons must give up some of their energy. The amount of
energy lost, ∆E = E0[(1 − 2GM/c2R)−1/2 − 1] called the gravitational redshift,
provides a direct measure of the mass to radius ratio, β = GM/c2R, also called
the compactness, of the neutron star. So, an observation of, for example, red-
shifted spectral lines from the surface of a neutron star would provide important
information on its structure. However, a redshift measurement alone does not by
itself allow a unique determination of both the mass and radius separately. To
do that requires additional information. For example, rotation of a neutron star
produces a Doppler shift which broadens spectral lines emitted at the surface. If
the spin rate is known, then the width of the lines contains information about
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the radius of the star. Moreover, effects such as Stark broadening, which de-
pends on the surface density (essentially M/R2) will also broaden spectral lines
(Paerels 1997). By accurately measuring both the gravitational redshift and the
line profile (how broad the lines are), it should be possible to determine both
the mass and radius of the star.

In Sect. 2.2 we will summarize some of the specific fundamental particle
physics questions that we hope to address with accurate measurements of neu-
tron star properties. In Sect. 2.3 we move to a brief summary of the recent
observational advances which are providing new insights into neutron star struc-
ture. This includes recent advances in fast X-ray timing and high resolution
X-ray spectroscopy. In Sect. 2.4 we discuss in more detail particular studies us-
ing the new methods based on fast X-ray timing, and the implications they have
for neutron star structure. In Sect. 2.5 we describe the recent results from and
prospects for high resolution X-ray spectroscopy. We conclude in Sect. 2.6 with
a discussion of what future observational capabilities might offer in regard to
cracking the remaining mysteries of neutron star structure.

2.2 Neutron Star Interiors: Fundamental Physics

In traversing the 10 km or so from the surface to its center the state of matter
within a neutron star ranges from what we would call normal (near the sur-
face) to exotic, or just downright bizarre, at the center. If the star has been
accreting matter in a binary system, then it will have a surface “ocean” of light
elements at the top and progressively heavier nuclei which are the products of
complex nuclear burning processes (see Schatz et al. 2001). At higher densities
a crystalline crust forms, and nuclei become more neutron-rich. Above a den-
sity of ≈ 4 × 1011 gm cm−3, known as the neutron drip density, neutrons begin
to “leak” out of the nuclei, and the nucleonic lattice coexists with a, possibly
superfluid, neutron fluid (Baym & Pethick 1975). The existence of such a super-
fluid is inferred from observations of sudden jumps (glitches) in the spin rates of
pulsars (see Anderson & Itoh 1975; Link, Epstein & Lattimer 1999). As we pro-
ceed deeper, towards the core, the crustal lattice eventually dissolves, forming a
stew of nucleons, electrons and muons. It is the core of the star, where most of
the mass resides and where the densities are highest, that we would most like to
probe, for a wide range of theoretical possibilities exist, and a narrowing down of
these would tell us much about fundamental physics. For example, exotic species
such as pions and kaons may condense out of the mix, and it is possible that a
combined phase of hadronic and quark matter forms (Glendenning 1992). The
existence of previously unknown states of quark matter is a particularly exciting
possibility.

In terrestrial nuclei the number of neutrons is never very much larger than
the number of protons, that is, the matter is nearly symmetric. In neutron stars,
however, the ratio of neutrons to protons can be much larger. Thus, terrestrial
experiments have difficulty probing the full range of the nuclear symmetry energy
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(the isospin dependence of nuclear forces). A number of studies have recently ex-
plored the relationship between the nuclear symmetry energy, the EOS and bulk
properties of neutron stars (see Steiner et al. 2005; Lattimer & Prakash 2001).
For example, Lattimer & Prakash (2001) demonstrated that the radius of a neu-
tron star is largely dependent on the pressure of matter in the vicinity of nuclear
saturation density, about 0.16 baryons fm−3. Since the pressure at this density is
largely determined by the density dependence of the nuclear symmetry energy,
accurate measurements of neutron star radii can place important constraints on
the isospin dependence of nuclear forces. Steiner et al. (2005) have also explored
the dependence of the symmetry energy on a number of neutron star and nu-
clear observables; including neutron star radii and neutron skin thicknesses of
heavy nuclei. They find that a number of these observables could also be used
to constrain the symmetry energy.

In the past decade there has been a great deal of theoretical work done to-
ward elucidating the phase diagram of matter above supra-nuclear densities. In
particular, there is now substantial evidence to support the idea that at high
enough densities the ground states of QCD form a family of so-called color-
superconducting phases (see Alford et al. 2001; Rajagopal & Wilczek 2001). In
these states the quarks form Cooper pairs in a manner analogous to the pairing
of electrons in a BCS superconductor. In such theories an important parameter
(or parameters) are the gap energies, ∆, which specify the energy of formation of
a pair. The QCD gap energies are not precisely known, but are probably in the
range from 10 - 100 MeV. At the highest densities, where differences between
the quark masses become negligible, the pairing is completely antisymmetric
in quark color and flavor, resulting in the so-called color-flavor locked (CFL)
phase (Alford, Rajagopal & Wilczek 1999). The CFL state has some remark-
able properties, it is a color superconductor, and is electrically neutral, having
no electrons in the bulk phase. At somewhat lower densities quark masses be-
come important, in particular the strange quark mass, and one finds additional
color-superconducting phases. One of these, the gapless CFL phase (gCFL) has
recently been studied by Alford et al. (2005), and has been found to have an
unusual heat capacity and neutrino emissivity which modifies the cooling of the
star at late times. This would have the effect of keeping stars with this quark
matter phase in their cores, and older than about 10 million years, substantially
warmer than “standard” cooling calculations would suggest. Thus, a detection
of an old, warm neutron star could be an indication of the presence of quark
matter in its interior. At present it is not known with any certainty at what
densities these phases actually appear, and thus whether they actually occur in
real neutron stars, however, further theoretical studies are warranted and might
eventually yield a robust observational signature of quark matter.

2.3 An Overview of Recent Observational Advances

There has been enormous growth in both our observational and theoretical un-
derstanding of neutron stars and their astrophysical settings in the past decade.
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The launch of NASA’s Rossi X-ray Timing Explorer (RXTE) about a decade
ago opened up a new field of millisecond X-ray timing studies of neutron stars. In
addition, the launch of NASA’s Chandra observatory and ESA’s XMM-Newton
satellite have provided new, high resolution X-ray spectroscopic capabilities. In
this section I will provide a brief, selective overview of some of the recent obser-
vational results which have direct implications for our understanding of neutron
star structure. In subsequent sections I will discuss in more detail the specific
constraints on neutron star properties made possible by these new phenomena.

2.3.1 Fast X-ray timing observations

Observations of accreting neutron star binary systems with RXTE have found a
number of millisecond timing signatures which have important implications for
neutron star structure. These include the discovery of kilohertz (kHz) quasiperi-
odic oscillations (QPO) in the X-ray flux from accreting neutron stars (see van
der Klis 2005 for a recent review), and the discovery of coherent oscillations
during thermonuclear bursts (so called “burst oscillations”) from accreting neu-
tron stars (see Strohmayer & Bildsten 2004 for a recent review). These systems,
generically known as low mass X-ray binaries (LMXB), comprise a neutron star
accreting matter via roche lobe overflow from a low mass (< 1M�) companion.

The kHz QPOs were first discovered in observations of the accreting neutron
star systems 4U 1728-34 and Sco X-1 (Strohmayer et al. 1996; van der Klis 1996).
Since then the phenomenon has been identified in an additional 19 objects. Fig-
ure 2.2 (left) shows an example of kHz QPOs observed from 4U 1728-34. These
oscillations have a rich phenomenology, and have been measured at frequencies
above 1300 Hz (van Straaten et al. 2000), close to the orbital frequency in the
vicinity of the neutron star surface, so there is little doubt that they are gen-
erated close to the star. A comprehensive model of these oscillations is not yet
agreed upon, however, it appears likely that the highest observed frequency in
a given source is related to the orbital frequency at a location in the inner ac-
cretion disk, perhaps the ISCO predicted by general relativity (Miller, Lamb &
Psaltis 1998; Stella & Vietri 1998; Zhang, Strohmayer & Swank 1997). Since
the orbital frequency at a particular radius depends on the stellar mass, and a
particle cannot orbit any closer than at the stellar radius, measurements of the
orbital frequencies near the star can, in principle, be used to place constraints
on the mass and radius.

Many accreting neutron stars exhibit X-ray bursts; flashes of quasi-thermal
X-ray emission produced by unstable thermonuclear burning of matter accumu-
lated on their surfaces (see Strohmayer & Bildsten 2004 for a recent review).
These X-ray bursts are powerful probes of neutron stars because they provide a
source of X-rays directly from the surface. High frequency oscillations during X-
ray bursts were discovered shortly after RXTE observations began (Strohmayer
et al. 1996). These “burst oscillations” were first discovered as discrete peaks
in Fourier power spectra of time series accumulated during X-ray bursts from
some neutron star binaries. For details of their observational characteristics see
Strohmayer & Bildsten (2004). An example of a burst oscillation at 363 Hz
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Fig. 2.2. Power spectrum of X-ray flux variations showing high frequency (kHz)
quasiperiodic oscillations (QPO) in the low mass X-ray binary 4U 1728-34 (left), and
burst oscillations at ≈ 363 Hz (ie. the spin frequency) in a thermonuclear burst from
the same source (right). The right panel display contours of constant Fourier power
versus time and frequency. The separation in frequency between the kHz peaks is ap-
proximately the spin frequency. The burst intensity profile is also shown.

from 4U 1728-34 is shown in Figure 2.2 (right). In their discovery paper
Strohmayer et al. (1996) suggested that the burst oscillations result from spin
modulation of the thermal burst flux, and their is now extensive evidence to
support this conclusion. Some of the first pieces of evidence included; the large
modulation amplitudes at the onset of bursts, the time evolution of the pulsed
amplitude during the rise of bursts (Strohmayer, Zhang & Swank 1997), the co-
herence of the oscillations (Smith, Morgan & Bradt 1997; Strohmayer & Mark-
wardt 1999; Muno et al. 2000), and the long term stability of the oscillation
frequencies (Strohmayer et al. 1998). In the last few years the observations of
highly coherent, orbitally modulated pulsations in a “superburst” from 4U 1636-
53 (Strohmayer & Markwardt 2002), and burst oscillations at the known spin
frequencies of two accreting millisecond pulsars; SAX J1808.4-3658 (Chakrabarty
et al. 2003), and XTE J1814-338 (Strohmayer et al. 2003; Watts, Strohmayer &
Markwardt 2005) have solidified the spin modulation scenario.

So, we are confident that burst oscillations result from a non-uniform bright-
ness pattern on the neutron star surface. Now, the emission and propagation of
photons from the surfaces of rapidly rotating neutron stars are strongly depen-
dent on relativistic effects. For example, the amplitude of pulsations is affected by
gravitational light deflection which depends on the compactness, β = GM/c2R
(Pechenick, Ftaclas & Cohen 1983; Miller & Lamb 1998; Strohmayer et al. 1998),
and the shape (harmonic content) of the pulses is influenced by the rotational
velocity, vrot = 2πRνspin sin i, where νspin is the neutron star spin frequency.
If the spin frequency is known (for example, from burst oscillations or persis-
tent pulsations), then the velocity depends directly on the stellar radius, R, and
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the binary system inclination, i. Thus, the properties of observed burst oscilla-
tion pulses encode information about the structure of the neutron stars and, for
example, detailed theoretical modelling of the pulse profiles can be used to con-
strain neutron star masses and radii. Moreover, similar arguments hold for the
pulses observed in the persistent X-ray flux from accreting millsecond pulsars.

The giant, hard X-ray flares produced by highly magnetized neutron stars
(“magnetars”) are some of the most energetic stellar events known. The recent
December 27, 2004 flare from SGR 1806-20 liberated more than 1046 erg in a few
mintues (Palmer et al. 2005; Terasawa et al. 2005), and was the brightest cosmic
transient yet observed, in terms of energy flux received at Earth. It is thought
that these flares result from a catastrophic rearrangement of the global magnetic
field structure of the star, fracturing the crust of the star in the process (Duncan
1998; Thompson & Duncan 2001). Recently, Israel et al. (2005) discovered with
RXTE that the X-ray flux during a portion of the flare was oscillating at about
92 Hz. They also found evidence for lower frequency QPOs at ≈ 18 and 30 Hz.
A neutron star is thought to have a solid crust (somewhat analogous to Earth’s
crust), which can support twisting, or torsional, motions (McDermott, van Horn
& Hansen 1988). Israel et al. (2005) suggested that these oscillations might be
caused by just such motions. Subsequently, Strohmayer & Watts (2005) exam-
ined RXTE data from the August 27, 1998 giant flare from SGR 1900+14, and
found that it also contained high frequency QPOs. They found strong oscillation
signals at 53.5, 84, and 155.1 Hz, with perhaps a fourth feature at 28 Hz. In both
flares these fast oscillations are only detected over a unique range of spin phase of
each neutron star. This provides strong evidence that they are produced close to
or, indeed, at the stellar surface, and are likely associated with a particular site
on the star, perhaps the location of a crust fracture. If the observed frequencies
are indeed those of global torsional oscillation modes, whose frequencies depend
on the interior structure, then they could become a new, unique probe of neutron
star structure.

2.3.2 High resolution X-ray spectroscopy

It has been known for some time that continuum spectral analysis of Edding-
ton limited X-ray bursts can, in principle, provide information on neutron star
masses and radii (for a discussion see the reviews by Lewin, van Paradijs &
Taam 1993; and Strohmayer & Bildsten 2004). The basic idea is that the maxi-
mum luminosity, the Eddington limit, from a neutron star surface is a function
of the stellar mass, radius and composition of the atmosphere. This means that
the observed effective temperature of the atmosphere at the Eddington limit
is a unique function of mass and radius. However, the method has historically
suffered from several systematic uncertainties; the unknown atmospheric com-
position, uncertainties in the intrinsic spectrum (leading to errors in deriving
the effective temperature from the observed color temperature), as well as un-
certainty in what fraction of the neutron star surface is emitting. With the
discovery of burst oscillations, which provide a direct indication for brightness
asymmetries, this concern has taken on added importance. Although some of
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these problems remain, work in this area with the higher signal to noise RXTE
data has continued (see, for example Shaposhnikov, Titarchuk & Haberl 2003;
Shaposhnikov & Titarchuk 2004). A related method of deriving radius informa-
tion from continuum spectra is to fit accurate neutron star atmosphere models to
the thermal flux from quiescent neutron stars. This essentially capitalizes on the
definition of the flux, F = R2σT 4

eff/d2, where Teff , and d are the effective tem-
perature of the neutron star atmosphere, and the source distance, respectively.
One must also take account of general relativistic corrections (see Rutledge et al.
2001; Walter et al. 2004). Difficulties with carrying out this program include con-
tinuing uncertainties in the atmosphere models (Zavlin & Pavlov 2002), as well
as distance uncertainties, although these can be mitigated by finding quiescent
neutron stars in globular clusters, for example (Rutledge et al. 2002).

Perhaps a more straightforward method of measuring neutron star parame-
ters is via the detection of spectral features (lines and edges) from their surface
atmospheres. An observation of an identified spectral line gives the gravitational
redshift, 1 + z = (1 − 2β)−1/2, at the neutron star surface, which provides a di-
rect measurement of the compactness, β. Unfortunately, it has been difficult to
detect any atmospheric lines from neutron stars. Recent observations of isolated
or quiescent neutron stars with the high resolution capabilities of Chandra and
XMM/Newton have been frustratingly devoid of spectral features (see Walter &
Lattimer 2002; Burwitz et al. 2001; Drake et al. 2002; Pavlov et al. 2001). A po-
tential problem for non-accreting neutron stars is the high surface gravity which
can remove via sedimentation the heavy, line forming metals on a rather short
timescale (see Bildsten, Chang & Paerels 2003). Because of this, accreting neu-
tron stars are arguably more promising sources for line searches. An encouraging
recent result is the detection of absorption features in bursts from the LMXB
0748-676 with XMM-Newton (Cottam, Paerels & Mendez 2002). They found
≈ 10 eV equivalent width absorption features by co-adding 28 bursts seen with
the Reflection Grating Spectrometers (RGS) spectrometers. Figure 2.3 shows
their RGS spectra and best model. Their proposed identification with Fe XXVI
n = 2 − 3 transitions gives a redshift of z = 0.35 from the neutron star sur-
face. Although extremely exciting, this remains so far a single detection, and the
ubiquity of such features in X-ray bursts in general remains to be established
with future observations.

In addition to providing a direct measure of β, additional mass–radius infor-
mation is encoded in the line profile. If the line width is dominated by rotation of
the neutron star, then a measurement of it constrains the stellar radius through
the surface velocity vrot = 2πνspinR sin i. For the burst oscillation sources, with
known spin frequencies in the 45–620 Hz range, rotation should be the dominant
broadening mechanism as long as the system inclination is not too small (see
for example, Ozel & Psaltis 2003; Villareal & Strohmayer 2004). Rotationally
dominated line profiles also contain information on the fraction of the neutron
star surface that is involved in the line formation. For example, emission from
a fraction of the neutron star surface produces a characteristic “double-horned”
line profile. Indeed, the relative strengths of the red and blue wings is sensitive to
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Fig. 2.3. High resolution X-ray spectra of bursts from the LMXB EXO 0748–676.
XMM-Newton Reflection Grating Spectrometer (RGS) data from the early (top) and
late (bottom) phases of the sum of 28 X-ray bursts are shown. The solid curve shows
the best model of continuum and line features due to ionized gas in the immediate
environs of the neutron star. The dips near 13 (top) and 14 (bottom) Angstroms are
consistent with redshifted lines of Fe XXVI from the neutron star surface. Reprinted by
permission from Nature (Cottam, Paerels & Mendez 2002) copyright (2002) Macmillan
Publishers Ltd.

relativistic gravitational effects, such as frame dragging (Bhattacharyya, Miller
& Lamb 2004).

In addition to the accreting neutron stars a smaller number of thermally radi-
ating, isolated neutron stars have been observed over the past decade (see Haberl
2004 for a recent review). These objects have quasi-thermal spectra characterized
by black body temperatures in the 30–70 eV range. It was hoped that deep, high
resolution spectroscopic observations of these objects with Chandra and XMM-
Newton would reveal atmospheric absorption lines with which to probe both the
atmospheric composition as well as the neutron star mass and radius. Although
ubiquitous, narrow spectral lines have not been found, in several sources broad
absorption features have been discovered in the 0.2 to 2 keV energy band (San-
wal et al. 2002; van Kerkwijk et al. 2004; Haberl et al. 2004). Figure 2.4 shows
two examples of these broad absorption lines. A full theoretical understanding
of these spectral features is not yet in hand, however, the current thinking is
that they may result from atomic transitions of atoms in very strong magnetic
fields (> 1012 G), or perhaps are formed by proton or ionic cyclotron lines in
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Fig. 2.4. Examples of broad absorption features recently discovered from several ther-
mally emitting, isolated neutron stars. The left panel shows a Chandra ACIS spectrum
of 1E 1207.4–5209, the neutron star in the center of the supernova remnant PKS 1209–
51/52. A pair of broad absorption features at 0.7 and 1.4 keV are evident (from Sanwal
et al. 2002). The right panel displays an XMM-Newton Reflection Grating Spectrome-
ter (RGS) spectrum of RX J1605.3+3249, which shows a broad dip near 0.45 keV (from
van Kerkwijk et al. 2004).

a similarly strong field (see for example, Hailey & Mori 2002; Ho & Lai 2004;
van Kerkwijk et al. 2004). In either case, more theoretical work is needed to
understand the effects of strong magnetic fields on the formation of atmospheric
spectra. If such work leads to a clearer understanding of these features, then it
should become possible to use them as detailed probes of neutron stars

2.4 Constraints from Fast X-ray Timing

2.4.1 Burst oscillations

As alluded to above, the shape of rotational modulation pulses are a unique
function of a number of neutron star and binary orbital parameters. The pulsa-
tion amplitude depends most importantly on the size and shape of the surface
area emitting X-rays, the viewing geometry, and the stellar compactness, β. The
sharpness of the pulse profile (sometimes expressed in terms of the strength of
harmonics) depends on relativistic beaming induced by the rotational motion.
The maximum surface velocity, vrot, is given by 2πνspinR sin i. Since the spin
frequencies of burst oscillation sources are known, the velocity is directly related
to the stellar radius and the inclination angle, i, which is often not strongly
constrained. Indeed, pulse profiles should provide a unique signature of these
different quantities if they can be measured with sufficient precision.
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Since the discovery of burst oscillations a number of studies have been under-
taken to attempt to constrain neutron star properties using these ideas. Miller
& Lamb (1998) explored theoretically the strength and shape of pulses from
point-like hot spots on neutron stars. They demonstrated that the angular and
spectral dependence of the surface emissivity can be crucial in obtaining accurate
constraints. Nath, Strohmayer & Swank (2002) attempted to model bolometric
pulse profiles seen during the rising portion of X-ray bursts from 4U 1636-53.
They concluded that models with a single hot spot did not yet strongly con-
strain the mass and radius. They modelled the emission from a circular, linearly
growing hotspot, and included light deflection in a Schwarzschild spacetime.
Weinberg, Miller & Lamb (2001) computed theoretical pulse profiles produced
by rotating neutron stars, including the rotational Doppler effects and aberra-
tion of the surface emissivity. They concluded that pulse profile fitting is superior
to other indirect measures of the harmonic content, such as Fourier amplitudes.
Muno, Ozel, & Charkrabarty (2002) have explored the amplitude evolution and
harmonic content of cooling phase burst oscillations from a number of different
sources. They used the observed limits on harmonic content to constrain the
location and size of the hot spot or spots responsible for the observed modula-
tions.

An observational limitation of these earliest studies was the inability to de-
tect any harmonic signals in burst oscillations. However, studies of bursts from
the accreting millisecond pulsar XTE J1814-338 have recently led to the first
detection of significant harmonic structure in such oscillations (Strohmayer et
al. 2003). In addition, the large number of bursts from this source and the good
signal to noise achievable by co-adding bursts makes this object a particulary
important source in the context of constraining neutron star structure using
burst oscillations. Bhattacharyya et al. (2005) have fit the burst oscillation light
curves from XTE J1814-338 in several energy bands using fully general relativis-
tic models that include light deflection and frame dragging in a Kerr metric.
They also allow for beaming of the emission from the surface and have also nu-
merically computed the neutron star structure using realistic EOSs. They use
a simple model of a circular hot spot for the emission region on the surface.
They find that this model can adequately describe the pulse profiles seen from
XTE J1814-338. For their two representative EOS they find from pulse profile
fitting that β < 0.24, and they also find a beaming solution which is similar to
that expected for electron scattering in a plane parallel atmosphere, consistent
with simple expectations for neutron star atmospheres during bursts (see, for
example London, Howard & Taam 1986). Figure 2.5 shows the pulse profile ob-
served during bursts from XTE J1814–338 (left), as well as the constraints in
the mass–radius plane for two different EOS from pulse profile fitting.

Although these studies are very promising they have not yet reached the
level of sophistication required to obtain precise mass–radius measurements. A
number of present uncertainties will have to be resolved before this can happen.
For example, the form of the asymmetry on the stellar surface (put in a simple
way, the shape of the hot spot) is very important in the modelling. Incorrect
assumptions about the form of the asymmetry will lead to systematic errors
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Fig. 2.5. Observed pulse profile showing significant harmonic structure during X-ray
bursts from the accreting millisecond pulsar XTE J1814-338 (left; from Strohmayer et
al. 2003), as well as constraints on the neutron star mass and radius for two represen-
tative EOS from pulse profile fitting (right; from Bhattacharyya et al. 2005). For both
EOSs, the solid portion of each curve is the allowed region. See the text for further
discussion of the compactness constraints.

in the derived mass and radius. Although this limitation can in principle be
overcome by looking at burst rises – where the asymmetry is thought to take
the form of a relatively small hot spot – this comes with the introduction of
another limitation, inadequate signal. Fortunately, there are theoretical efforts
underway to understand the nature of the asymmetries which produce burst
oscillations. Some initial work was focused on the possibility of oscillation modes
being responsible, particularly r-modes in the surface layers (Heyl 2004; Lee
2004; Lee & Strohmayer 2005; Heyl 2005; Piro & Bildsten 2005). Spitkovsky,
Levin & Ushomirsky (2002) investigated the importance of the Coriolis force in
understanding how thermonuclear burning fronts ignite and spread on a neutron
star. They find that pressure gradients can drive zonal flows, some of which may
be unstable to the formation of vortices, which could provide an asymmetry.
An exciting, recent idea is that unstable modes associated with dynamical shear
instabilities may be induced during X-ray bursts (Cumming 2005).

2.4.2 Accreting millisecond pulsars

The pulsations in the accretion-driven X-ray flux from millisecond pulsars can
also be used to constrain neutron star structure. An advantage of such studies
over burst oscillation pulses is that the pulse profiles can generally be measured
with much greater precision. This is simply because the pulses are detected all
the time (when the sources are active) rather than just during X-ray bursts.
A drawback is that the emission mechanism is likely more complicated than
the relatively simple thermal emission thought to dominate during bursts. This
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Fig. 2.6. Pulse profiles and neutron star mass–radius constraints from modelling of
pulse profiles from the accreting millisecond pulsar SAX J1808.4-3658 (from Poutanen
& Gierlinski 2003). The left panel shows pulse profiles (top) in the 3–4 keV (circles)
and 12–18 keV (squares) bands, as well as the angular distribution, µI(µ), of radiation
from the thermal (solid) and comptonized components (dashed), and the phase lags as
a function of energy (bottom right). The right panel shows model constraints on the
stellar radius for several assumed values of the mass.

then requires additional model parameters which may not be well constrained
a priori, and thus could lead to systematic uncertainties in the derived con-
straints. Nevertheless, Poutanen & Gierlinski (2003) have carried out detailed
modelling of the pulse profiles observed with RXTE from the first discovered
accreting millsecond pulsar SAX J1808.4–3658. Contrary to what is found for
most burst oscillation sources, the pulse profile seen from SAX J1808.4–3658
is strongly energy dependent. Figure 2.6 (upper left) shows the pulse profile in
two different energy bands. The profile in the higher energy band (12–18 keV)
has a much higher harmonic content than the lower energy profile. Poutanen &
Gierlinski (2003) argue that this, as well as the fact that the soft photons lag
the hard photons, requires an additional emission component (in addition to the
thermal emission from a hot spot), which they model as a Comptonizing source
with an optical depth of 0.3 − 1, and a temperature of ≈ 50 keV. Using these
two emission components they can adequately model the spectrum. They also
include general and special relativistic effects on the photon propagation from
the neutron star surface and are able to obtain constraints on the stellar com-
pactness. They find from goodness of fit arguments that the stellar mass is likely
in the range from 1.2 to 1.6 M� (not too surprising), and for a mass near 1.6
M� they find a radius consistent with several modern EOSs, but that EOS with
radii larger than ≈ 13 km are ruled out. Figure 2.6 (right) shows there derived
constraints on the radius for several assumed masses. If an independent mass con-
straint could be obtained for this (or other) accreting millisecond pulsars, then
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precise radius measurements would seem possible in the future. Particularly ex-
citing in this regard would be the discovery of such pulsations from an eclipsing
system.

2.4.3 Quasiperiodic variability

Although a comprehensive model for kHz QPOs is still not agreed upon, with
a small number of plausible assumptions it is possible to place constraints on
neutron star structure from the highest observed QPO frequencies (see Miller
2004 for a discussion). In a number of kHz QPO models the upper kHz QPO
frequency of the pair is linked to the orbital frequency, νorb, at some location,
Rorb, in the inner accretion disk, likely within a few km of the neutron star
surface. Clearly, to observe such orbital motion the stellar radius, R, must be
less than Rorb. Since the kHz QPOs can have high coherence values it has also
been argued that they cannot be produced within the region of unstable orbits,
which suggests an additional constraint, Rorb > RISCO (Miller, Lamb & Psaltis
1998). Since νorb = (GM/4π2R3

orb)1/2, the constraints on Rorb imply an upper
limit on the mass and radius of the neutron star. Because, in general, the mass–
radius relation and the location of the ISCO depend on both the spin frequency
and the EOS, the derived constraints on mass and radius also depend on these
quantities (see Miller, Lamb & Cook 1998). Miller (2004) summarizes these as;

M < 2.2M� (1000 Hz/νorb) (1 + 0.75j) , (2.3)

and
R < 19.5km (1000 Hz/νorb) (1 + 0.2j) , (2.4)

where j ≡ cJ/GM2 is a dimensionless spin frequency, and J is the stellar angular
momentum.

The highest observed kHz QPO frequency to date is 1330 Hz from the LMXB
4U 0614+091 (van Straaten et al. 2000). Unfortunately, the spin frequency of
this object has not yet been detected. Nevertheless, assuming j is not much
larger than 0.1, this frequency implies M < 1.8M�, and R < 15 km, if the
various model assumptions are reasonable. Figure 2.7 shows two examples of
how the assumptions connecting the observed upper QPO frequency and orbital
motion lead to allowed regions in the neutron star mass–radius plane. The left
panel summarizes the constraints assuming that rotation has no influence on the
mass–radius relation or the radius of the ISCO (Miller, Lamb & Psaltis 1998),
while the right panel incorporates fully the effects of spin for a particular EOS
(Miller, Lamb & Cook 1998). Although it is still difficult to draw firm conclusions
based on observed kHz QPO frequencies, the method appears quite promising
and could bear rich fruit when a clearer theoretical understanding of the QPOs
emerges, and/or when higher frequency features are discovered.
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Fig. 2.7. Constraints in the neutron star mass–radius plane from measurements of kHz
oscillations in accreting neutron star systems. The left panel shows allowed regions for
several different values of the upper kHz QPO frequency assuming non-rotating stars
and that the frequency is orbital in nature (from Miller, Lamb & Psaltis 1998). The
right panel shows how rapid stellar rotation effects the constraints for a particular EOS
(from Miller, Lamb & Cook 1998). See the text and the relevant papers for additional
details.

2.4.4 Magnetar flares: fast X-ray variability

As discussed briefly above, recent studies of the fast X-ray timing properties of
two magnetar flares have found high frequency QPOs during portions of their
pulsating tails (see Israel et al. 2005; Strohmayer & Watts 2005). An excit-
ing possibility is that these oscillation signals are caused by global torsional
(toroidal) vibrations of the neutron star crust. This idea appears plausible for
several reasons; the observed frequencies (≈30–150 Hz) are within the range ex-
pected theoretically for such oscillations (see Mcdermott, van Horn & Hansen
1988; Duncan 1998), and the purely horizontal motions associated with these
modes could “shake” the magnetic field lines frozen into the crust, providing a
possible mechanism to modulate the X-ray emission. Moreover, the giant flares
themselves are theoretically linked to large scale fracturing of the neutron star
crust, and, in analogy with terrestrial eartquakes, will almost certainly excite
crustal modes (see Duncan 1988; Park et al. 2005).

The oscillation periods of the crustal torsional modes, (denoted ltn), where
l is the spherical harmonic index for the mode, and n is the number of radial
nodes in the eigenfunction, depend on the shear wave speed in the crust, and its
size (see, for example, Strohmayer et al. 1991; Duncan 1998). These quantities
depend on the global structure of the star and hence the EOS of matter in the
deep interior. Note also that the magnetic field can boost the “tension” in the
crust and thus modify the mode periods, perhaps non-isotropically (see Duncan
1998; Messios, Papadopolous & Stergioulas 2001). The period of the fundamental
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(l = 2, n = 0) toroidal mode is estimated to be

P (2t0) = 33.6R10
0.87 + 0.13M1.4R

−2
10

(1.71 − 0.71M1.4R
−1
10 )1/2

ms , (2.5)

where R10 = R/10km and M1.4 = M/1.4M� (Duncan 1998), and higher l modes
scale like

P (lt0) = P (2t0)
(

6
l(l + 1)

)1/2
[
1 +

(
B

Bµ

)2
]−1/2

, (2.6)

where the factor in square brackets is a magnetic correction, Bµ ≈ 4×1015ρ0.4
14 G,

and ρ14 is the crustal density in units of 1014 g cm−3. In all cases, modes with
n > 0 have frequencies substantially higher than those so far observed during
the SGR flares.

Israel et al. (2005) suggested that the 92.5 Hz feature detected in SGR 1806-
20 could be the l = 7 mode. With this identification the fundamental mode would
have a period of 30.4 Hz. Strohmayer & Watts (2005) found a sequence of QPOs
with frequencies of 53.5, 84, and 155.1 Hz (see Figure 2.8, left). These frequencies
can reasonably be associated with l = 4, 7, and 13 modes, and the corresponding
fundamental mode would have a frequency of ≈ 28 Hz, consistent with the fre-
quency of the weakest feature seen in SGR 1900+14 (Strohmayer & Watts 2005).
With these identifications the fundamental frequencies in the two stars are dif-
ferent, suggesting that the stellar parameters differ. The above equations specify
the relationship between mass and magnetic field required to give a desired mode
frequency. Since the relationship depends on both the stellar mass and radius
it is clearly EOS dependent, and thus secure mode identifications could provide
constraints on the EOS. Strohmayer & Watts (2005) have tabulated the stellar
parameters that give 2t0 oscillations at 28 Hz (SGR 1900+14) and 30.4 Hz (SGR
1806-20). Figure 2.8 (right) shows the results for four different EOS discussed
in Lattimer & Prakash (2001). The results suggest that if the stars have similar
magnetic field strengths, their masses must differ by more than 0.2M�. Since
the masses of radio pulsars (a young neutron star population) have been found
to be consistent with a narrow Gaussian distribution, M = 1.35 ± 0.04M�, a
perhaps more likely scenario is that the stars have similar masses but different
magnetic field strengths. If both stars have masses ≈ 1.35M�, then it is difficult
to account for both frequencies with the softest EOS (WFF1); and the stiffest
EOS (MS0) predicts magnetic fields for both systems that are far larger than
those inferred from timing studies (Woods et al. 2002). The moderately stiff
EOSs AP3 and AP4 can account for the observed frequencies, and give mag-
netic fields strengths that agree reasonably well with those derived from timing
measurements of both stars (Woods & Thompson 2005). This recent evidence for
signatures of toroidal modes during SGR giant flares is an exciting development,
and could eventually lead to important constraints on neutron star structure.
An unfortunate observational drawback, however, is that SGR giant flares are
rare events.
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Fig. 2.8. High frequency QPOs recently discovered in the pulsating X-ray tail of the
August 27, 1998 giant flare from SGR 1900+14 (left), and neutron star mass and
magnetic field strengths required to give a specific l = 2 toroidal mode eigenfrequency
(right). The left panel shows a power spectrum of X-ray intensity variations from the
pulsating tail of the SGR 1900+14 flair, revealing a sequence of QPOs at ≈ 28, 53,
and 155 Hz. An additional QPO at 84 Hz was also detected during a different time
interval. The frequencies of these QPOs are qualitatively consistent with a sequence
of l = 2, 4, 7, and 13 toroidal modes. The right panel shows neutron star masses and
magnetic fields which have an l = 2 toroidal mode frequency of 30.4 (upper curves),
and 28 (lower curves) Hz, the mode frequencies suggested for SGR 1806-20 (Israel
et al. 2005) and SGR 1900+14 (Strohmayer & Watts 2005), respectively. The legend
indicates the particular EOS used to determine the mode frequencies. See Lattimer &
Prakash (2001) for a discussion of the EOSs (from Strohmayer & Watts 2005).

2.5 Constraints from High Resolution X-ray Spectroscopy

Cottam, Paerels & Mendez (2002) have recently reported evidence for redshifted
absorption lines in X-ray bursts from EXO 0748–676. They co-added data from
28 bursts in order to increase the sensitivity to narrow lines. After modelling
the continuum and line features thought to be produced in the highly ionized
gas around the neutron star (see Cottam et al. 2001), they found a number of
remaining features which were unaccounted for by their best model. Figure 2.3
shows their RGS spectra and best model. They interpreted the unmodelled dips
near 13 and 14 Angstroms as redshifted absorption lines of the n = 2–3 transi-
tions of hydrogen-like Fe (Fe XXVI) in the early (hotter) part of the bursts, and
the same transitions in the helium-like ion in the later (cooler) portions of the
bursts. The inferred neutron star surface redshift in each case was z = 0.35. This
value is consistent with a number of modern neutron star EOS with reasonable
masses (Lattimer & Prakash 2001).

When these results were first presented the narrowness of the lines was
thought to be a significant problem, because if the spin frequency was like other
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burst oscillation sources (∼ 100s of Hz), then rapid neutron star rotation would
produce broad, shallow lines (see for example, Bhattacharyya, Miller & Lamb
2005; Özel & Psaltis 2003), unless the systems were being viewed at very low
inclinations. However, the recent discovery of a 45 Hz burst oscillation frequency
from EXO 0748–676 is consistent with a relatively slow spin rate and the presence
of narrow lines (Villarreal & Strohmayer 2004). An important concern is whether
sufficient Fe is present in the atmosphere at the relevant mass accretion rates
to account for the observed line strengths. Bildsten, Chang & Paerels (2003)
initially examined this question, exploring how sedimentation, accretion and
subsequent spallation (which can produce heavy metals) sets the atmospheric
column of heavy elements. More recently, Chang, Bildsten & Wasserman (2005)
have explored in detail the formation of resonant atomic lines in neutron star
atmospheres, including rotational broadening. They show that non-LTE effects
and resonant scattering are crucial to understanding the line formation in these
conditions. Their calculations imply an Fe column of 1–3 × 1020 cm−2, that is
3–10 times larger than expected based on the accretion/spallation scenario of
Bildsten, Chang & Paerels (2003), but is within a factor of a few of a uniform,
solar metallicity atmosphere. They also show that fine structure splitting will be
important in constraining the stellar radius from modelling of the line widths,
and confirm that a spin rate of 45 Hz is consistent with the presence of narrow
lines. These results suggest that accurate measurements of both the mass and
radius of the neutron star in EXO 0748–676 are obtainable if the proposed ab-
sorption lines can be confirmed and observed with higher statistical significance.

2.6 Future Prospects

Clearly, new observational capabilities have provided us with some powerful new
ways to probe neutron star structure, but we still have not quite reached the
goal of precisely measuring the neutron star mass–radius relation. Fortunately,
there is a relatively clear path along which these methods can be refined, and
that is primarily to increase the collecting area of future observatories. Several
planned mission concepts should be able to make substantial improvements in
this area, including NASA’s Constellation-X, ESA’s XEUS, and a larger area
X-ray timing mission to further capitalize on the discoveries made with RXTE.

In the context of burst oscillation constraints, larger area allows one to obtain
more precise measurements of the pulse profiles, and therefore more statistically
precise constraints. Indeed, a future mission with about 10 times the collecting
area of RXTE, and with similar timing capabilities should be able to provide
data of sufficient statistical quality to allow tight constraints in the mass–radius
plane. As an example, Figure 2.9 summarizes the results of some simulations of
what burst oscillations might look like to such a “super-RXTE” observatory (see
Strohmayer 2004). With this large area accurate pulse profiles can be measured
during the rising phase of bursts, when the brightness pattern is likely to be
well approximated by a localized hot spot, reducing the effects of some system-
atic uncertainties. Model fits to these simulated data suggest that statistically
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Fig. 2.9. Simulated pulse profiles and mass–radius constraints for X-ray burst obser-
vations with a detector collecting area 10 times that of RXTE/PCA. The left panel
shows what burst oscillation pulses would look like to such an instrument. The right
panel shows 1σ confidence contours on mass and radius for detector areas appropriate
for the Constellation-X mission and a super-RXTE with 10x the area of RXTE (from
Strohmayer 2004).

tight constraints are, in principle, achievable. There has also been substantial
advancement in the theoretical tools needed for modelling the phenomenon and
the pace of these developments suggests that it is not unrealistic to expect that
by the time future missions fly, the impact of theoretical uncertainties can be
substantially reduced. Moreover, new data almost always provide fresh insights
which cannot be anticipated beforehand. An added strength of attacking the
EOS problem using burst oscillations is that the signals are known to exist, and
it is virtually guaranteed that by studying these oscillations with a factor of 10
better sensitivity we will learn something new.

If redshifted spectral lines are relatively common in X-ray bursters, then sen-
sitive, high resolution X-ray spectroscopy may be the key that unlocks the secrets
of the neutron star interior. Current observations with XMM-Newton and Chan-
dra are not quite sensitive enough to establish whether or not surface absorption
lines are present in enough systems and at sufficient statistical quality to en-
able accurate neutron star constraints, but the potential seems undeniable. We
may have to wait for the next generation of large area, high spectral resolution
observatories to realize the full potential of this technique.
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3 Six Years of Chandra Observations of
Supernova Remnants

M.C. Weisskopf and J.P. Hughes

Abstract: We present a review of the first six years of Chandra X-ray Observatory
observations of supernova remnants. From the official “first-light” observation of Cas-
siopeia A that revealed for the first time the compact remnant of the explosion, to
the recent million-second spectrally-resolved observation that revealed new details of
the stellar composition and dynamics of the original explosion, Chandra observations
have provided new insights into the supernova phenomenon. We present an admittedly
biased overview of six years of these observations, highlighting new discoveries made
possible by Chandra’s unique capabilities.

3.1 Introduction

The Chandra X-ray Observatory was launched on July 23, 1999 using the Space
Shuttle Columbia. Placement in its highly elliptical orbit was completed 15 days
after launch. The orbit has a nominal apogee of 140,000 km and a nominal
perigee of 10,000 km. With this orbit, the satellite is above the radiation belts
for more than about 75% of the 63.5-hour orbital period and uninterrupted
observations lasting more than 2 days are possible. The observing efficiency,
which also depends on solar activity, is typically about 65%.

The spacecraft has been functioning superbly since launch. The specified
design life of the mission was 5 years; however, the only perishable is gas for
maneuvering and is sized to allow operation for much more than 10 years. The
orbit will be stable for decades.

The heart of the Observatory is the X-ray telescope made of four concentric,
precision-figured, superpolished Wolter-1 telescopes, similar to those used for
both the Einstein and ROSAT observatories, but of much higher quality, larger
diameter, and longer focal length.

The telescope’s on-axis point spread function, as measured during ground cal-
ibration, had a full-width at half-maximum less than 0.5 arcsec and a half-power
diameter less than 1 arcsec. A relatively mild dependence on energy, resulting
from diffractive scattering by surface microroughness, attests to the better than
3-angstroms-rms surface roughness measured with optical metrology during fab-
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rication and confirmed by the ground X-ray testing. The on-orbit performance
met expectations.

There are two focal plane cameras on the Observatory. The Pennsylvania
State University (PSU, University Park, Pennsylvania) and the Massachusetts
Institute of Technology (MIT, Cambridge, Massachusetts) designed and fabri-
cated the Advanced CCD Imaging Spectrometer (ACIS) with CCDs produced by
MIT’s Lincoln Laboratory. Made of a 2-by-2 array of front-illuminated (FI), 2.5-
cm-square CCDs, ACIS-I provides high-resolution spectrometric imaging over a
17-arcmin-square field of view. ACIS-S, a 6-by-1 array of 4 FI CCDs and two
back-illuminated (BI) CCDs mounted along the Chandra transmission grating
dispersion direction, serves both as the primary read-out detector for the High
Energy Transmission Grating (HETG), and, using the one BI CCD which can be
placed at the aim point of the telescope, also provides high-resolution spectro-
metric imaging extending to lower energies but over a smaller (8-arcmin-square)
field than ACIS-I.

The Smithsonian Astrophysical Observatory (SAO, Cambridge, Massachu-
setts), designed and fabricated the other focal plane camera the High Resolution
Imager (HRC) (Murray et al. 2000). Made of a single 10-cm-square microchannel
plate (MCP), the HRC-I provides high-resolution imaging over a 30-arcmin-
square field of view. A second detector made of 3 rectangular MCP segments (3-
cm × 10-cm each) mounted end-to-end along the grating dispersion direction, the
HRC-S, serves as the primary read-out detector for the Low Energy Transmission
Grating (LETG).

More details as to the technical performance of the Observatory may be found
in Weisskopf et al. (2003).

We note that the names of SNR are often given in papers using their galactic
coordinates and a ”G” prefix. This prefix is, however, used by name resolvers
such as Simbad for high proper motion stars appearing in the Giclas Catalog
and it has been recommended 1 that one use the SNR designation instead. We
shall do so in this review.

Our review is representative of Chandra observations and is not intended to
be exhaustive. Thus, if we have omitted a particular observation no slight to the
work was intended. Finally, we emphasize that there are many excellent reviews
and conference proceedings concerning the astrophysics associated with super-
nova remnants and, where relevant, the compact objects within them. These
reviews and proceedings include: Becker and Pavlov (2001), Aschenbach (2002)
Pavlov, Zavlin, and Sanwal (2002), Slane (2002), Canizares (2004), Decourchelle
(2004), Slane (2005), and Rakowski (2005).

Our purpose here is to review the outstanding contributions that observations
using Chandra have made to the discipline. We urge interested readers to include
a careful reading of these reviews in addition to reading this paper.

1see http://heasarc.gsfc.nasa.gov/docs/faq.html#nameresolvers
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3.2 The Point Sources in Supernova Remnants

An excellent introduction to the topic of compact central sources in supernova
remnants may be found in Kaplan et al. (2004).

3.2.1 The compact central objects

Although not originally discovered with Chandra, observations using the obser-
vatory have both clarified, and drawn further attention to, the existence of a
group of compact objects associated with SNR that are radio quiet, unpulsed
in X-rays, and have characteristic X-ray spectra described by a blackbody with
characteristic temperatures of order 0.4 keV, without indication of a non-thermal
component. The associated blackbody radii are smaller than the radii of canon-
ical neutron stars. These objects have been aptly termed Compact Central Ob-
jects (CCOs) by Pavlov et al. (2002a). (Sources of this ilk have previously been
referred to as “Radio Quiet Neutron Stars” by Caraveo, Bignami, & Trümper
1996.) Although several sources exhibit these properties, it is not clear that they
form a class in the sense that there is an universally accepted explanation for
their characteristics.

The prevailing, perhaps contradictory, interpretation is that the spectral
properties of the CCOs are the result of hot spots on the surfaces of neutron stars
formed during the supernova. The inability then to find any evidence for pulsa-
tions in the X-ray flux from the majority of these sources must be confronted.
Many discussions leave one with the impression that new observations and more
sensitive searches for pulsations will ultimately discover periodic behavior and
thus validate the explanation. In general, detection of pulsations has not been
forthcoming, and so perhaps deeper looks at other potential explanations might
be in order. One possible explanation involves very long periods requiring some
mechanism to carry off the angular momentum. One might also begin to question
the interpretation of the spectral data. The tie between spectral fits and physical
interpretations can be overdone. Thus, simply because a blackbody spectrum fits
the data, this does not necessarily imply that the source is a blackbody emitter.
Another spectrum, more representative of the true physical situation, may fit
the data equally well. It is a challenge to the theorists to tell us just what this
alternative spectrum might be.

Cas A

Cassiopeia A (Cas A) is often referred to as the “first light” observation made
with Chandra. It is historically interesting that this is not quite accurate. The
first X-rays that were observed with Chandra when the last door was opened
took place on August 12, 1999 and led to the discovery of the z = 0.32
AGN nicknamed “Leon X-1” (Weisskopf et al. 2005). The nickname honors the
Chandra Telescope Scientist, Leon Van Speybroeck. The Observatory was next
pointed at the radio-loud quasar PKS 0637−752 (Schwartz et al. 2000) chosen
as the target for which on-orbit optimization of the imaging properties of the
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Fig. 3.1. Early Chandra ACIS-S3 image of Cas A. The image is 6’ x 6’. Courtesy
NASA/CXC/SAO.

Observatory were performed. After bore-sighting and focusing the telescope, only
then was the official “first-light” image of Cas A obtained. One of the principal
features of the first Cas A image, shown in Figure 3.1, was the clear presence of
a point source (Tananbaum 1999) near the center of the remnant and apparent
after only a few minutes of observing.

Pavlov et al. (2000) argued, convincingly, that the source was the compact
object associated with the remnant. Pavlov et al. (2000) also established the
nature of the spectral parameters, noting that no unique spectral fits were forth-
coming from the data in hand at the time. Fits to a power law yielded high
photon indices (of order 3 to 4) whereas fits to a blackbody led to temperatures
of about 0.5 keV. As noted above, these authors coined the very apt description
for this source – Compact Central Object (CCO) – and favored the interpreta-
tion that the CCO is a neutron star whose X-ray emission is primarily from a
restricted region of the surface.

Subsequently, Chakrabarty et al. (2001) provided additional analyses of both
spectral and timing data, setting a 3-σ upper limit to the pulsed fraction of
less than 35% for periods longer than 20-ms. Additional period searches were
performed by Murray et al. (2002a) utilizing HRC-S data in order to extend the
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period searches to shorter periods. Using a 50 ksec observation they also failed
to detect any significant evidence for pulsations. More recently, and discussed in
detail in, Sect. 3.4.1, a 106 s ACIS-S3 observation has been performed. To our
knowledge, no pulsations have thus far been detected in these data, although
the search would be limited to periods longer than several seconds due to the
time resolution in this mode.

SNR 266.2−1.2 (RX J09852.0−4622)

The SNR 266.2−1.2 (aka RX J09852.0−4622 and sometimes referred to as “Vela
Junior”) was discovered with ROSAT by Aschenbach (1998). Prior to observa-
tions with Chandra, a number of X-ray observations had been performed with
at least two, if not more, possible X-ray point sources being associated with
this remnant – see the introduction to, and references in, Pavlov et al. (2001).
Pavlov et al. (2001) used Chandra and the ACIS imaging array to pinpoint the
location of a bright X-ray source (CXOU J085201.4−461753) 4′ north of the
SNR center. This was the only bright X-ray source they found near the center
of the remnant. Using the Chandra-based position to refine and guide a search
for optical counterparts, they found none and established stringent upper limits
to the optical flux in both B and R. These authors then used the corresponding
lower limit to the X-ray to optical flux ratio to argue that the source is the com-
pact remnant of the SN. The quality of the X-ray spectra determined from this
particular observation was limited by the short observing time (3 ksec) and by
pulse pileup due to the brightness of the source coupled with the readout time
(frame time) of the CCDs.

To refine the spectral parameters, and to provide moderately high time res-
olution data useful for searching for pulsations, the source was again observed
with Chandra by Kargaltsev et al. (2002) using ACIS-I in the continuous-clocking
mode. This mode provides only one-dimensional images but yields higher time
resolution (2.85 ms in this case) especially useful for mitigating pulse pileup. This
observation was also ten times longer than the previous Chandra observation.
Spectral fits to a power law were found to be statistically unacceptable, whereas
a blackbody model, with a temperature of 0.4 keV, provided a statistically ac-
ceptable fit. As with Cas A and the other CCOs, the radius of the emitting
sphere was found to be much smaller than a canonical neutron star radius.

Kargaltsev et al. (2002) also attempted to constrain the temperature of the
entire (putative) neutron star surface by fitting the spectral data with a two-
component blackbody model where one of the two components was constrained
to a radius of 10 km. They found an upper limit to the surface temperature
(at infinity) of 89 eV (99% confidence) which would imply accelerated cooling
compared to standard neutron star cooling models assuming an age of a few
thousand years. (Inferring accelerated cooling is not exceptional, see, e.g. the
discussion of 3C58 in Sect. 3.2.3.) Kargaltsev et al. (2002) also searched for
narrow spectral features and discussed the hint of a feature at 1.68 keV. It would
be interesting to follow up on the possible spectral feature with XMM-Newton to
see if this is similar to the feature(s) discovered using Chandra in 1E 1207.4−5209
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(Sect. 3.2.3). A search for pulsations found no statistically significant periods
with pulsed fractions in excess of 13% in the frequency range from 0.001 to
100 Hz.

We urge other observers to follow the example set by Kargaltsev et al. (2002)
in their data analysis. In particular, use the data to establish an upper limit to
a possible full-surface blackbody in order to constrain a neutron star temper-
ature, and search for possible spectral features that appear as residuals to the
continuum models. The results of these analyses are very useful in addressing
some of the potentially interesting astrophysical questions concerning compact
objects and in particular the CCOs.

Puppis A

The bright point source at about 6′ from the dynamical center of Puppis A was
discovered by Petre et al. (1982) using the Einstein Observatory. The object has
been studied with numerous X-ray satellites and in other wavelength bands (see
e.g. the introduction to Hui and Becker (2005) and references therein). The early
Chandra ACIS observation discussed by Pavlov et al. (2002a) found a spectrum
both consistent with previous X-ray observations and the CCO classification –
namely that the data were described by a blackbody with an associated radius
much less than that of a neutron star. In this case, spectral fitting with a neutron
star hydrogen atmosphere yielded a radius more like that of a neutron star. The
ACIS observations were followed by observations with the HRC designed to
search both for pulsations and a pulsar wind nebula (PWN). The HRC image is
shown in Figure 3.2 and clearly there is no obvious evidence for a PWN, however
Pavlov et al. (2002a) gave no quantitative upper limits. Note that Gaensler, Bock
and Stappers (2000) did provide quantitative upper limits as to the presence of
a radio PWN (on scales greater than about 30” x 30” up to about 30’). Pavlov
et al. (2002a) used the HRC-data to search for pulsations and found no evidence
for pulsations for pulses with a pulsed fraction of greater than 10% in the period
range from 0.003 to 300 seconds. Pavlov et al. (2002a) do not state the confidence
level to be associated with this upper limit.

RCW 103 (SNR 332.4−0.4)

The source 1E 161348−5055 was discovered using the Einstein Observatory by
Tuohy and Garmire (1980) and is associated with the SNR RCW 103 (aka SNR
332.4−0.4). The central point source was considered to be the prototype of a
cooling neutron star (Becker and Aschenbach 2002) prior to observations with
Chandra. Interestingly, the RCW 103 source was also the first radio-quiet X-ray
source found in a young SNR and, as such, may be considered to be the first
detected CCO. The source’s detailed characteristics (see below) are, however,
somewhat different from the majority of CCOs such as Cas A and, as has also
been noted by others (e.g. Pavlov, Zavlin, and Sanwal 2002), it is not clear that
all CCOs form a single class of objects.
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RX J0822-4300

Fig. 3.2. Chandra HRC-I image of Puppis A. The image is 30′ × 30′. Courtesy G.
Pavlov.

Garmire et al. (2000) using Chandra reported a precise position and strong
evidence for the detection of a significant portion of a potentially periodic light
curve corresponding to a ≈ 6-hr period based on the 5.5-hr Chandra observation.
These same authors reported finding a similar period in archival ASCA data,
and speculated as to the possibility that a binary period had been detected.
We note that accretion was also listed as one of many possible explanations for
the long term variability observed prior to the Chandra observations (see e.g.,
Gotthelf, Petre, and Vasisht 1999).

Binarity may not be the only explanation for the periodicity. Heyl and Hern-
quist (2002) presented the case for a freely-precessing, short-period neutron star
with hot spots as the possible explanation for the light curve. Their model pre-
dicted that the spin period should be detectable at minimum flux, but, to date,
no detection has been reported. Subsequently Becker and Aschenbach (2002)
reported the results of a 5.5-hr XMM-Newton observation which showed what
appears to be clear evidence for an eclipse. If verified, this would the first clear
case of an accreting binary in a SNR. Further observations of this interesting
system are clearly called for.

Hui and Becker (2005) analyzed these Chandra data together with the data
from XMM-Newton, fitting the data to two blackbodies and reporting on a
“promising candidate”, albeit statistically weak, pulse period.
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SNR 347.3−0.5

Prior to observations of SNR 347.3−0.5 with Chandra, an X-ray point source
(1WGA J1713.4−3949) with no nearby optical counterpart (Slane et al. 1999)
had been discovered with ROSAT by Pfeffermann and Aschenbach (1996). More
interestingly, a radio source (PSR J1713−3945; Crawford et al. 2002) with a
pulse period of 392 ms was also detected in the region. Chandra observations
(Lazendic et al. 2003) played a key role as they were used to establish that the
X-ray source was not at the same location as the radio pulsar.

Lazendic et al. (2003) found that the central X-ray source shares several
characteristics with the CCO in Cas A, including an X-ray spectrum whose
principal component is a blackbody with a temperature of about 0.4 keV and
the absence of pulsations over the frequency ranges searched (0.01–128 Hz) with
upper limits to the pulsed fraction of better than 25%.

3.2.2 Pulsars with pulsar wind nebulae (PWN)

Chandra has served more than ably in many cases as a tool to isolate and re-
solve the various spatial components that comprise the structure of pulsar wind
nebulae. We begin our discussion of the Chandra contributions to this particular
type of study with the remarkable images that have revealed more observational
detail of the complex interaction between the central pulsar and the surrounding
medium than ever before. All of the Chandra PWN images appear to be consis-
tent with a similar structure – one that is approximately axially symmetric and
elongated along the symmetry or jet axis. The most common explanation iden-
tifies the jets with collimated outflows of relativistic particles along the rotation
axis of the underlying pulsar. The ubiquitous presence of jets in astrophysical
contexts including these associated with young pulsars and those found with
active galactic nuclei is always worth comment and provides an over-riding mo-
tivation for gathering detailed information to help one learn about jet formation
mechanisms. Observations with Chandra have provided not only spectacular im-
ages but also valuable and unique insights. One of the most important of these
insights is the dynamic nature of the phenomena that take place in the PWN.
This is particularly well illustrated in the case of the observations of the Vela pul-
sar (Sect. 3.2.2) described by Pavlov et al. (2003) that discovered the variability
of the northeast outer jet.

The Pulsar in the Crab Nebula

The Chandra X-Ray Observatory first observed the Crab Nebula and its pulsar
during orbital calibration in 1999. Weisskopf et al. (2000) published the zeroth-
order image obtained with the HETG and read out by ACIS-S that showed
a striking richness of X-ray spatial structures. Figure 3.3 shows the original
HETG–ACIS-S zeroth-order image. A number of features were observed for the
first time: an X-ray inner ring within the X-ray torus; the suggestion of a hollow-
tube structure for the torus; X-ray knots along the inner ring and (perhaps) along
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Fig. 3.3. Chandra HETG–ACIS-S3 adaptively smoothed first Chandra image of the
Crab Nebula.

the inward extension of the X-ray jet. The Chandra image also clearly resolved
the X-ray torus (Aschenbach and Brinkmann 1975) and jet and counterjet which
are all features that had been previously observed (Brinkmann, Aschenbach,
& Langmeier 1985; Hester et al. 1995; Greiveldinger & Aschenbach 1999) but
never with such clarity. On somewhat larger scales, the image showed a sharply
bounded notch (WSW of the Pulsar) into the X-ray nebular emission, earlier
associated with the “west bay” of the Nebula (Hester et al. 1995). Visible-light
polarization maps of the Crab Nebula (Schmidt, Angel, & Beaver 1979; Hickson
& van den Bergh 1990) demonstrate that the magnetic field is parallel to the
boundary of this notch, thus serving to exclude the X-ray-emitting relativistic
electrons from the west bay.

The most striking feature of the X-ray image, of course, is the inner elliptical
ring, lying between the pulsar and the torus. The existence of such a ring had
been predicted, and corresponds to a shock in the pulsar wind (Rees and Gunn
1974; Kennel and Coroniti 1984). On the ring reside a few compact knots, and
one can be seen in Figure 3.3 lying SE of the pulsar along the projected inward
extension of the jet. The surface brightness of this knot is too high to be simply
explained as the superposition of the ring’s and jet’s surface brightnesses. Ulti-
mately the nature of these knots needs to be probed by means of high-resolution
spectroscopy.

Subsequently, Tennant et al. (2001) observed the Crab Nebula and its pul-
sar with Chandra using the Low Energy Transmission Grating Spectrometer
(LETGS). Time-resolved zeroth-order images were used to perform a most sen-
sitive search for X-ray emission from the pulser as a function of pulse phase,
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including pulse phases that had been traditionally referred to as “unpulsed”.
It has been common practice to denote any minimum in a pulse profile to be
representative of the unpulsed flux; subtract these data from the remainder and
then purport that the difference, represents the “pulsed” component. Of course
this need not be the case. One can see from the Chandra image, for example,
that such an approach may include the flux from the inner ring if not the entire
PWN as a whole, depending on the angular resolution of the instrument. It is
far more satisfactory to use high-resolution spatial imaging as is possible with
Chandra to isolate the pulsar from any background that may be present.

Using this approach, Tennant et al. (2001) discovered that, as in the visible
(Golden, Shearer, & Beskin 2000; Peterson et al. 1978), the pulsar emits X-rays
at all pulse phases. They confirmed prior observations (Pravdo, Angellini, &
Harding 1997; Massaro et al. 2000) that showed that the power law spectral
index varied with pulse phase and extended the measurements into the pulse
minima. Finally, and, assuming that all of the flux from the pulsar at pulse
minimum is attributable to thermal emission, the authors used these data to set
a new upper limit to the blackbody temperature. As a representative case, they
took θ∞ = 2.1×10−16 rad – for R∞ = 13 km (e.g., Rs = 10 km and M = 1.4M�)
at D = 2 kpc – and NH = 3 × 1021 cm−2. With these parameters, the blackbody
temperature that would account for all the flux observed at the pulse minimum
was T∞ = 2.12 MK = 0.183 keV, which bounds the actual temperature (L∞ ≈
2.4×1034 erg s−1). Subsequent Chandra-LETG observations and analyses of the
spectrum as a function of pulse phase (Weisskopf et al. 2004) slightly improved
this upper limit to T∞ < (1.76(2σ); 2.01(3σ)) MK.2

Weisskopf et al. (2004) also performed a detailed analysis of the pulse-
averaged spectrum. They were able to study the interstellar X-ray extinction
due primarily to photoelectric absorption and secondarily to scattering by dust
grains in the direction of the Crab Nebula. They confirmed the findings of Will-
ingale et al. (2001) that the line-of-sight to the Crab is under abundant in oxygen.
Using the abundances and cross sections from Wilms, Allen and McCray (2000)
they found [O/H] = (3.33±0.25)×10−4. Spectral studies such as this, where the
abundances are allowed to vary, are important as it is unlikely that standard
abundances apply equally well to all lines of sight, especially those that inter-
sect large quantities of SN debris (for more on this point see the discussion in
Serafimovich et al. 2004 and our comments in Sect. 3.2.2).

In 2002, Hester et al. (2002) completed one phase of a set of coordinated
observations of the Crab’s PWN using Chandra (ACIS-S in sub-array mode) and
the Hubble Space telescope. These spectacular observations revealed numerous
dynamical features including wisps moving outward from the inner equatorial X-
ray ring at about 0.5 c. The eight Chandra observations are shown in Figure 3.4.

Finally, Chandra (and XMM-Newton, see Willingale et al. 2001) has been
used to study spectral variations as a function of position in the nebula. Weis-

2These upper limits appear weaker than previous ROSAT-established upper limits
set by Becker and Aschenbach (1995). The ROSAT limits were, however, “optimistic”
as discussed in Tennant et al. (2001).
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Fig. 3.4. The Chandra images in this collage were made over a span of several months,
are 1.6′ ×1.6′ and are time-ordered left to right and top to bottom except for the larger
close-up. Image courtesy NASA/CXC/ASU/ J. Hester et al. (2002).

skopf et al. (2000) first presented the variation of a hardness ratio (the ratio of
flux in two energy bands) as a function of position as seen with Chandra using
5′′ ×5′′ pixels. Mori et al. (2004) followed this work with studies of the variation
of the power law spectral index as a function of position using 2.5′′ × 2.5′′ pixels
and the same data discussed in Hester et al. (2002). Despite the particular mode
(subframe) used to obtain these data, the effects of pulse pileup plagued the data
analysis and required the application of corrections. These corrections, at best,
did not adequately correct for pileup when bright spatial structure was present
within an analysis pixel – dealing with that particular situation was noted by
the authors to be beyond the scope of the paper. One hopes this problem will be
addressed by some enterprising expert in pulse pileup in the future, since it is at
the smallest spatial scales that the Chandra observations are most unique. Per-
forming spectroscopy (perhaps even time-resolved spectroscopy) of the bright,
compact features is necessary in order to understand their origin.

The Vela Pulsar and its remarkable external jet

Chandra observations of the 89-ms period Vela pulsar (Helfand, Gotthelf, &
Halpern 2001; Pavlov et al. 2003) and its surroundings have been most revealing.
In addition to showing the complex and time variable spatial structure of the
region immediately surrounding the pulsar itself – a structure that includes
two sets of arcs, a jet in the direction of the pulsar’s proper motion and a
counterjet – the Chandra images taken by Pavlov et al. (2003) also discovered
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Fig. 3.5. Chandra ACIS-S3 images in a montage showing the variability in both
intensity and position of the jet associated with the Vela pulsar. The pulsar is located
at the lower left-hand corner of each image. These four images are part of a series of
13 images made over a period of two and a half years. Each image is 1.6′ × 1.2′. Image
courtesy NASA/CXC/PSU/G. Pavlov et al. (2003).

that the continuation of the jet that extends to the NW is time variable in both
intensity and position on scales of days to weeks as illustrated in Figure 3.5.
The brightness variations are different along the extent of the jet, and Pavlov
et al. (2003) inferred flow velocities of 0.3–0.7c. Finally, the apparent width of
the outer jet appears to be constant, despite large variations in appearance,
indicating confinement. The analogy to a fire hose being held at its base appears
very appropriate.

The Chandra Observatory should be used to both to search for, and to study,
such behavior in all cases where it is clear that jets from neutron stars are present.

PSR1509−58

The Chandra image of the young PWN powered by B1509−58 in SNR 230.4−1.2
(Gaensler et al. 2002) is shown in Figure 3.6. The pulsar is the bright source at
the center of the nebula. A thin jet can be seen in the image to extend to the
southeast. Just above the pulsar there is a small arc of X-ray emission, which
seems to mark the location of the shock wave produced by the particles flowing
away from the pulsar’s equator. The cloud near the top of the image may to
be due to high temperature gas. This gas, possibly a remnant of the explosion
associated with the creation of the pulsar, may have been heated by collisions
with high-energy particles produced by the pulsar. See Yatsu et al. (2005) for a
discussion of the interaction of the pulsar’s jet with this material.
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Fig. 3.6. Chandra ACIS-I image of pulsar B1509−58 in SNR SNR 230.4−1.2. The
image is 10’ by 14’. The pulsar is the bright white source at the center of the nebula.
Courtesy NASA/MIT Gaensler et al. (2003).

SNR 292.2−0.5

SNR 292.2−0.5 contains the 407-ms radio pulsar J1119−6127 whose discovery
(Camilo et al. 2000) led to the radio detection of the SNR by Crawford et al.
(2001). The first of two Chandra observations with ACIS-S3 (Gonzalez and Safi-
Harb 2003, 2005) provided unambiguous detection of the X-ray counterpart to
the radio pulsar and strong evidence for the detection of a faint PWN. Gonzalez
and Safi-Harb (2003, 2005) found that the combined X-ray emission from the pul-
sar and its associated nebula is described by an absorbed power law model with
a photon index 2.2 (+0.6, −0.3) and an unabsorbed X-ray luminosity (0.5–10.0
keV) of 5.5(+10,-3.3) × 1032 ergs s−1 assuming a 6 kpc distance. An interesting
attribute is the source’s derived inefficiency in converting rotational energy into
X-rays using the standard assumptions. Deeper observations are need to better
establish the detailed attributes of the PWN, such as spectral variations as a
function of position.
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SNR 54.1+0.3

Lu et al. (2002) observed SNR 54.1+0.3 using ACIS-S3. The Chandra image is
shown in Figure 3.7 and one sees a central bright pointlike source, a surround-
ing ring, jet-like elongations, and low surface brightness diffuse emission. All
of these features emphasize the similarity to the Crab’s PWN. Lu et al. (2002)
determined that the spectra of these components are all well described by power-
law models (as with the Crab PWN); the spectral index steepens (softens) with
increasing distance from the point source. The similarity of SNR 54.1+0.3 to the
Crab nebula and its pulsar was further strengthened by the subsequent discovery
(Camilo et al. 2002a) of a 136-ms radio pulsar at the location of the Chandra
source. (These authors then also detected the pulsations in archival X-ray obser-
vations performed with the ASCA satellite.) The radio pulsar, PSR J1930+1852,
is very weak with a period-averaged flux density at 1180 MHz of 60 µJy. For a
distance of 5 kpc, the corresponding luminosity is among the lowest for known
young pulsars.

Fig. 3.7. Chandra ACIS-S3 image of SNR 54.1+0.3. The large image is 2.7’ x 2’.
Courtesy NASA/CXC/U.Mass/F. Lu et al.

SNR 39.2−0.3 (3C 396)

Olbert et al. (2003) observed SNR 39.2−0.3 (3C 396) using ACIS-S3. The Chan-
dra image (Figure 3.8) resolved an extended (55′′ × 20′′) X-ray nebula with a
nonthermal energy spectrum (Γ = 1.5 ± 0.3 at 90%-confidence) and detected
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Fig. 3.8. Chandra ACIS-S3 image of 3C 396. Courtesy M. J. Rutkowski and J.
Keohane.

what the authors refer to as a “pointlike” source at the center of the nebulosity.
There is also diffuse radio emission in the same region. This discovery provided
convincing evidence for the presence of a PWN, surely harboring an X-ray pul-
sar with a to-be-detected pulse period. The Chandra observations confirmed the
conclusions as to the nature of this source – the existence of both thermal and
non-thermal components and the possible presence of a rotating NS powering a
synchrotron nebula – reached by Harrus and Slane (1999) based on observations
with ASCA. The pulse period, if observable in our line of sight, is yet to be
detected and Olbert et al. (2003) do not appear to have set upper limits over
the admittedly long periods accessible using ACIS in its normal mode. A recent
search (Zavlin 2005) of these data and covering the period range from 10 to 104 s
uncovered no evidence for pulsations for pulses with a sinusoidal amplitude of
greater than 34% (95%-confidence).

SNR 293.8+0.6

SNR 293.8+0.6 was observed with Chandra ACIS-S3 for 40 ksec by Olbert,
Keohane, and Gotthelf (2003). There is no published reference to this observation
other than the abstract referred to here. The abstract mentions the presence
of a “soft” point source near the center of the remnant and the absence of a
bright synchrotron nebula. The authors note that these results seem to be in
contrast to the presence of a PWN that one might expect from the radio image.
A quick glance at the Chandra and radio images together (shown in Figure 3.9)
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Fig. 3.9. Radio (left) and Chandra (right) with radio contours superimposed of SNR
293.8+0.6. Image courtesy S. Patel.

however, shows numerous X-ray sources in the region containing the SNR, any of
which might be candidates for an associated compact object. The X-ray image in
Figure 3.9 is rich in structure and clearly more work needs to be done before one
adds SNR 293.8+0.6 to the list of SNR with established and identified compact
objects.

N158A (SNR B0540−69 in the LMC)

The 50-ms pulsar PSR B0540−69 is very “Crab-like” possessing a similar pulse
period, spin-down age, and spin-down power. The pulsar was discovered by Se-
ward, Harnden, and Helfand (1984) using the Einstein Observatory. A Chandra
HRC observation, performed by Gotthelf and Wang (2000), was motivated by
a desire to search for an X-ray plerion, expected based on the similarity to the
Crab and previous observations in the optical, and radio (see e.g. the intro-
duction in Gotthelf and Wang (2000) and references therein). Using the HRC
allowed for precision timing and subsequent detection of the pulsed emission
from the central, barely-resolved, extended emission. Defining the data at pulse
minimum, which lasted about 0.5 in pulse phase, as “off-pulse” these authors
separated the central image into that of the “pulsed” component and that for
the “off-pulse” component. The former appeared point-like whereas the latter
appeared extended as shown in Figure 3.10 revealing the presence of a PWN
and even possibly a jet.

Kaaret et al. (2001), in addition to reanalyzing the HRC data and applying
an improved aspect solution and improved HRC processing to remove spatial
artifacts, also performed ACIS-I measurements in continuous clocking mode. As
noted previously, this mode allows for higher time resolution albeit at the price of
one spatial dimension in the image. Thus, the data available for spectral analysis
had to contend with a significant contribution, not so much from the PWN but
from the larger SNR. The spectrum of the pulsed component was found to be
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Fig. 3.10. Chandra HRC-I images of the pulsar wind nebula of B0540−69 in the
LMC. These images are approximately 12.5′′ × 12.5′′. Images courtesy E. Gotthelf.

consistent with a power law with a photon index of 1.83 (±0.13) fixing NH at
4.6 × 1021 cm−2. Spectral analyses of the nebula by Kaaret et al. (2001), again
fixing NH , showed it to be softer than the pulsar with spectral indices varying
from 1.85 to 2.26 although it is not totally clear that the variations are that
statistically significant. The variation is in contrast to the lack of a spectral
variation over the PWN measured in the visible (Serafimovich et al. 2004).

Serafimovich et al. (2004) also made important contributions to the study of
this system analyzing both new (VLT) and archival (HST) observations. More-
over, these authors raised the important point, which to our knowledge has been
neglected when analyzing spectra (except in the case of the Crab pulsar – as
discussed in Sect. 3.2.2) that the use of standard abundances may not be (is
not) justified, perhaps even more so for an extragalactic source. Of general in-
terest (although not necessarily directly applicable to B0540−69 as they noted)
is their discussion of the potential impact of the absorption produced by the SN
ejecta on the X-ray spectrum which can enhance the X-ray absorption at ener-
gies above the oxygen K-edge depending on the state of evolution of the SNR –
the less evolved, the more possible that there is a significant contribution to the
absorption from the ejecta. We strongly urge readers interested in understand-
ing the spectra of X-ray sources in SNR to carefully examine the discussion in
Sect. 2.7.1 of Serafimovich et al. (2004).

Serafimovich et al. (2004) did note that the pulsar could well have a non-
power-law (thermal?) spectrum at energies below 1 to 2 keV, although this
conclusion must be tempered by the knowledge that the understanding of the
ACIS response function decreases with decreasing energy. Serafimovich et al.
(2004) concluded that a reanalysis of the X-ray spectrum of B0540−69 is called
for, but noted that this was beyond the scope of their paper. The reanalysis
should be done, and similar considerations such as allowing for absorbing effects
of ejecta, allowing abundances to vary, etc. need to be applied in a systematic way
to all spectral analyses performed in the Chandra era where not prevented by
poor statistics. Indeed, it might be argued that spectral observations should not
be performed unless there are sufficient statistics to pursue such studies – simply
being able to differentiate between a power law and say a blackbody spectrum,
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all else being equal, may no longer be sufficient justification for establishing the
length of such observations.

N157B (NGC 2060; SNR 0538−691)

The supernova remnant N157B (aka NGC 2060, SNR 0538−69.1, and 20 Do-
radus B) contains the RXTE-discovered (Marshall et al. 1998) 16-ms-period
X-ray pulsar, PSR J0537−6910 and is located in the LMC. Chandra observa-
tions using the HRC-I and HRC-S by Wang et al. (2001) served a number of
purposes including obtaining a precise location for the pulsar. In addition they
were able to spatially resolve the pulsar, a surrounding compact yet elongated
(0.6 × 1.7 pc) nebula, and an even larger-scale feature of diffuse emission trail-
ing from the pulsar and oriented nearly perpendicular to the major axis of the
nebula. These features, shown in Figure 3.11, indicate interesting interactions
between the pulsar-powered nebula as it is moving through the surrounding
medium. A subsequent ACIS-S observation (ObsID 2783) seems never to have
been formally analyzed.

Fig. 3.11. Chandra image of SNR N157B. The image combines HRC-S and -I obser-
vations and is smoothed to bring out the extended structure near the pulsar. Courtesy
Q.D.Wang.
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B0453−685

Gaensler et al. (2003) performed both radio and Chandra observations of the
supernova remnant B0453−685 in the Large Magellanic Cloud (LMC) and dis-
covered a new PWN. Gaensler et al. (2003) detected a strongly linearly polarized
(8% and 6% at 2.4 GHz and 1.4 GHz respectively) and elongated (20′′ × 30′′)
central radio core, similar in morphology to the X-ray core (14′′ × 7′′) seen as
part of a 40 ksec ACIS-S3 observation (Figure 3.12). They also found that the
X-ray spectrum of the central core is fit by a power-law with number index of
−1.9±0.4. Unfortunately no mention is made as to the quality of the fit. This is
important as the statistical uncertainties (measured by extremes on the χ2 + ε
contours) get underestimated if the fit is poor. Based on the quoted uncertain-
ties and the limited number of counts, we suspect that the fit to the power-law
spectrum may not have been compelling in comparison to other models for the
continuum. However, the radio and X-ray images, and their similarity leave lit-
tle doubt that a PWN has been detected. The search for the underlying pulsar
proved unrewarding, albeit not surprisingly so, as these authors found a scant
58-count upper limit to the contribution of a putative point source to the central
image. The authors noted that the corresponding limits to the X-ray luminosity
(0.5–10.0 keV) of < 6D2 × 1033 ergs s−1 (assuming NH = 1.3 × 1021 cm−2 and
a power law index Γ = 1.5) were hardly restrictive. It is worth emphasizing
that Gaensler et al. (2003) propose an interesting approach to determining the
properties of the system in contrast to the usual one where the equations for a

Fig. 3.12. Chandra ACIS-S3 image of the pulsar wind nebula and corresponding
radio contours of B0453−685 in the LMC. Image courtesy B. Gaensler.
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pulsar’s age, spin-down luminosity, and surface magnetic field are written down
in the dipole approximation and one assumes a braking index of 3, an initial
period of 0, and a luminosity that is a carefully selected fraction of the spin-
down luminosity in order to determine the pulse period, period derivative, and
the neutron star’s surface magnetic field. We won’t repeat their discussion here,
but refer interested readers to Sect. 3.1 of their paper.

Deeper observations of this system, which would allow one to perform spa-
tially resolved spectroscopy in addition to facilitating sensitive searches for pul-
sations, are clearly called for.

CTA 1 (SNR 119.5+10.2)

CTA 1 (aka SNR 119.5+10.2) is a radio shell SNR with emission from the center
that appeared harder and brighter than the emission from the limb as seen with
ROSAT (Seward, Schmidt, & Slane 1995). Of special interest is the fact that
the position of 3EG J0010+7309, one of the brighter of the EGRET unidentified
sources (Hartman et al. 1999), lies inside the boundary of CTA 1.

Halpern et al. (2004) used Chandra ACIS-S3 to image the central portion of
the remnant. The Chandra image (Figure 3.13) reveals a point source, a compact
nebula, and a (curved) “jet”. These characteristics, together with upper limits

Fig. 3.13. Chandra ACIS-S3 image of CTA 1. The image is 2′ × 2′. Courtesy J.
Halpern.
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to the optical flux at the Chandra location of the point source which gives an
X-ray-to-optical flux ratio in excess of 100, clearly establish the central object
as a rotation-powered pulsar, although pulsations are yet to be detected.

Slane et al. (2004a) using XMM-Newton set a rather unrestrictive upper limit
of 61% pulsed fraction for periods between 1.2 ms and tens of ksec. Halpern et
al. (2004) established a restrictive upper limit to a possible radio counterpart
at both 1425 and 820 MHz (implying less than 0.02 mJy kpc2 at 1400 MHz).
Halpern et al. (2004) also found that the X-ray spectrum of the point source is
best fit by a power law plus blackbody model with Γ = 1.6, kT∞ = 0.13 and
R∞ = 0.4 km. We wish to emphasize that the number of counts from the point
source (and the PWN and the jet) were quite limited being only 187 (136 and
45) implying large uncertainties in the derived parameters, and indicting that a
deeper Chandra observation is called for since the angular scale of the observed
features is far to small to be adequately resolved with XMM-Newton.

Finally, Halpern et al. (2004) derived an upper limit to the surface temper-
ature of the underlying neutron star. The upper limit was perhaps conservative
in that it only made use of the data from the lowest energy bin rather than ex-
amining the full spectrum. On the other hand, the column was fixed and allowed
variations of the column might possibly increase the upper limit of 6.6 × 105 K.

In general there is a real need for a systematic presentation (e.g. was NH fixed
or not, what is the confidence level associated with the limit? etc.) of upper limits
to neutron star surface temperatures when confronting theory.

SNR 69.0+2.7 (CTB 80)

Moon et al. (2004) observed the SNR CTB 80 (aka SNR 69.0+2.7) with Chandra
ACIS-S3 (see Figure 3.14) as part of a multi-wavelength study. The remnant
contains the 40-ms radio pulsar PSR B1951+32 discovered by Kulkarni et al.
(1988). The Chandra observations clarified the morphology of the X-ray emission
and showed what appears to be a cometary PWN elongated (about 40′′) along
the direction of the pulsar’s proper motion and seemingly confined by a bow
shock produced by that proper motion and thus confirming prior speculations
(see e.g. Moon et al. 2004 and references therein).

More recently Li, Lu, and Li (2005) have further analyzed these same data
with emphasis on providing spatially-resolved spectra. Li, Lu and Li (2005) find
that a power-law plus blackbody model fits the spectrum of the pulsar better
than a pure power-law model. In this case the blackbody comprises about 10%
of the total flux (with large uncertainties) and a temperature of 0.13 keV. The
accompanying power law index was about 1.6. The corresponding blackbody
radius was small, about 2 km at the assumed distance of 2 kpc, perhaps implying
emission from hot spots. These authors also fit the data to a blackbody plus
power law, while fixing the blackbody radius to a value more appropriate to the
entire star in an effort to set an upper limit to the surface thermal emission.
This approach led to a temperature upper limit (3σ) of 7.8×105 K, much below
the predictions of standard neutron star cooling models (see Figures 8 and 9 of
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Fig. 3.14. Chandra ACIS-S3 image of CTB 80. Courtesy D.-S Moon.

Li, Lu, and Li 2005) as with 3C58 (Sect. 3.2.3). The time resolution of the data
did not permit an analysis for 40-ms pulsations.

SNR 359.23−0.82 (The Mouse)

Gaensler et al. (2004) observed the unusually shaped radio source SNR 359.23–
0.82, sometimes referred to as the “mouse”, using ACIS-S3. For a history of ob-
servations of this object in all wavelength bands see the introduction to Gaensler
et al. (2004) and references therein. Observations with ROSAT by Predehl and
Kulkarni (1995) had already detected X-ray emission and they correctly proposed
that this source was a bow shock PWN. The Chandra observations confirmed
this conclusion and, as shown in Figure 3.15, provided spectacular details resolv-
ing numerous components referred to as the “halo, head, tongue and tail” by
Gaensler et al. (2004). We note that Gaensler et al. (2004) goes well beyond the
presentation of new observational results and they combine theory and hydro-
dynamic simulations of bow shocks to unravel the implications of the data. The
paper is essential reading for those interested in the interaction of a PWN with
the environment, especially when the pulsar has a moderately large velocity.

Geminga

Geminga was observed using ACIS-S3 by Sanwal, Pavlov and Zavlin (2004). The
resulting image is shown in Figure 3.16 where one sees what Sanwal, Pavlov, and
Zavlin (2004; 2005) term a “wake”, about 10′′ – 15′′ in projected length to the
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Fig. 3.15. Chandra ACIS-S3 image of the “mouse”. Courtesy B. Gaensler.

Fig. 3.16. Chandra ACIS-S3 image of Geminga. Courtesy D. Sanwal & V. Zavlin.
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southwest of the pulsar. If one looks carefully, one can also see extended emission
a few arc seconds away from the pulsar in the opposite direction, perhaps the
head of a bow-shock.

3.2.3 Finding the pulsars

SNR 296.5+10.0 and 1E 1207.4−5209

Observations with Chandra have contributed at least two significant new in-
sights into the source 1E 1207.4−5209 initially discovered with the Einstein
Observatory (Helfand & Becker 1984) and located 6’ from the center of SNR
PKS 1209−51/52 (aka SNR 296.5+10.0). The source was first observed with
Chandra by Zavlin et al. (2000) using ACIS-S3. These observers used ACIS in
continuous clocking mode which allows time resolution of 2.85 ms at the price
of one dimension of spatial information and discovered a 424-ms period. The
detection of the period, of course, provided compelling evidence that the source
is a neutron star. Since the source appears to be radio-quiet (Mereghetti, Big-
nami, & Caraveo 1996; Kaspi et al. 1996), it may be either an active pulsar
beamed out of our line of sight or a truly radio-quiet neutron star, where the
X-ray pulsations are caused perhaps by hot spots rotating in and out of our line
of sight.

Subsequent to the detection of pulsations, Sanwal et al. (2002) analyzed two
ACIS-S3 continuous-clocking-mode observations including the data used to ini-
tially detect the pulse period. In addition to establishing a preliminary estimate
for the period derivative, these authors also found two significant absorption
features centered at 0.7 and 1.4 keV with equivalent widths of about 0.1 keV.
Sanwal et al. (2002) discussed several possible interpretations for the absorption
including cyclotron resonances and atomic features. They presented arguments
favoring atomic transitions of once-ionized helium in the atmosphere of the neu-
tron star assumed to be very strongly (≈ 1014G) magnetized. The exact cause
of the Chandra-discovered features is not without different interpretations. For
example Hailey and Mori (2002) argued that the absorption features were associ-
ated with He-like oxygen or neon in a field of ≈ 1012G. More recent observations
with XMM-Newton (e.g., Mereghetti et al. 2002; Bignami et al. 2003; De Luca
et al. 2004) not only confirmed the Chandra-detected absorption features at 0.7
and 1.4 keV, but also seemed to have uncovered an additional feature at 2.1 and
evidence for a fourth 2.8 keV. Taking all these latter data into account supports
an explanation involving the fundamental and two, possibly three, harmonics of
the electron cyclotron absorption in a field of order 1011G. However, the two
additional spectral features in the XMM-Newton data have not been unambigu-
ously accepted. Mori, Chonko, and Hailey (2005) have cast severe doubt as to
the reality of the spectral features at 2.1 and 2.8 keV. The arguments given seem
compelling and it is thus unfortunate that the Chandra response is insufficient
to weigh in on this question without expending significant amounts of observing
time.
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Zavlin et al. (2004) have continued to observe this target using both Chandra
and XMM-Newton. They have detected significant variations in the spin period,
which they interpreted in light of three hypotheses: a glitching pulsar; variations
in an accretion rate from a fallback disc; and variations in accretion produced
by being in a wide binary.

Thus the sequence of Chandra observations have provided important dis-
coveries, especially the detection of the pulse period and firm detection of two
absorption features. An important and unanswered question is what are the lim-
its as to the presence of such spectral features for the other NSs in SNR. A
systematic comparison, if not already in progress, should be performed.

Finally we note that 1E 1207.4−5209 is a source that, in some critical re-
spects, is similar to Cas A in that it is in a SNR, is radio-quiet, and has a
low-energy spectrum that may be fit by a blackbody with a temperature falling
in the range from 0.2–0.6 keV, however it pulses. Thus, on the one hand, the
source therefore can be used to give us confidence that all CCOs will ultimately
be found to pulse. On the other, this source’s Chandra-revealed characteristics
may be used to separate it from the CCO-group of objects.

SNR 292.0+1.8

SNR 292.0+1.8 is, along with Cas A and Puppis, one of three known oxygen-rich
supernova remnants in the Galaxy. Hughes et al. (2001) performed an observa-
tion with ACIS-S3 (Figure 3.17), detecting a bright, spectrally hard, point source
within an apparently extended region. This detection suggested the presence of a
pulsar and its pulsar wind nebula. Radio observations (Camilo et al. 2002b) then
found a 135-ms pulsar in SNR 292.0+1.8 localized to within the Parkes beam
(14 arcmin FHWM). The detection by Hughes et al. (2003b) of X-ray pulses at
the expected period from the compact X-ray star secured its identification. The
X-ray spectrum is modeled with a simple power law, although, as with Vela,
(and many other sources) the fit to the data is not unique. From the motions
of oxygen-rich optical knots and the size of the remnant, Ghavamian, Hughes,
and Williams (2005) recently estimated a kinematic age for SNR 292.0+1.8 of
3000–3400 years assuming a distance of 6 kpc. This value is in good agreement
with the pulsar spin-down age of 2900 years.

3C58

The Chandra observations of 3C58 (aka SNR 130.7+3.1) were first performed
by Murray et al. (2002b) using the High Resolution Camera (HRC) which offers
excellent time resolution but no spectral information. These data imaged the
previously detected X-ray point source (Becker, Helfand, and Szymkowiak 1982)
which is associated with the historical SN 1181 (see Stephenson & Green 2002
and references therein). The early Chandra data also revealed the extended PWN
and the presence of 66 ms pulsations from the central point source (J0205+6449).
Deeper Chandra observations using ACIS-S3 by Slane et al. (2004b) produced
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Fig. 3.17. Chandra ACIS-S3 image of SNR 292.0+1.8. The image is 9′ ×9′. The point
source identified with the 135 ms PSR J1124−5916 is just southeast of the center of
the remnant. Courtesy NASA/CXC/Rutgers/J. Hughes et al.
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Fig. 3.18. Chandra ACIS-S3 image of 3C58. Courtesy P. Slane.

images such as that shown in Figure 3.18 showing the similarity of this PWN
with the Crab and Vela.

One aspect of the Chandra-based research of 3C58 of special importance
were the limits as to any thermal emission from the surface of this young cooling
neutron star. The search for thermal emission was presented by Slane, Helfand,
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and Murray (2002) and then refined by Slane et al. (2004b) who found that as
with SNR 266.2−1.2 (Sect. 3.2.1) their upper limit (T∞ < 1.02 × 106 K) falls
well below predictions of standard neutron star cooling. Yakovlev et al. (2002)
discuss calculations of neutron star cooling in the context of 3C58 and concluded
that the observations can be explained by the cooling of a superfluid neutron
star where the direct Urca process is forbidden.

We note that it is far easier to derive a stringent upper limit to any thermal
component for 3C58, in contrast for example to the Crab pulsar, because the flux
of 3C58 is much lower. Of course neutron stars may be different, so that limits
to the thermal components of both sources, indeed all the young neutron stars,
are relevant to compare with theoretical predictions of neutron star cooling.
In general, such analyses are not simple, requiring enhanced sensitivity for the
detection of the putative thermal component often in the presence of a much
stronger non-thermal flux from the magnetosphere of the pulsar, if one wants
to measure the temperature – as opposed to setting an upper limit. Chandra
is uniquely poised to provide the raw data for such studies due to its ability to
maximally separate the pulsar from the surrounding nebulosity, yet often long
observations are required.

IC443

Historically, the Chandra ACIS-I3 image of IC443 shown in Figure 3.19 was
a publicity tour-de-force for the Chandra project as the first three authors of
Olbert et al. (2001) were high school students at the time. This remnant had been
previously well studied as there is a large variety of shocked molecules present

Fig. 3.19. Chandra ACIS-I image of IC443. The image is 1.0′ × 0.8′. Courtesy
NASA/NCSSM/C. Olbert et al.
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due to the interaction with surrounding molecular clouds (see e.g., references
in Olbert et al. 2001 and Bykov, Bocchino, & Pavlov 2005). IC 443 is also
a candidate counterpart to the EGRET source, 3EG J0617+2238. The image
(Figure 3.19) shows what appears to be a point source behind a bow shock and
surrounded by a nebulosity that looks somewhat like a cometary tail. Olbert
et al. (2001) also reported accompanying VLA observations which confirmed
and complimented the X-ray spatial structure and exhibited varying degrees
of polarization as strong as 25%. No pulsations were reported either from the
X-ray or the flat spectrum radio observations. Subsequent observations with
both Chandra and XMM-Newton (Bocchino and Bykov 2001; Bykov, Bocchino,
Pavlov 2005) have also not detected pulsations.

3.2.4 Not finding the compact objects

In a number of cases, high sensitivity searches with Chandra have been unable
to specifically identify a compact object associated with a SNR, although often
numerous candidate objects have been detected.

SN 1987A

Since launch, SN 1987A has been the focus of a series of repeated observations
with Chandra (see Park et al. 2005 and references therein). One goal of these
observations is to detect the emergence of the X-ray flux from a newly born
compact object. To date, no such object has been detected and Park et al.
(2005) assume a spectral form – a power law of photon index 1.7 – and use
an absorbing column derived from their fit to the entire remnant to set a 90%
confidence upper limit to the 3–10 keV luminosity of 1.3 × 1034 ergs s−1. As
noted by the authors, the uncertainty as to the correct column to apply to this
calculation could easily increase this upper limit.

γ-Cygni (SNR 78.2+2.1)

Becker et al. (2004) used Chandra to search for the X-ray counterpart to 3EG
J2020+4017 (2CG078+2). In particular these authors were following up on the
possibility (Brazier et al. 1996) that RX J2020.2+4026 was the counterpart.
These observations, thanks to the precision with which X-ray sources in the
field could be located, demonstrated conclusively that RX J2020.2 + 4026 is
associated with a K field star and therefore an unlikely counterpart of the bright
EGRET source.

This observation also demonstrated the difficulties one sometimes encounters
in searching for compact objects associated with a SNR. Thus, 37 additional X-
ray sources were detected in the field searched (which was only a fraction of
the full size of the SNR). Radio observations reported by these authors, which
covered the complete 99% EGRET likelihood contour of 3EG J2020+4017 with
a sensitivity limit of L820 = 0.09 mJy kpc2, were unable to find a pulsar. The
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absence of radio pulsations suggests that if there is a pulsar operating in γ-Cygni,
the pulsar’s emission geometry is such that the radio beam does not intersect
with the line of sight. Alternatively, the pulsar is perhaps a CCO-like object
which does not produce significant amounts of radio emission.

Without high-precision X-ray spectra of each of the candidate X-ray sources,
and detailed follow up in other wavelength bands, there is essentially no satis-
factory way in which to eliminate most of the candidates from consideration.
In such cases, the principal and important Chandra contribution is to provide
target lists with accurate positions as a basis for future studies.

SNRs 315.4−2.30, 093.3+6.9, 084.2+0.8, and 127.1+0.5

Gvaramadze and Vikhlinin (2003) analyzed archival ACIS-I observations of SNR
315.4−2.30 (aka MSH 14−63, RCW 86) a bright, radio shell-like SNR (see the
introduction to Gvaramadze & Vikhlinin 2003 and references therein; see also
Sect. 5.2 of Kaplan et al. 2004 and references therein). They concentrated their
study to a protrusion in the southwest of the remnant based on the hypothesis
that the SNR resulted from an off-centered explosion of a moving and massive
star. Two X-ray sources were detected in this region, one of which they identified
with a foreground star. The second source they identified as a candidate for the
compact remnant, in part because of the positional coincidence in support of
their hypothesis, and in part because of the absence of an optical counterpart.
The location implies a transverse velocity of over 1500 km s−1.

SNR 315.4−2.30 is also one of the four thoroughly-studied SNR by Kaplan
et al. (2004). The additional targets are listed in the title of this section above.
Kaplan et al. have embarked on a program to perform systematic studies to
search for compact central objects in a distance-limited sample of 23 SNR that
lie within 5 kpc. These authors include with their Chandra (and XMM-Newton)
observations an accompanying optical/IR identification program taking account
of the fact that any such counterparts are expected to be very faint. Using the
brightness of the Chandra-discovered CCO in Cas A as a reference, they find
no compact central objects associated with these four SNR to a limit of 0.1 Cas
A or Lx < 1031 ergs s−1. We eagerly await the subsequent papers covering the
remainder of the observations.

SNR 41.1−0.3 (3C 397)

Safi-Harb et al. (2005) used a 66 ksec Chandra ACIS-S3 exposure to study
3C 397 (SNR 41.1−0.3). One goal of this study was to search the central X-
ray hot spot for a compact remnant left by the original supernova. No viable
counterpart was found, and these authors placed an upper limit to the 0.5–10.0
keV flux of 6 × 10−13 ergs cm−2 s−1 (Lx(0.5 − 10.0 keV) = 7 × 1033D2 ergs
s−1). Unfortunately there are some ambiguities as to how these numbers were
obtained as the spectrum used and the confidence levels associated with the
uncertainties are not mentioned.
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N63A in the LMC

Warren, Hughes, and Slane (2003) observed the supernova remnant N63A in the
LMC using ACIS-S3. No hard X-ray point-source was apparent in these data
and these authors could rule out a young, energetic, Crab-like pulsar. They set
a 3σ upper limit to the flux of a point source assuming a power law spectrum
with a number index of −2. The 2.0–8.0 keV flux upper limit was 2.5 × 10−14

ergs cm−2 s−1, or a luminosity of 7 × 1033 ergs s−1 (assuming a distance to the
LMC of 50 kpc) and applied to the region anywhere in the interior of the SNR.
The luminosity limit for a source extended over a diameter of 2 pc (appropriate
to a pulsar wind nebula) was higher: 4 × 1034 ergs s−1.

1E 0102.2−72.2 in the SMC

This remnant was discovered during the Einstein Observatory survey of the Small
Magellanic Cloud (SMC) (Seward and Mitchell 1981). Shortly after its discovery,
Dopita, Tuohy, and Mathewson (1981) found oxygen-rich optical emission from
the remnant extended over a diameter of ∼24′′. Subsequent optical spectroscopy
(Tuohy and Dopita 1983) revealed that this material was moving rapidly (∼6500
km s−1 FWHM), identifying 1E 0102.2−72.2 as the first O-rich SNR in the
SMC. Amy and Ball (1993) suggested that a compact feature near the remnant’s
projected geometric center in their high resolution (3′′) radio image might be
“plerionic” (i.e., emission from a pulsar or pulsar wind nebula). Using a 9 ks
ACIS-S3 observation taken during Chandra’s orbital activation and checkout
period, Gaetz et al. (2000) set a 3σ upper limit to the luminosity of a hard
power law component (with number index of −2.05) of ∼9×1033 erg s−1 (in the
energy band above ∼3 keV).

1E 0102.2−72.2 is used as a Chandra calibration target and therefore a large
number of observations are available in the archive. From a merged data set of
on-axis ACIS-S3 observations with a total exposure time of 125 ks, we set a 3σ
count rate limit of 2 × 10−4 s−1 (3-8 keV band) on the X-ray emission near the
center of the SNR at the location of the central radio feature. For a Crab-like
spectrum this rate corresponds to an unabsorbed flux of 7×10−15 erg cm−2 s−1

(2–8 keV) or an X-ray luminosity of 3 × 1033 erg s−1 for a distance of 60 kpc.

3.2.5 Miscellaneous

Kes 73 and 1E 1841−045

The anomalous X-ray pulsar 1E 1841−045 is associated with the SNR Kes 73.
See the introduction to Morii et al. (2003) and references therein for an overview
of previous observations. The Chandra observations by Morii et al. (2003) using
ACIS-S3 in both timed-exposure (30 ksec) and continuous-clocking (10 ksec)
modes were the first for which the pulsar could be spatially separated from
the surrounding SNR – totally for the timed-exposure observation and in one
dimension for the continuous-clocking observation. The spatial advantage was
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partially mitigated by these authors, who chose to perform all analyses with the
continuous-clocking mode data, no doubt in order to exploit the high time resolu-
tion (2.85 ms) for this 11.8 s pulsar. The spectral parameters they found from fit-
ting the data to a power law plus black body were Γ = 2.0±0.3, kT = 0.44±0.02
keV, and NH = 2.54(+0.15,−0.13) cm2. We note that the Chandra response
function provided for the timed-exposure mode is not precisely transferable to
continuous clocking mode data, especially the gain. Sophisticated users tend to
let the gain be an additional free parameter when spectrally fitting continuous-
clocking mode data. A further indication that an incorrect response function
may been applied to these data may be indicated by a rather dramatic and large
residual in the spectral fitting at about 1.6 keV, which the authors attributed to
the aluminum in the ACIS filters. A similar feature, and at the same energy, was
also seen in continuous-clocking mode data by Patel et al. (2003; their Figure
4) who also applied the timed-exposure mode response to continuous-clocking
mode data. Since such a feature should not be present, given a proper response
function, this coincidence may well indicate that the incorrect response func-
tion was used in both cases. If so, it is not clear, however, as to what impact
(if any) this might have on the derived spectral parameters. Further work is
needed to clarify this issue. It is also possible that the timed-exposure mode
response functions used at the time were simply incorrect, leading to spurious
features near the aluminum edge. A good check would have been (and is) to
compare the phase-averaged pulsar spectrum determined from the data in both
modes. Such a comparison would be meaningful if pileup had not been a problem
– unfortunately in this case it was (Wachter et al. 2004). Even so, comparing
timed-exposure mode and continuous-clocking mode spectra from sufficiently
large regions, and well away from the pulsar, might have sufficed and would
have been informative.

Wachter et al. (2004) used the timed-exposure mode data to achieve a precise
position for 1E1841−045. The location enabled them to accomplish a refined,
and successful search for an infrared counterpart. The archival data from this
observation should be also be analyzed both to establish the validity of the
spectrum deduced by Morii et al. (2003) and for any insights that they might
provide concerning the spectrum of the extended emission.

SNR 109.1−1.0 and 1E 2259+586

We include this Chandra observation of 1E 2259+586 and SNR 109.1−1.0 (aka
CTB 109) as the anomalous X-ray pulsar 1E 2259+586 lies along the line of sight
to the SNR and may well be associated with it. For a discussion of the AXP-
SNR connection see Gaensler et al. (2001). Patel et al. (2001) used Chandra
ACIS-S3 to, amongst other things, determine the most precise X-ray position
of 1E 2259+586. The Chandra image also shows clear evidence for extended
emission, extending from about 4′′ to more than 100′′, which Patel et al. (2001)
attributed to the SNR. The precise position enabled Hulleman et al. (2001) to
perform deep optical and near-infrared observations with Keck and they found
a faint (Ks = 21.7 ± 0.2 mag) candidate counterpart.
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Deeper observations, which might serve to establish a possible PWN, would
seem called for.

N49

Park et al. (2003) analyzed two ACIS S-3 observations of SNR N49 (aka SNR
0525−66.0) in the LMC. These authors concentrate their discussion as to the
X-ray properties of the gaseous remnant (see Sect. 3.4.1 below), but do present
a brief discussion of the point source located in the north-eastern portion of the
remnant. This supernova is best known in the high-energy community as the
probable site (Cline et al. 1982 – published in all seriousness on April 1) of the
famous transient event of March 5, 1979, which has become known as the soft
gamma-ray repeater (SGR 0526−66). The tie to N49 is as follows. First, Cline et
al. (1982) used data from a network of satellites, including the Einstein Obser-
vatory, to provide a precise position described by a narrow rectangle which lay
in the northern portion of N49. The association with N49 was compelling. Next,
twelve years later, Rothschild, Kulkarni, and Lingenfelter (1994) using ROSAT
discovered an X-ray source whose positional error circle intersected the error
region associated with the gamma-ray repeater as indicated in their Figure 1.
The Chandra image of the region containing the ROSAT source is shown in
Figure 3.20. The Chandra point source lies within the ROSAT error circle and
appears to be within the earlier positional uncertainty of the SGR.

Fig. 3.20. Chandra ACIS-S3 image of N49. The bright point source in the northern
part of the remnant is clearly visible. Note that southern portions of the remnant are
cut-off, since the data were taken in 1/8 subarray mode in order to search for pulsations
from the point source. Courtesy S. Patel.
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The X-ray source would therefore seem to be the SGR in quiescence, and us-
ing Chandra ACIS-S3 data Kulkarni et al. (2003) claim a detection of 8-s periodic
pulsations, as were observed during the original transient gamma-ray event. The
statistical significance of the pulsed X-ray signal is only modest (∼99.98% con-
fidence level) and suggests a spin-down rate of 6.5 × 10−11 s s−1 based on two
measurements separated by approximately a year and a half. The pulse fraction
is low ∼10%. The characteristic age of the pulsar is ∼2000 yr, somewhat less
than the estimated remnant age of 5000 yr (Vancura et al. 1992).

Kulkarni et al. (2003) and Park et al. (2003) also analyzed the spectral data
for the point source. The spectrum was relatively featureless, in contrast to the
line-dominated spectra from the rest of the remnant. Kulkarni et al. (2003) fit the
spectral data with several models and found that a powerlaw or powerlaw with
a blackbody produced acceptable fits. The significance associated with inclusion
of the blackbody component, which required a temperature (at infinity) of 0.5–
0.6 keV, was only 90%. The photon index of the powerlaw was ∼3.1 and the
absorbing column to the point source, ∼5.5 × 1021 cm−2 is consistent with the
absorption to the SNR. Park et al. (2003) fit the spectral data using power law
models with Γ = 2.8 to 2.9 which provided statistically acceptable fits. They
also noted that a BB model with a temperature of about 0.5 keV is not ruled out
for the low energy data, especially if one also invokes a hard tail. The 0.5 keV
BB is characteristic of what one finds for a CCO and it is tempting to speculate
as to a possible tie in.

The inability to distinguish simple spectral models seems to be a character-
istic of the Chandra and XMM-Newton era of CCD-resolution spectroscopy. In
general, the observations are typically much too short to accomplish such an
objective. It is also not clear that more sophisticated (admittedly unidentified)
mathematical tools are needed to tackle this problem. For example, can one take
advantage of the fact that the χ2 statistic used as a measure of goodness-of-fit is
not distributed as χ2 when the model spectral distribution is not representative
of the true, underlying, spectrum?

NGC 6822 (Ho 12)

Kong, Sjouwerman, and Williams (2004) analyzed archival Chandra ACIS-I ob-
servations that included SNR Ho 12 in the nearby dwarf irregular galaxy NGC
6822. Ho 12 was known to be a SNR based on optical imaging and spectroscopy
and an X-ray source had been associated with the SNR based on Einstein imag-
ing – see the introduction to Kong, Sjouwerman, and Williams (2004) and refer-
ences therein. The Chandra observation (Figure 3.21) resolves Ho 12 into what
appears to be a shell-shaped object about 10′′ (about 24 pc at 500 kpc) in di-
ameter. The extended image, together with a comparison to optical and radio
observations, unambiguously confirms the identification with the SNR. No evi-
dence for, nor an upper limit to, the presence of a point source was presented.
This object is an excellent candidate for further study and deeper observations.
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Fig. 3.21. Chandra ACIS-I image of Ho 12. Image courtesy D.S. Moon.

3.3 Basic View of the Debris and Gaseous Parts
of Remnants

Here we summarize the basic picture of the origin, development, and evolution
of the gaseous remains of supernovae in order to provide some context for the
succeeding discussion. We will see that Chandra observations have done much
to confirm the basic scenario and also have revealed new complexities.

As the stellar ejecta stream from the site of the SN explosion, they expand
and interact with the ambient medium (AM), ultimately evolving into a visible
supernova remnant (SNR). A blast wave, which precedes the ejecta, forms in the
AM, while a reverse shock propagates back though the ejecta. SNRs gradually
become strong X-ray sources over the course of typically hundreds of years as
progressively greater amounts of ejecta and AM are shock-heated to X-ray tem-
peratures, a consequence of the high shock velocities (several thousand km s−1)
during the early phases of evolution. Typically the X-ray emission is dominated
by the SN ejecta at these early stages, a result of both the higher density and
metal-rich composition of the reverse shocked ejecta. As the amount of swept-up
AM grows, the ejecta tend to decrease in importance both in terms of producing
X-ray emission and influencing the remnant’s dynamical evolution. According
to theory in the adiabatic phase of evolution, the dynamics depend only on
the initial SN explosion energy and the density of the AM (Taylor 1950; Sedov
1959). As a remnant ages further its blast wave velocity drops and radiative
cooling at the shock becomes important. A dense cool shell of swept up AM
forms as all newly shocked material loses its thermal energy to radiation. This
shell surrounds a hot, low density cavity of previously shocked ejecta and AM.
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The typically low densities and short evolutionary timescales introduce an
important ingredient to the X-ray emission from SNRs, namely the effect of
time-dependent or nonequilibrium ionization. A plasma with an electron density
of 1 cm−3 and temperature kT ∼ 1 keV takes of order 105 yr to reach collisional
ionization equilibrium. Thus the shocked plasma in remnants, which are almost
all significantly younger than this, will be in a lower state of ionization than
expected based on the plasma temperature. Departures from equilibrium ioniza-
tion are characterized by the ionization timescale, net, which is the product of
the plasma electron density and the time since the material was heated.

The Rankine-Hugoniot (RH) relations (e.g., Shu 1992, p. 214ff) tell us about
the properties of shocks in general, such as how the temperature and density
jump across the shock front depend on the shock velocity, ratio of specific heats,
and other properties of the shocked medium. However these relations fail to
tell us about a number of astrophysically interesting questions, such as whether
individual species in the fluid (electrons, protons, heavy elements) are heated
to the same temperatures, or how much of the shock energy might be diverted
into a population of relativistic particles (i.e., cosmic rays). These complications
remain open to investigation, even though the basic properties of SNR shocks
are well established. In the case of an ideal gas with a ratio of specific heats
equal to 5/3, the RH relations say that a strong shock moving at speed vs will
heat the gas to a characteristic temperature kT ∼ 5 keV(vs/1000 kms−1)2. This
clearly corresponds to emission in the X-ray band, where Chandra has significant
sensitivity.

3.4 Studying Ejecta in Supernova Remnants
with Chandra

3.4.1 Remnants of Young Core Collapse SNe

The most secure way to identify the remnant of a core collapse SNe is through the
presence of an associated compact object. In lieu of this we consider oxygen-rich
ejecta to be the likely indicator of a core collapse SN. In the following we discuss
a selection of remnants that satisfy these requirements. Objects are ordered by
approximate chronological age.

SN 1987A

During the six years covered by this review SN1987A has been monitored at
least yearly by Chandra. From Oct 1999 until Jan 2004 the 0.5–2 keV X-ray flux
of the SNR has increased by a factor of 5 and appears to be growing brighter
exponentially (Park et al. 2005). Even from the earliest Chandra observations,
deconvolved ACIS images have shown a ring-like geometry. That ring is expand-
ing radially at ∼4000 km s−1 (Park et al. 2004b). The ACIS-S3 spectra are
consistent with circumstellar matter; there is no evidence yet for X-ray emitting
ejecta in SN1987A.
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Cas A

Cas A (Figure 3.22) was the subject of the first refereed publication on Chandra
observations (Hughes et al. 2000a) and has remained an intense focus of study
through the subsequent years. This article laid out evidence for three clearly
distinct spectral types in Cas A: Si-rich thermal emission, Fe-rich thermal emis-
sion, and featureless continuum emission. The Si-rich spectra were dominated
by emission from Si and S with little Fe, with a composition similar to that ex-
pected from explosive oxygen burning. The Fe-rich spectra showed strong Fe-L
and Fe-K shell emission with much weaker Si and S lines, consistent with explo-
sive silicon burning. A further and perhaps more remarkable finding was that the
Fe-rich material along the eastern edge of Cas A lay outside the Si-rich material,
an inversion of the relative ordering in which these species should have been
produced during the SN explosion. This argues for an energetic process of mix-
ing or overturning of the ejecta possibly from neutrino-driven convection. The
spectrum of the northeast jet was shown to be less Fe-rich than the knots toward
the east. The filaments showing featureless continuum emission are possibly due
to synchrotron radiation from relativistic electrons (see Sect. 3.5.2 below).

Fig. 3.22. Color coded energy image of Cas A using Chandra ACIS-S3 data. The
image is 6′ × 6′. The red band contains the Si XIII Heα line blend, green band the
4.2–6.4 keV continuum, and the blue band contains the Fe Kα line. Image courtesy
NASA/CXC/GSFC/U. Hwang et al.
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Willingale et al. (2002) used XMM-Newton data to measure the radial ve-
locities of the Si and Fe emission in Cas A. The southeastern knots are generally
blueshifted while the northern ones are redshifted and their total velocity range
covers ∼5000 km s−1. The Si velocity results are consistent with earlier measure-
ments (Markert et al. 1983; Hwang et al. 2001) while the results on the velocity
of Fe are new. The velocities of the southeastern Si and Fe knots are consistent
with each other and confirm that the inversion of the relative ordering between
the Si and Fe emission in this region seen in the Chandra images is not a result of
some strange velocity structure in the ejecta. In addition Willingale et al. (2002)
show that the Fe emission in the northern region is separated from the Si in
terms of velocity, with the Fe showing higher speeds. This suggests that the Si
and Fe ejecta experienced a spatial inversion of their original locations in the
north as well.

Laming & Hwang (2003) and Hwang & Laming (2003) present a sophisticated
analysis of the X-ray ejecta in Cas A. Temperature and ionization timescales
determined from spectral fits to individual X-ray knots were compared to self-
similar hydrodynamic models that incorporate effects of time-dependent ioniza-
tion, radiative losses, and the exchange of energy between electrons and ions
through Coulomb collisions. Several sequences of O-rich knots selected from dif-
ferent parts of the remnant are analyzed in Laming & Hwang (2003) to infer
variations in the amount of explosion energy directed into different azimuthal di-
rections. The asymmetry they determine is as much as a factor of two with more
energy going into the polar regions (near the jet) than into equatorial regions.
This level of asymmetry is, however, less than that expected from asymmetric
core collapse explosion models. Hwang and Laming (2003) study the Fe-rich
knots in Cas A to obtain important constraints on the extent of mixing in the
ejecta. Several Fe-rich knots along the eastern edge that lie beyond the Si-rich
ejecta are at a mass coordinate of approximately 2 M� measured from the cen-
ter. An extremely Fe-rich feature in the same general vicinity is identified as a
possible site of α rich freeze-out (when complete Si-burning occurs at low den-
sity). This material is produced closest to the center of the exploding star and
is therefore most sensitive to the explosion mechanism and the position of the
mass cut between the ejecta and compact remnant.

Gotthelf et al. (2001) locate the forward and reverse shocks in Cas A. The
position of the forward shock was determined by the set of thin tangential wisps
of X-ray continuum emission that extend to a radius of 153′′±12′′. An increase in
radio intensity as well as a large jump in radio polarization angle are coincident
with the (local) peak in X-ray continuum emission at this radius. This appears
to be the location of the forward shock in Cas A. These authors deproject the
Si-line image and radio continuum to estimate the location of the reverse shock,
which they determine to be at a radius of 95′′ ± 10′′. Under the assumption of
standard adiabatic shock models (e.g., Truelove and McKee 1999), the relative
positions of the forward shock and reverse shock were used to infer that the
forward shock in Cas A has swept-up roughly as much mass as was ejected. The
location of the contact discontinuity should be determined in order to assess
whether the assumption of standard adiabatic shock models should be revised
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by, for example, including the dynamical effects of cosmic ray acceleration (see
Sect. 3.5.2 below).

Delaney and Rudnick (2003) determine the average expansion rate of the
forward shock in Cas A to be 4900 km s−1 with a range from place to place that
covers ∼4000–6000 km s−1. In a subsequent article Delaney et al. (2004) carry
out an extended study of the kinematics of Cas A as a function of the spectral
character of the X-ray emission. They identify four spectrally distinct classes
of emission that they designate as Si-dominated, Fe-dominated, low-energy–
enhanced, and continuum-dominated. The first two “ejecta-dominated” classes
show a mean X-ray expansion rate of 0.2% yr−1, less than the 0.3% yr−1 of the
optical ejecta. This discrepancy is posited to be due to a greater deceleration of
the lower density X-ray knots compared to the higher density optical knots. The
low-energy–enhanced component has a low mean expansion rate 0.05% yr−1 and
likely corresponds to the clumpy circumstellar medium. Continuum-dominated
filaments in the interior of the remnant also show a low mean expansion rate,
although they are spread over a wide range of expansion rates that include some
large inward motions. The continuum-dominated filaments around the rim of
Cas A are expanding at the same rate as the Si- and Fe-rich ejecta.

Hwang et al. (2004) introduce the Megasec observation of Cas A taken in 2004
(Figure 3.22). These data reveal clearly a bipolar jet-like structure extending
from the northeast to the southwest. The jet was mostly likely produced in the
SN explosion process itself rather than being the result of the interaction of the
ejecta with the projenitor’s axisymmetric stellar wind. We expect to learn much
over the next years from this rich data set.

1E 0102.2−72.2

In the Chandra ACIS-S3 data of 1E 0102.2−72.2 (see Figure 3.23) Gaetz et
al. (2000) identify a bright, clumpy, incomplete ring of emission prominent in
X-ray lines from He- and H-like oxygen and neon that correlates well with the
optically-emitting ejecta. Beyond the ejecta, the Chandra data show a faint shelf
of emission, identified as the blast wave interacting with the AM and extending
to a diameter of ∼44′′. The rim of the remnant shows a very sharp, smooth
edge, while the outer edge of the ejecta are “scalloped” likely as a result of
Rayleigh-Taylor instabilities acting at the contact discontinuity.

Although there is a hint in the ACIS data of spectral variation as a function
of radius through the shock-heated ejecta, this effect is most clearly seen in the
Chandra High Energy Transmission Grating (HETG) Spectrometer observation
presented by Flanagan et al. (2004). The size of 1E 0102.2−72.2 is well matched
to the dispersion scale of the grating, so that images of the remnant in individual
lines (e.g., O VIII and Ne X Ly α) are cleanly resolved. Furthermore the promi-
nence of the remnant’s O, Ne and Mg line emission, especially as compared to
Fe, significantly reduces the amount of line-blending in the 0.7–1 keV band and
allows for the derivation of quantitative results. Constraints on the global plasma
properties were obtained from measured O and Ne line fluxes (principally the
H-like Ly α and He-like resonance and forbidden lines). The global temperature
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Fig. 3.23. Color coded energy image of 1E 0102−72.2 using Chandra ACIS-S3 data.
The SNR is roughly 45′′ in diameter. The red band contains the O VII Heα line blend,
green band the Ne IX Heα line blend, and the blue band contains the Ne X Lyα line
as well as Mg and Si lines.

values obtained (kT ∼ 0.34 keV for O and kT ∼ 0.58 keV for Ne) are consistent
with those from the XMM-Newton RGS observation Rasmussen et al. (2001).

However, as has been know since the time of ASCA (Hayashi et al. 1994),
the global spectrum of this remnant cannot be adequately described by a single
component plasma model. The HETG data provide keen insight into why this
so. There are azimuthal variations in the relative brightnesses of HETG spectral
line images that suggest large scale variations in the plasma properties (for ex-
ample, the ionization state toward the north is more advanced than the south).
But perhaps of greater import is the clear evidence for differences in size of the
various spectral line images. The sense of these differences is that lines prefer-
entially produced at lower ionization timescales have images that are smaller,
while higher ionization-timescale lines have larger images. This trend is fully
compatible with a reverse shock origin, where the innermost visible ejecta are
the most recently shocked, while the outermost has been shocked for the longest
time. These observational results provide important constraints on the profiles
of temperature and ionization timescale throughout the shocked ejecta.

There are systematic distortions in the spectral line images between the +
and − arms of the HETG spectrum due to Doppler shifts that indicate internal
velocity differences within the SNR. The inferred bulk matter flows are of order
1000 km s−1. Additionally the ejecta appear to be distributed in a nonspherical
manner (toroidal or cylindrical geometry). This type of study appears to be one
that only Chandra is capable of pursuing.
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SNR 292.0+1.8

The ejecta and shocked ambient medium of SNR 292.0+1.8 were first studied
by Park et al. (2002) using an ACIS-S3 observation (Sect. 3.2.2). The remnant
is bright in thermal emission from O, Ne, and Mg, but weak in Fe, in strong
contrast to the other young Galactic O-rich SNR Cas A. The Chandra image
(Figure 3.17) shows a complex set of knots and filaments, as well as more dif-
fuse, extended emission. Equivalent width maps were used to identify metal-rich
ejecta, which are preferentially distributed around the periphery. A prominent
feature in the broadband image is a narrow, twisted belt of emission running
approximately east-west across the center of the SNR. It is composed of solar-
abundance material and hence plausibly is shocked circumstellar gas. Park et
al. (2002) argue that it is the relic of the axisymmetric dense stellar wind lost by
the progenitor star during its red supergiant phase of evolution. Another feature
noted by these authors was a set of narrow filaments with normal composition
located around nearly the entire circumference of the SNR. It was suggested that
these filaments might be a relic structure in the circumstellar (perhaps related
to the progenitor’s stellar wind) being overrun by the blast wave. The more
conventional explanation presented by these authors that the narrow, thermal
rims represent the outer blast wave may be supported by the presence of similar
features at the outer edge of 1E 0102.2−72.2 (Figure 3.23).

In a subsequent study Park et al. (2004a) examine in more detail the ACIS-S3
spectra of a number of small-scale emission features that cover a representative
range of spectra from across the SNR. A spectrum from the central belt is shown
to have abundances that, within a factor of two, are consistent with solar. Other
regions, chosen for their prominent line emission, are clearly from SN ejecta and
display greatly enhanced abundances of O, Ne, and Mg compared to Si, S and
Fe. These abundance patterns are similar to those in 1E 0102−72.2, while they
are quite unlike those in Cas A, which is dominated by Si- and Fe-rich ejecta.
Additionally SNR 292.0+1.8 and 1E 0102−72.2 did not appear to undergo the
same sort of extensive overturning of their ejecta that Cas A experienced. The
origin for these differences among the class of O-rich SNRs in not understood.

N49

Toward the southwest corner of the SNR N49 Park et al. (2003a) found a spec-
trally hard X-ray knot beyond the main boundary of the remnant. This feature
shows a metal-rich spectrum with apparently enhanced abundances of O, Mg,
Si, S, and perhaps Fe. Park et al. (2003a) argue that it is a fragment of ejecta.
Since this remnant hosts the famous soft γ-ray repeater SGR 0526−66, insights
into the nature of the progenitor star based on the properties of the ejecta would
be important to obtain. Unfortunately no other metal rich ejecta fragments have
been reported and the statistical quality of the knot just described was barely
adequate to reveal its metal-rich nature. Deeper insights into the nature of the
progenitor will require a considerably longer observation of N49.
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N63A and the Vela Bullets

A dramatic example of an LMC remnant where ejecta fragments, bullets, or
shrapnel may extend beyond the main shock boundary is the case of N63A
(Warren, Hughes, & Slane 2003). The crescent-shaped features seen around the
rim here (Figure 3.24) are very reminiscent of similar features discovered by
ROSAT surrounding the Vela SNR (Aschenbach et al. 1995). In N63A none of
the outlying regions shows strongly enhanced abundances, so if the features are
driven by high speed ejecta clumps, at this point they must have been mixed with
considerable amounts of ambient medium. Support that the Vela fragments are
in fact SN ejecta have come from Chandra observations by Miyata et al. (2001)
of the feature called shrapnel A. Their ACIS-S3 spectrum from the head of the
fragment required twice the solar abundance of Si. Shrapnel D is a more defini-
tive case: Katsuda & Tsunemi (2005) find factors of 5-10 enhancements in the
O, Ne, and Mg abundances from their XMM-Newton observations. Confidently
identifying the site (or sites) in the exploding star where these fragments origi-
nated based on the observed nucleosynthetic products is a very important next
step.

Fig. 3.24. Chandra ACIS-S3 image of N63A. The region displayed is 150′′ × 150′′.
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SNR 0049−73.6

This object and the one we discuss next are surprisingly similar in many re-
spects and both appear to be mature versions of 1E 0102.2−72. SNR 0049−73.6
is 72′′ in diameter (∼21 pc at the distance of the SMC, 60 kpc). The Chan-
dra ACIS-S3 data show a central ring-like zone of relatively bright emission
within a faint, circular shell (Hendrick, Reynolds, and Borkowski 2005). The
outer limb-brightened emission is consistent with an adiabatic shock model with
equal electron and ion temperatures (kT ∼ 0.39 keV) and a preshock hydrogen
density of n0 ∼ 0.14 cm−3. The remnant’s inferred age and explosion energy are
14000 yr and 0.8×1051 ergs, respectively. The central bright emission is enhanced
in O and Ne and contains of order 0.35 M� of O, which suggests a progenitor
with a mass of at least 13 M�. The authors claim that the observed radius of
the ejecta shell (∼6 pc) is inconsistent with the expected location based on 1D
hydrodynamical simulations of a 15 M� progenitor evolving into a uniform AM.
To explain the apparent discrepancy Hendrick, Reynolds, and Borkowski (2005)
propose the “Ni bubble” effect (i.e., the dynamical effect of the energy deposited
within the center of the SN by the radioactive decay of56 Ni). This is an in-
triguing idea, but needs to be developed more fully, in addition to alternative
explanations, such as evolution into a stellar wind density profile.

No mention is made of a compact remnant. We inspected the Chandra data
and note the presence of a compact source in the hard band (> 3 keV) about
two-thirds of the way out from the center to the outer limb of the remnant.
Although this is likely to be an unrelated extragalactic background source we
use it to set a limit on the presence of an associated X-ray pulsar. The 3σ count
rate upper limit for this source is 1 × 10−3 s−1 (3–8 keV band), which for a
Crab-like spectrum corresponds to an unabsorbed flux of 3.4 × 10−14 erg cm−2

s−1. This yields an X-ray luminosity upper limit of 1.5 × 1034 erg s−1 (2–8 keV
band).

SNR 0103−72.6

Park et al. (2003b) observed SNR 0103−72.6, the second brightest X-ray remnant
in the SMC, with ACIS-S3. This observation resolved the remnant into a nearly
complete, remarkably circular shell of emission 85′′ in diameter (∼25 pc at the
SMC distance) surrounding a smaller region with bright clumpy O- and Ne-
rich emission. The fitted O and Ne abundances of the central ejecta emission
are significantly enhanced above the SMC values, while Fe is rather low. The
relative abundances of O, Ne, Mg, and Si are reasonably consistent with the
nucleosynthetic yields from an 18 M� star. The outer zone is consistent with
blast wave emission from a remnant in the adiabatic stage of evolution. The
preshock hydrogen density of the AM is n0 ∼ 0.16 cm−3, the SN explosion
energy is 1.2 × 1051 ergs, and the age of the remnant is ∼18000 yrs. This is the
oldest known example of an O-rich SNR and was the first one discovered by its
X-ray emission.
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Park et al. (2003b) state that all the remnant’s emission lies below 3 keV,
but give no quantitative upper limit on the flux of a compact source with a hard
power-law spectrum. The brightest point source within the extent of the SNR
(according to our own inspection of the Chandra data) provides a 3σ count rate
upper limit of 4 × 10−4 s−1 (3-8 keV band), which for a Crab-like spectrum
corresponds to an unabsorbed flux of 1.4 × 10−14 erg cm−2 s−1 or a luminosity
of 6 × 1033 erg s−1 (2-8 keV band).

3.4.2 Remnants of Type Ia SNe

Other than with an optical spectrum from near the time of optical maximum,
there is no definitive way to identify the remnant of a Type Ia SN (SN Ia).
(In a remarkable advance it may become possible to use light echoes to obtain
optical spectra from ancient SN; see Rest et al. 2005) In some cases, historical
light curves have been used, although this can only be suggestive. Several other
methods have been proposed based on the expected properties of the progenitor
or its environment, such as (1) a Chandrasekhar mass of ejecta, (2) partially
neutral surrounding ambient medium (Tuohy et al. 1982), or (3) the elemental
composition of the ejecta (Hughes et al. 1995). An additional factor, although
not definitive, is the absence of a compact remnant. One final introductory note
is that, because the ejecta in SN Ia remnants are essentially invisible in the
optical band, the best way to study it is in the X-ray band.

Tycho

It was Hamilton, Sarazin, and Szymkowiak (1986b), who presented the first
detailed argument that this bright remnant, observed as a SN by Tycho Brahe
and others in 1572, had a SN Ia origin. They demonstrated consistency between
the global X-ray spectra available at the time and a model of 1.4 solar masses of
layered SN Ia ejecta interacting with a uniform ambient medium. Much of the
Fe in their model was interior to the reverse shock and hence unshocked. Since
this study, our understanding of Tycho’s SNR has advanced in several areas. The
ejecta are clumpy (see Figure 3.25), although nowhere near as inhomogenous as
the core collapse remnants Cas A and SNR 292.0+1.8, and reach to the very edge
of the rim in places (Hwang et al. 2002). Spectral inhomogeneities throughout
the ejecta are generally modest, with two important exceptions. There is a radial
variation in the line intensities: Si, S, and Fe-L shell line emission reach their
peak surface brightness at larger radii than does the Fe Kα line emission (Hwang
and Gotthelf 1997; Hwang et al. 2002). Toward the eastern limb are a few knots
that bulge out beyond the rim; the spectral differences between these knots
(the northern one is Si-rich, like the bulk of the ejecta, while the southern one
is Fe-rich) were first noted by Vancura, Gorenstein, and Hughes (1995). The
origin of these small-scale spectral inhomogenities is not yet explained, although
an interesting idea is that they may be related to the SN Ia ignition process
(Hughes et al. 2005a). Based on the analysis of a 150 ksec ACIS-I observation,
Warren et al. (2005) found the contact discontinuity to be considerably more
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Fig. 3.25. Color coded energy image of the Tycho SNR using Chandra ACIS-S3 data.
The image is 9.5′ ×9.5′. The red band contains the Fe L line blend, the green band the
Si Kα lines, and the blue band contains the 4.1–6.1 keV continuum emission. Image
courtesy Warren et al. (2005)

structured than the blast wave, indicating the action of the Rayleigh-Taylor
instability there.

Badenes et al. (2003), following firmly in the footsteps of Hamilton, Sarazin,
and Szymkowiak (1986b), have developed a detailed model for the X-ray emission
from remnants of SN Ia. Starting from realistic SN models that span the range
of proposed explosion models, the ejecta are evolved to the remnant stage with
attention to relevant heating, ionization and thermal effects. Comparison of their
model to an XMM-Newton spectrum of the Tycho SNR (Decouchelle et al. 2001)
suggests the delayed detonation model as the best choice. Badenes, Borkowski, &
Bravo (2005) further utilize their model to explain the radial variation in the X-
ray spectrum of Tycho spectra as being due to the temperature profile through
the ejecta. They require a region of higher temperature and lower ionization
timescale in the Fe-rich zone near the reverse shock, which can result from a
modest amount of collisionless electron heating at the reverse shock. They also
argue that SN Ia ejecta need to be stratified to some extent which puts serious
constraints on current three-dimensional SN Ia explosion models which tend to
produce well-mixed ejecta.
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SNR0509−67.5

Like the Tycho SNR this remnant (Figure 3.26) has provided valuable clues
to the SN Ia explosion process. Warren & Hughes (2004) show that the inte-
grated ACIS-S spectrum is dominated by emission from ejecta. The integrated
abundances of O, Ne, Mg, Si, S Ar and Ca from their fits are consistent with
yields from SN Ia models, with some preference for a delayed detonation model
(Iwamoto et al. 1999). There is considerably less hot Fe than expected, arguing
that most of the Fe in the ejecta is cold and lies interior to the reverse shock.
The mass of Si inferred from the spectral analysis is ∼0.2 M� when clumping is
taken into account, which is in line with SN Ia models.

Fig. 3.26. Color coded energy image of SNR E0509−67.5 using Chandra ACIS-S3
data. The image is 50′′ × 50′′. The red band contains the 0.2–0.69 keV band, the green
band the 0.69–1.5 keV and, and the blue band contains the 1.5–7 keV band. Image
courtesy Warren and Hughes (2004).

N103B

N103B was first suggested to have a SN Ia origin by Hughes et al. (1995) based
on qualitative inspection of its ASCA X-ray spectrum. This was somewhat of a
surprise given the remnant’s relative proximity to the young star cluster NGC
1850, only about 40 pc away in projection (Chu & Kennicutt 1988). Optically,
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N103B consists of several small bright knots that show the usual set of emission
lines seen in radiative shocks: [O iii] λ 5007, [S ii] λλ 6716, 6731, Hα, and
so on (Danziger & Leibowitz 1985). The abundances of N103B inferred from
optical spectroscopy are consistent with the swept-up interstellar medium of the
LMC (Russell & Dopita 1990). These characteristics suggested a massive star
progenitor and a dense ambient medium.

In their analysis of the N103B XMM-Newton data van der Heyden et
al. (2002) argue for a massive star progenitor. They base this conclusion on
abundances derived from RGS data integrated over the entire SNR. They find
more total O compared to Si and Fe than expected from a SN Ia and suggest
a core collapse SN as a viable alternative. Unfortunately in their comparison to
the model yields they do not include a swept-up component (which would con-
tribute a significant mass of O) in addition to the ejecta and so their conclusion
on the originating SN type cannot be considered definitive.

According to Lewis et al. (2003), who studied the Chandra ACIS-S3 data,
N103B consists of several spectrally distinct spatial regions. These include a
centrally located region of hot Fe with low ionization timescale surrounded by
a shell-like region dominated by the Si-group elements, features that resemble
those of the Tycho SNR. On the other hand the O, Ne, Mg, and continuum
emission, which are clearly required by the spectra, do not show a definitive
radial trend and, in particular, are not distributed in a shell-like geometry. It was
suggested that this emission could be clumpy foreground or background ambient
material overrun by the forward shock. Based on the estimated masses of the
Si-group elements and Fe, Lewis et al. (2003) argued that a SN Ia interpretation
was preferred.

N103B bears similarities to the Kepler SNR, which also shows an Fe-rich X-
ray spectrum (Cassam-Chenäı et al. 2004), a large asymmetry in brightness from
one hemisphere to the other, more centrally located Fe emission, and evidence
for interaction with a dense ambient medium. If, at some point, these remnants
are confidently identified with SN Ia events, they might be able to shed light
on the still poorly understood properties of the environment and/or companion
star.

SN1006

Hamilton, Sarazin, and Szymkowiak (1986a) attempted to model the global spec-
trum of SN1006 in terms of an exploded white dwarf as they suceeded in doing
for the Tycho SNR. However, unbeknownst to them, the global spectrum of
SN1006 is dominated by nonthermal X-ray emission coming from the northeast
and southwest rims as first demonstrated by Koyama et al. (1995) using ASCA.
These appear as the whitish rims in Figure 3.27, which is a complete Chandra
image of SN1006 from a mosaic of eleven individual 22 ksec long ACIS-I pointings
(Hughes et al. 2005b).

The thermal emission from SN1006 is dominated by O emission as shown
by Long et al. (2003) in their analysis of two deep Chandra observations (O
emission appears reddish in Figure 3.27). Toward the northwest there is a long
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Fig. 3.27. Color coded energy image of SN1006 using a mosaic of 11 separate Chandra
ACIS-I observations. The image is 33.5′ ×33.5′. The three bands (red, green, and blue)
correspond to energy bands of 0.50–0.91 keV, 0.91–1.34 keV, and 1.34–3.00 keV.

thin feature, coincident with an Hα optical filament, whose spectrum is consis-
tent with shocked ambient medium. Elsewhere the ejecta dominate. SN1006’s
ejecta display a fluffy structure that is similar in appearance and physical scale
to the fluff seen in Tycho. Ejecta clumps in SN1006 also appear to extend to the
forward shock. ACIS-S3 spectral fits to the ejecta emission near the northwest
filament require enhanced abundances of O, Mg, Si, and Fe according to Long et
al. (2003). In an analysis of XMM-Newton RGS grating data Vink et al. (2003)
find no evidence for Fe XVII emission and can fit the EPIC data with emission
only from the species N, O, Ne, Mg, and Si, as well as a hydrogen continuum.

It has been known for some time that SN1006 contains signficant amounts of
cold Fe in its interior based on UV absorption lines in the continuum emission of
a background star (Wu et al. 1983). This has been one of the strongest arguments
in support of its SN Ia origin. The presence of Fe in the shocked ejecta is therefore
of some importance, since it would tell us about the extent of radial mixing in
these explosions.

DEM L71 and other older SN Ia SNRs

The LMC SNR DEM L71 is some 4000 yr old (Ghavamian et al. 2003). The
Chandra ACIS-S3 data (Figure 3.28) show a clear double shock morphology: an
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Fig. 3.28. Composite image of DEM L71. The image is 2′ ×2′. The red band contains
Hα optical emission while the green and blue bands include two energy bands from the
Chandra ACIS-S3 data (0.2–0.7 keV and 0.7–2.6 keV, respectively). Image courtesy
Hughes et al. (2003)

outer rim present in both the broadband X-ray and Hα optical emission and a
central excess only seen in the X-ray band, predominantly above 0.7 keV (Hughes
et al. 2003). The outer rim is the blast wave in the ambient medium, while the
central excess corresponds to Si and Fe-rich ejecta. The ratio of Fe to O in the
ejecta is at least 5 times the solar ratio. From the relative locations of the contact
discontinuity and the blast wave shock an estimate of the total ejecta mass of
∼1.5 M� was obtained. Masses estimated from the X-ray emission are generally
consistent with this value and further show that the mass of Fe is some 6 times
that of Si. These properties are fully consistent with the picture that DEM L71
is a middle-aged SN Ia remnant.

It is possible that even older SN Ia remnants may have been identified. Hen-
drick, Borkowski, & Reynolds (2003) report on the discovery of metal-rich ejecta
in the LMC SNRs 0548−70.4 and 0534−69.9, which are estimated to be ∼10,000
yr old. Their spectral analysis yields a value for the ratio of O/Fe in the ejecta
that is intermediate between the typical SN Ia and core collapse SN. On the
other hand the mass limits they derive are of order 1 M� or less, supportive of
the SN Ia hypothesis.
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3.5 Shock Properties

3.5.1 Electron-ion temperature equilibration

For a current review of this topic see Rakowski (2005). In the following we high-
light studies that utilize X-ray emission to investigate the heating of electrons,
protons, and heavier ions at high Mach number shocks.

In a pair of papers on the LMC SNR DEM L71, Rakowski, Ghavamian, and
Hughes (2003) and Ghavamian et al. (2003) use optical and X-ray observations
to separately measure the post-shock proton and electron temperatures. The
proton temperature comes from the width of the broad Hα line component (for
details see Ghavamian et al. 2001 and references therein) and corresponds to a
very thin region (<10−3 pc) right behind the shock front. The X-ray emission
constrains the electron temperature. Since even Chandra’s spatial resolution is
insufficient to resolve the post-shock region, modeling was required in order to
infer the immediate post-shock electron temperature. Model effects included the
temporal evolution in temperature and ionization timescale as well as equili-
bration due to Coulomb collisions between the electron and protons. Using this
technique it was possible to constrain the initial post-shock ratio of electron to
proton temperatures over a factor of two in shock velocity (500–1000 km s−1).
Lower velocity shocks were found to have nearly equal post-shock electron and
proton temperatures, while the higher velocity ones showed significantly lower
levels of temperature equilibration. These results are in good agreement with
the published estimates of the electron to proton temperatures (done with a
different method using only the optical data) from four other SNRs: SN1006,
Tycho, RCW 86, and the Cygnus Loop (Ghavamian et al. 2001).

In their Chandra HETG study of SN1987A, Michael et al. (2002) investigated
electron-ion temperature equilibration using X-ray line widths from a combined
line profile including emission from N, O, Ne, Mg, and Si. The widths are due
to thermal and turbulent broadening as well as the bulk motion expansion of
the remnant. The first two effects should produce symmetric, Gaussian profiles,
while the latter profile will depend on the detailed geometry of the expanding
source. Michael et al. (2002) tried several different geometries for this and arrived
at a shock velocity, vs = 3400±700 km s−1, that is consistent with the radio and
X-ray expansion rates. Their measured electron temperature, kT ∼ 2.6 keV, is
much lower than the post-shock temperature, ∼17 keV inferred from the line
widths. After accounting for Coulomb equilibration between the electron and
ions, the immediate post-shock ratio of electron to shock temperature can only
be ∼10%.

Vink et al. (2003) also use line widths to estimate ion temperatures. They ob-
served a bright knot along the northwestern limb of SN1006 with XMM-Newton
and extracted a spectrum using the RGS. They found that the O lines were
broadened by 3.4 ± 0.5 eV, which, if interpreted as a thermal broadening, indi-
cated an O temperature of kT = 528 ± 150 keV. The observed electron temper-
ature from this knot was only 1.5 keV, which argues for incomplete electron-ion
heating.
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Hwang et al. (2002) observed the forward shock region in the Tycho SNR
with Chandra ACIS-S3 and set a limit of <2 keV on the electron temperature
there. This was shown to be significantly less than the shock temperature inferred
from the radio (Reynoso et al. 1997) and X-ray (Hughes 2000) expansion rates.
A limit of 0.03–0.12 was set on the amount of collisionless electron heating at the
forward shock of Tycho. We also note that Badenes, Borkowski & Bravo (2005)
require roughly the same amount of collisionless electron heating (<10%) at the
reverse shock to explain the X-ray properties of the Fe-rich ejecta in the Tycho
SNR.

3.5.2 Cosmic ray acceleration

One of the most important and possibly paradigm-shifting results from Chandra
observations has come in demonstrating that SNRs are the sites for the shock
acceleration of high energy (TeV range) cosmic rays. Our discussion of this is
divided in two broad categories: evidence for the electron component and evi-
dence for the hadronic component. Again we focus on results from the 0.2–10
keV X-ray band.

Evidence for the electron component

Prior to Chandra there were three shell-like remnants whose emission in the
0.5-10 keV band was dominated by featureless powerlaw continuum: SN1006
(Koyama et al. 1995), SNR 347.3−0.5 (aka RX J1713.7−3946) (Koyama et
al. 1997, Slane et al. 1999), and SNR 266.2−1.2 (Slane et al. 2001). Other young
SNRs (Cas A, Tycho, RCW 86, and Kepler) showed evidence for hard power-
law emission at energies beyond 10 keV (Allen, Gotthelf, & Petre 1999). These
featureless power-law spectra, widely believed to arise from synchrotron radia-
tion, suggested the presence of highly energetic (TeV range) electrons in these
remnants.

Chandra has contributed to this area in several important ways. First was the
discovery of geometrically thin, spectrally featureless filaments in remnants with
predominantly thermal emission in the Chandra X-ray energy band. Examples
include Cas A, where these filaments are visible as the green-colored network
in Figure 3.22 (Hughes et al. 2000, Gotthelf et al. 2001), and Tycho, where
the thin bluish rim around the rim in Figure 3.25 displays a featureless X-ray
spectrum (Hwang et al. 2002; Warren et al. 2005). Similar thin, spectrally fea-
tureless filaments are present in RCW 86 (Rho et al. 2002) and Kepler (Bamba
et al. 2005b). In these cases as well as SN1006 (Long et al. 2003; Bamba et
al. 2003), SNR 347.3−0.5 (Uchiyama et al. 2003; Lazendic et al. 2004) and SNR
266.2−1.2 (Bamba et al. 2005a), the structure of the featureless rims are consis-
tent with thin sheets of X-ray emission, with widths in most cases significantly
less than a parsec.

Synchrotron cooling of the high energy electrons accelerated at the shock
front is one widely discussed interpretation for the origin of the thin featureless
X-ray filaments (Vink & Laming 2003; Berezhko, Ksenofontov, & Völk 2003;
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Berezhko & Völk 2004; Völk, Berezhko, & Ksenofontov 2005; Warren et al. 2005).
These studies provide estimates for the magnetic field within the filaments of
order 100 µG, far above the Galactic value and evidently requiring magnetic
field amplification at the shock front. An alternate view (Pohl, Yan, & Lazarian
2005) posits that the X-ray filaments are actually magnetic filaments. In this case
the X-ray emission falls off rapidly behind the shock because the magnetic field,
initially enhanced, is efficiently damped over a post-shock distance of some 1016–
1017 cm. Careful comparison of radio and X-ray observations of young remnants
might be able to discriminate between the two interpretations presented here.

Chandra has also discovered new cases of shell-like SNRs with powerlaw con-
tinuum. In the case of the ejecta-dominated SNR 0509−67.5, Warren & Hughes
(2004), based on dynamical arguments, propose that the continuum emission is
likely to have a nonthermal origin. Bamba et al. (2004) report the discovery of
nonthermal X-ray emission from a portion of the shell of the LMC superbubble
30 Dor C. The spectral index of the emission is consistent with the other cases
mentioned here. These objects, both in the LMC, are too distant for even Chan-
dra to provide useful constraints on the thickness of the nonthermal emission
regions.

Evidence for the hadronic component

Direct detection of the hadronic component of cosmic rays in SNRs is a crit-
ical apect of the overall scenario that remains to be demonstrated. A prime
method for doing this relies on observing TeV γ-rays from the decay of pions
produced when cosmic ray protons accelerated at the SNR shock interact with
local interstellar gas. Such emission has not yet been confidently detected.

If the acceleration process is efficient, a significant fraction of the SNR shock
energy can be diverted from the thermal gas and end up in the relativistic
component. In a study of the SMC SNR 1E 0102.2−72.2, Hughes, Rakowski,
& Decourchelle (2000b) measured the expansion rate (proper motion) of the
SNR to determine a blast wave velocity of ∼6000 km s−1. From this value
they determined a range of electron temperatures 2.5–45 keV, dependent on
the degree of collisionless electron heating. Their measured electron temperature
from Chandra ACIS-S3 spectroscopy (kT ∼ 0.4 − 1 keV) was significantly lower
than the range expected from the shock velocity. They argued that the only
plausible way to reconcile the different electron temperature values was if a
significant fraction of the shock energy, rather than contributing to the heating
of the post-shock electrons and ions, had gone into generating cosmic rays.

It should also be possible to rely on the dynamical effects that cosmic ray
protons have on the evolution of SNRs (Decourchelle, Ellison, & Ballet 2000).
The softer equation of state of a relativistic fluid and the possibility that cosmic
ray particles may escape from the shock result in a compression factor that is
larger than the typical value of 4. This results in a shrinking of the gap between
the contact discontinuity and forward shock. Warren et al. (2005) measure the
relative locations of the forward shock, contact discontinuity, and reverse shock
in the Tycho SNR using Chandra observations. The observed distance between



106 M.C. Weisskopf and J.P. Hughes

the contact discontinuity and forward shock is too small to be explained by
hydrodynamic models that ignore cosmic ray acceleration. The authors show
that the energy density in relativistic electrons alone is insufficient to alter the
dynamics of the forward shock, which points to the requirement for a signficant
component of relativistic ions. The energy density of the cosmic ray ions needs
to be 50 times or more that of the electrons, close to the well-established ratio
of 100 for Galactic cosmic rays.
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M. H., Wilson, C. A., Göğüş, E., van der Klis, M., & Belloni, T. 2003, ApJ, 587,
367

Pavlov, G. G., Zavlin, V. E., Aschenbach, B., Trümper, J., & Sanwal, D. 2000, ApJ
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4 Galaxy Collisions – Dawn of a New Era

C. Struck

Abstract: The study of colliding galaxies has progressed rapidly in the last few years,
driven by observations with powerful new ground- and space-based instruments. These
instruments have been used for detailed studies of specific nearby systems, statistical
studies of large samples of relatively nearby systems, and increasingly large samples of
high redshift systems. Following a brief summary of the historical context, this review
attempts to integrate these studies to address the following key issues. What role do
collisions play in galaxy evolution, and how can recently discovered processes like down-
sizing resolve some apparently contradictory results of high redshift studies? What is
the role of environment in galaxy collisions? How is star formation and nuclear activity
orchestrated by the large scale dynamics, before and during merger? Are novel modes
of star formation involved? What are we to make of the association of ultraluminous
X-ray sources with colliding galaxies? To what degree do mergers and feedback trigger
long-term secular effects? How far can we push the archaeology of individual systems
to determine the nature of precursor systems and the precise effect of the interaction?
Tentative answers to many of these questions have been suggested, and the prospects
for answering most of them in the next few decades are good.

4.1 Introduction: Some Past Highlights
and Current Issues

4.1.1 Early days

The study of galaxy collisions is not an ancient one; Erik Holmberg, Fritz Zwicky,
and a few others did quite a bit of work relevant to colliding galaxies before the
1950s, but that decade opened and closed with two landmark papers. Thus,
we can justify taking it as the first decade of general interest in the subject,
and view the earlier work as pioneering. The first of the two papers, by Spitzer
& Baade (1951), revived Zwicky’s suggestion that collisions would be frequent
within dense galaxy clusters, and considered what would happen in direct col-
lisions between two galaxies. Specifically, they correctly argued that the stellar
distribution might be only moderately disturbed, while strong shock waves could
push the interstellar gas out of the galaxies. Their primary conclusion was that
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this process could account for the scarcity of late-type spiral galaxies with sub-
stantial ongoing star formation in clusters. For the first time galaxy collisions
were seen to have an important role in galaxy evolution.

The second landmark paper was Zwicky’s review of his extensive imagery of
morphologically peculiar galaxies, together with arguments that many of these
peculiarities were caused by tidal forces in collisions (Zwicky, 1959). At the time,
Zwicky’s theory seemed doubtful, since collisions between the widely separated
“island universes” were deemed improbable. Moreover, his arguments were gen-
erally semi-quantitative, and so, not compelling.

In the middle of this first decade Baade & Minkowski (1954) suggested that
one of the most prominent members of the newly discovered class of radio galax-
ies, Cygnus A, was in collision. Thus, we already have the first hints of many of
the most important themes in this field, including: the generation of unique tidal
morphologies, induced nuclear activity, induced star formation, the important
role of collisions in galaxy evolution, and the dependence of these effects on the
clustering environment. In this review I will focus on the last few items – induced
star formation, galaxy evolution, and environmental effects – and say relatively
little about the first two and many other related topics.

In the second decade, much of the work was of a more detailed, and some-
times indirect nature, which I cannot review here (see e.g., Struck 1999). The
major exception to this generalization was publication of Arp’s pictoral atlas of
more than 300 peculiar galaxies (Arp, 1966). Arp derived the atlas objects from
the Palomar sky survey. In the following decades this atlas became the stan-
dard ‘field guide’ for workers in this field. The Arp galaxies were arranged in
categories somewhat like Zwicky’s, but with many more examples, and excellent
photographic images. One psychological effect of so many images may well have
been to make the peculiar galaxies seem less like freakish rarities, and more like
zoological families in need of explanation.

4.1.2 The 1970s

Toomre & Toomre took a giant step toward these explanations. Their numerical
models were not the first, and were simple by modern standards, but they were
more extensive than previous efforts. They were able to account for many of the
Arp atlas forms in detail, thereby making a strong case for the collisional origins
theory. They also made a number of important predictions for observation, such
as that strong tidal waves would lead to enhanced star formation and gas trans-
fer to nuclear regions, which could fuel nuclear activity. These would become
dominant themes in subsequent work.

However, Toomre and Toomre’s models did not directly account for the
‘messiest’ objects in the Arp atlas (see examples in Fig. 4.1). Alar Toomre re-
turned to these objects in his contribution to the seminal Yale galaxies confer-
ence (Toomre, 1977). He pointed out that the earlier models had not included
the effect of Chandrasekhar’s dynamical friction (Chandrasekhar, 1943), and
showed that the effect would draw the colliding galaxies into a merger. He fur-
ther considered how merger remnants would evolve, and how they would appear
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Fig. 4.1. Multiwaveband images of several well-known merger remnants (courtesy D.
B. Sanders and I. F. Mirabel): a) NGC 4038/39 (Arp 244, “The Antennae”), b) NGC
7252 (Arp 226, “Atoms for Peace”), c) IRAS 19254-7245 (“The Super-Antennae”), d)
IC 4553/54 (Arp 220). An optical image shown in greyscale, HI (21 cm) surface intensity
shown by contours, and K band (2.2 mm) shown in insets. Scale-bar represents 20 kpc
in each case; see Sanders & Mirabel (1996) for details.

observationally. This lead him to some radical conclusions for that time, that
mergers between comparable large spiral galaxies could lead to the formation
of elliptical galaxies, and that reasonable extrapolation of the statistics of such
collisions suggested that a large fraction of ellipticals could be formed this way.
The debate still continues on many aspects of this scenario, but it immediately
had an important effect. Toomre had opened the door to the possibility that
collisions were the dominant factor in the evolution of an important class of
galaxies. Collisions were more than just a means of accounting for rare freaks,
or a specialized process peculiar to the environment of dense clusters.

Other important developments in the 1970s included the work of Larson &
Tinsley (1978), who suggested that Arp atlas galaxies had a wider range of
optical colors and star formation rates (SFRs) than the more normal Hubble
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atlas (Sandage, 1961) galaxies. Extension of that work suggested that infrared
colors would provide even more sensitive indications of varying SFRs (Struck-
Marcell & Tinsley, 1978). Ever increasing evidence that galaxies (and groups and
clusters) possessed massive dark halos (see Sofue & Rubin (2001) for a history of
rotation curve studies) completely changed our understanding of what a galaxy
is. The ten-fold increase of galaxy masses and sizes in the new picture provided an
explanation of why collisions could be common, despite the great separations of
the visible parts of galaxies. Their cross section were much larger than previously
thought, and collision partners were born bound together in larger entities.

4.1.3 The 1980s and early 1990s

This period saw expansion of the field into many new directions, with a number
of major developments that defined the current epoch. One of the highest points
was the discovery of ultraluminous far-infrared galaxies (ULIRGs) with the ob-
servations of the IRAS satellite (see reviews of Soifer, Houck & Neugebauer 1987
and Sanders & Mirabel 1996). This discovery set off a gold rush of studies of
these objects, as illustrated by the papers of the 1986 Pasadena meeting (Lons-
dale Persson, 1986) and the 1989 Alabama meeting (Sulentic, Keel & Telesco,
1989), and which continues to some degree up to the present. A primary focus
of most ULIRG papers has been the relative role of nuclear starbursts versus
active nuclei in generating the huge emissions. This is a difficult question to an-
swer because both are usually buried deeply in the gas and dust of the merger
remnant; most observational techniques give only indirect clues. While elucidat-
ing the connection between starburst and nuclear activity is very important, the
ULIRGs and their somewhat less luminous cousins, the LIRGs, offer a wealth
of other information on questions of galaxy evolution. See also the review by
Lonsdale, Farrah and Smith in this volume.

A second focus of ULIRG studies was the determination of what sort of rem-
nant would ultimately emerge from a major merger. ULIRGs could be seen as
the missing link in Toomre’s theory of elliptical formation from major merg-
ers. They are recent mergers with prodigious amounts of star formation, which
might eventually either consume or heat and disperse the gas, as required by the
theory. The fact that the old star surface brightness profile approximated the
de Vaucouleurs profile characteristic of ellipticals in the inner regions of some
ULIRGs, despite the presence of tidal distortions in the outer parts, gave further
support to the theory.

This was generally a period of rapid development of numerical models. It be-
gan with the publication of the first fully self-consistent three-dimensional models
of galaxy collisions followed through the merger (see review of Barnes & Hern-
quist 1992). In these models the galaxies were of comparable size and consisted
of a single spheroidal component, i.e. like two elliptical galaxies without dark
haloes. They showed that mergers occurred much more quickly than expected,
as orbital energy was efficiently channeled into internal collective modes. They
also revealed the rapid appearance of a de Vaucouleurs surface density profile in
some major merger remnants. This profile can be viewed as a kind of metastable
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state, resulting from the prompt relaxation of collective modes. Its appearance
in ULIRGs indicated agreement between observations and models, and provided
more support for the ellipticals from mergers theory.

By the end of this period the state of the numerical art had advanced to self-
consistent merger models of galaxies with stellar disk, gas disk, and dark halo
components (Barnes & Hernquist, 1992). These models showed that different
galaxy components behaved somewhat differently during the (major) merger
process, with dynamically hot halo components generally merging more quickly
than the disk components. Even more exciting from the point of view of ULIRG
studies, the models showed that a fraction of the gas carried much of the angular
momentum out into extended tidal structures, while the rest of the gas fell into
a small volume in the remnant center. This mass of highly compressed gas could
readily fuel ULIRG superstarbursts.

This period did not see many models of mini or micro mergers, in part because
ULIRGs and major mergers were the focus, but also because adequate numerical
resolution of small companions was difficult. Another lacuna of modeling in
this period was realistic gas dynamics; most models used either an isothermal
equation of state for the gas or ‘sticky particle’ algorithms with phenomenological
collision rules between particles representing gas clouds. Cooling, heating and
stellar feedback processes were not generally included, (but see e.g., Appleton &
Struck-Marcell 1987b).

Alongside the major thrusts of merger studies several quiet revolutions oc-
curred in this period. One of these was based on the sensitive mapping of atomic
hydrogen in galaxies generally, as well as collisional systems, by many observers
using the Westerbork array, and later the VLA (Very Large Array of the Na-
tional Radio Astronomy Observatory). These observations first made clear that
the gas disks of typical disk galaxies were much larger than the stellar, and then
as one might have expected, that these extended gas disks were more strongly
affected by collisional encounters than the inner stellar disks. It soon became
clear that such observations were essential for determing the full extent of tidal
tails and bridges. HI mapping also provides a map of the line-of-sight velocities
of the gas. Kinematic maps provide us a view in a third dimension of the six di-
mensional position-velocity space, and this information is usually crucial to the
success of models of individual systems, thereby to detailed tests of collision the-
ory. The accomplishments of the VLA were summarized at a recent symposium
(Hibbard, Rupen & van Gorkom, 2001), and a valuable legacy of that meeting
was the creation of the HI Rogue’s Gallery website of colliding galaxy HI maps
by J. Hibbard (www.nrao.edu/astrores/Hirogues/).

Another discovery that can be described as revolutionary is that tidal inter-
actions can induce the formation of a bar component out of disk material. This
was shown by the numerical models of Noguchi (1987), and studied in detail by
Athanassoula (see review of Athanassoula (2004) and references therein). This
result is important because bars transfer angular momentum outward in the
disk, and so can drive gas into the central regions before merger. The bar can
also drive spiral density waves. Both the increased central gas concentration and
the bar/spiral waves can induce star formation.
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We will examine the question of SF induced before merging in more detail
below. However, we should note here that Keel, Kennicutt and collaborators
carried out an extensive program of Hα imagery and spectra of both collisional
systems and of a control sample (Keel et al. 1985, Kennicutt et al. 1987). They
found indications of enhanced SF in the collision sample, and particularly of
SF enhancements in galaxy cores which were kinematically disturbed. On larger
scales, Schombert, Wallin & Struck-Marcell (1990) observed the broad band
colors of a sample of tidal bridges, plumes and tails, and found that while SF in
these structures was not especially strong, it did continue after their formation.
This is somewhat surprising given the great extent of many of these structures,
which would seem to imply diminished gas densities and SF.

In his continuing studies of putative merger remnant-to-elliptical systems,
Schweizer also discovered large, young star clusters or dwarf galaxies formed
in tidal tails, most notably in the “Antennae” system (Schweizer, 1983). These
discoveries would inspire a great deal of new work in the 1990s and the present
decade. More generally, Schweizer’s detailed, multi-waveband studies of specific
merger remnants, whose appearance suggested that they were on the road to
becoming ellipticals, advanced Toomre’s merger theory (see Schweizer (1998)
and references therein).

As a final example of quiet revolutions of the 1980s, I would include the
extensions to dynamical friction theory by Tremaine & Weinberg (1984), and the
application of the new theory to the evolution of galactic bars (Weinberg, 1985).
The classical Chandrasekhar (1943) theory was too idealized to account for the
frictional effects in major mergers, and even more so in the case of a “sinking
satellite” orbiting outside of, but interacting with the disk of the primary galaxy.
The Tremaine and Weinberg theory included the collective effects not accounted
for in the classical theory, and is able to account for the rapidity of major mergers
seen in numerical models.

Even beyond these revolutionary examples the tapestry of colliding galaxy
studies also grew with the addition of more new threads in this period. These
included studies of many specific types of collisional system, such as: colliding
ring galaxies (see review of Appleton & Struck-Marcell 1987a), polar rings (see
review of Sparke 2002), ocular ovals (Elmegreen et al., 1991), and shell galaxies
(e.g., Hernquist & Quinn 1988). Numerical modeling demonstrated how these
distinctive morphologies could be produced in collisions, and thus confirmed
earlier conjectures on the broad scope of collision theory. In addition, distinctive
morphologies were generally found to be the result of a relatively narrow set of
collision parameters. Examples in each class can be viewed as a set of related
natural experiments, seen at different times and with slightly different initial
parameter values, which have the potential to provide much insight into difficult
or obscure collision processes (e.g., hydrodynamic or SF processes).

4.1.4 Key issues up to the present

The 1990s saw continued rapid expansion of the field, driven in part by new
ground and satellite-based instrumentation, and by rapidly increasing computer
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power. It is very difficult to summarize the accomplishments of that decade
briefly. Queries to NASA’s Astrophysical Data System show that the number of
literature papers with abstracts containing the words “galaxy” and “collision”
grew very rapidly with each decade: 27 (1950s), 75 (1960s), 326 (1970s), 826
(1980s), 1413 (1990s). Similar increases in the number of studies in the related
fields of galaxy formation and galaxy evolution at high redshift make the task
even more difficult. In this review we will focus our attention on key issues
relating to star formation and galaxy evolution.

It is clear that over the second half of the 20th century this field has gone
from bare beginnings to a considerable maturity, providing answers to some of
its most important questions and early paradoxes. Yet many questions remain,
including some that have been common threads through the whole history of
the subject, and which are connected to the deepest questions in astrophysics.
For reference in the rest of this review, I list here some of the most important
ones.

1. How do collisions and interactions affect galaxy evolution overall? More
precisely, what are the relative roles of major and minor mergers in building
galaxies? This question is related to that of how galaxies form, since major
mergers are very important in hierarchical build-up models, and negligible in
monolithic collapse models of galaxy formation.

2. How does the answer to the previous question depend on environment?
How do collisions differ in cluster, group, or nearly isolated environments? Some
partial answers to these questions have been known for a long time. For exam-
ple, collisions between field galaxies are very different from those between cluster
galaxies because the latter have typical relative velocities of thousands of km/s
versus velocities of hundreds of km/s in the former case. High velocity collisions
can remove interstellar gas and produce moderate tidal distortions, but are un-
likely to result in merger, while mergers are generally inevitable in the lower
velocity collisions in groups. Research over the last few decades has provided a
great deal of information on these questions, and it has become clear that envi-
ronment plays a very large role in determining the nature of collisions that can
occur, and the relative importance of galaxy collisions versus other evolutionary
processes (like gas sweeping in dense clusters).

3. How do the large-scale dynamics of collisions and interactions orchestrate
star formation (SF) and nuclear activity, which are inherently small scale pro-
cesses? The clear answer from the 1980s is that activity is induced by dumping
a great deal of gas into the central regions of major merger remnants. Major
mergers may be the way to make most of the stars in a significant fraction of
early type galaxies, but they are a rare event in the world of galaxy collisions,
and the question remains for other types of collision. Related questions include:
when do galactic winds and fountains result from interaction induced SF, and
what feedback role do they play in the subsequent SF?

4. To what degree do mergers trigger long-term (more than 1.0 Gyr) secular
processes? Examples include the long-term effects of collisionally induced bar
components, and the fallback of large scale tidal structures.
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5. How far can we push the archaeology of individual systems? Do enough
clues remain to determine the morphology of the precursor galaxies, and decipher
the details of the interaction up to the present?

In the remainder of this review we will consider how developments in the last
decade and the near future help to answer these questions. The first three sets
of questions include the key questions of this review. The last two push beyond
its scope, and I will not treat them in any detail, despite their intrinsic interest.

4.2 Induced Star Formation and Winds

4.2.1 Star formation processes in interactions

Star formation induced by galaxy collisions appears similar to SF in isolated
galaxies in several ways. Before merging it is often concentrated in spiral waves
or bars, and tidal tails often look like extensions of the spirals. Both before and
after merger it is often concentrated in nuclear starbursts. These can be orders
of magnitude stronger than core bursts in isolated galaxies, but they can appear
qualitatively similar.

However, there are theoretical reasons to think that the nature of collisionally
induced SF is very different from that in isolated disks. In isolated star-forming
disks there is evidence that SF, and gas disk structure, are self-regulated by
energy and momentum feedbacks from young SF regions (e.g., Kennicutt 1989).
The self-regulation processes work to maintain a gas surface density close to the
threshold for local gravitational instability throughout the disk. SF is usually
concentrated in grand design or flocculent phase waves, which compress the gas,
pushing its density over the stability threshold. Thus, isolated gas galaxy disks
are likely examples of self-regulated, non-equilibrium steady states, at least in
regions where the rotation curve is essentially flat (Note that the details of the
self-regulatory processes are not well understood. See Struck & Smith (1999) for
a self-consistent model in the case of strong global SF. See Zhang (2003) for a
discussion of how spiral waves may be maintained for relatively long periods.)

Collisions upset steady state disks, even if they don’t tear regions in them
apart, as occurs in the case of direct collisions between two gas disks (e.g., Struck
1997), or major mergers (e.g., Barnes & Hernquist 1996, Mihos & Hernquist
1996). The waves in these disturbed disks are of a different nature than those in
steady disks. For example, tidal tails are material, rather than phase waves, and
in most cases induced spirals and bars have mixed material and phase aspects.
Induced waves can have a very different combinations of Fourier modes than
steady waves. For example, odd numbered, asymmetric modes are evidently
more common.

Compressions in steady spirals can push the gas above instability thresh-
olds and drive SF, but the degree of compression is limited by the passage time
through the wave (e.g., half the epicyclic period). In material waves, compressed
gas elements can move together, and maintain their compression for longer pe-
riods. Beyond this, gas clouds can be partially separated from their original
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surroundings, and launched like collisionless stars over substantial distances, to
interact with other clouds from very different radial positions in the initial disk.
This tidal mixing can sometimes involve substantial relative velocities, and may
play a great role in induced SF. This point has not been studied in any de-
tail, probably because of the difficulty in obtaining observational evidence of the
mixing.

Tidal mixing is similar to collisional splash effects, where direct collisions
between gas disks drive gas out of both disks, and both disks experience later
fallback. Both effects are analogous to splash and mixing effects in water waves.
Tidal tails are breaking waves in galaxies.

These examples highlight how detailed studies of SF in colliding galaxies can
advance of understanding of SF processes in general, as well as allow us to study
modes that simply don’t occur in quasi-steady isolated disks. These modes are
likely to be very important in the early stages of galaxy buildup. We will return
to the subject of high redshift galaxies below.

4.2.2 Observational samples of star formation before merger

Given these theoretical motivations, let us consider observational results. In
Sect. 4.1 we discussed the discovery of ULIRG super-starbursts in gas-rich, major
mergers in the 1980s. Generally, no such strong signal of enhanced SF has been
found in pre-merger interactions. Since in most interactions there is no wholesale
gas compression like that found in major merger remnants this is not surpris-
ing. The questions remain, however, do interaction induced disturbances lead to
substantial SF enhancements, and if so, where, when and how? These questions
were raised by Toomre & Toomre (1972) and Larson & Tinsley (1978). They
have been the focus of much interest in observational studies in many wave-
bands of both individual systems and samples of systems (see Sect. 7 in the
review of Struck 1999).

The common conclusion was that there is an average SF enhancement in
interacting systems, and that this could be result of a modest starburst in most
cases. However, SF is not obviously enhanced in all interactions, and may be
suppressed in some. The galaxy samples studied in the 1980s and 1990s were
not generally large enough to provide strong enough statistical results to be
definitive, let alone to tease out details of the relevant processes. The larger
samples tended to contain systems from a wide range of pre-merger or merger
stages (like the the Larson and Tinsley Arp Atlas sample), and so, could be
dominated by the merger-burst effect. On the other hand, samples of specific
types of interaction (e.g., the ring galaxy sample of Appleton & Struck-Marcell
1987a) or specific stages (e.g., the Bushouse 1987 violently interacting sample)
tended to be small. Interactions are rare in the present day, and specific types
are therefore doubly rare!

Nonetheless, interesting clues came out of many of these studies. An im-
portant example is the Keel (1993) spectroscopic study of SF correlations in a
sample of 75 Karachentsev spiral pairs (see Fig. 4.2 for an example system).
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Fig. 4.2. Image of the Arp 89 system (NGC 2648, from Arp (1966). It is an example
of systems studied by Keel (1993). The companion has one of the strongest nuclear
SFRs in the sample.

This work built on a decade of earlier work by Keel, Kennicutt and collabora-
tors (Keel et al. 1985, Kennicutt et al. 1987). Keel found that the current SFR
(as measured by Hα equivalent width) did not depend much on the projected
separation of the two galaxies, nor on whether a galaxy experienced the collision
as prograde or retrograde. These results seem to defy the intuitive notion that
strong perturbations at closest approach should drive strong responses, which
could result in enhanced SF (but see Keel & Borne 2003). In prograde encoun-
ters the companion orbits in the same sense as the galaxy’s spin, and so the
encounter is prolonged, undoubtedly resulting in more disturbance, e.g., tidal
tails. Thus, it was surprising that Keel did not find a spin/orbit effect in the SF.

What Keel did find was SF enhancement in systems with disturbed kinemat-
ics or in galaxies with large regions of solid body rotation. Disturbed kinematics
was measured by the largest difference between the measured velocity and that
of a mean symmetric rotation curve. Such kinematic disturbances can be seen
in barred galaxies. However, Keel’s sample did not include many barred galax-
ies. Keel also found that both disk and nuclear SF enhancements were linked
to kinematic disturbance, which at first sight seems to be another mysterious
result.

Keel considered some of the theoretical mechanisms proposed to account for
induced SF in light of his observational results. He found contradictions between
several of the observational results and the predictions of models on the enhance-
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ment of collisions between massive gas clouds. The correlation of enhanced SF
with the size of solid-body rotation regions lead him to favor gravitational in-
stability processes, since such regions are very susceptible to these instabilities.

Recently, Barton and collaborators (Barton, Geller & Kenyon 2000, Bar-
ton Gillespie, Geller & Kenyon 2003) re-examined these questions with a larger
sample of 502 galaxy pairs and groups drawn from Harvard redshift surveys. In
contrast to Keel they found a significant anti-correlation between SF (again mea-
sured by Hα equivalent width) and separation of the galaxies. The two samples
have comparable ranges of separation and equivalent width. Although Barton
et al.’s SF-separation anticorrelation is statistically strong, it does appear to be
strongly influenced by the approximately two dozen sample galaxies with equiv-
alent widths greater than or about equal to 50. Given the relative sample size,
we would expect to find only about 3-4 such systems in Keel’s sample. Indeed,
there are 4. Thus, it appears that the effect is too weak to have been easily
detected in a sample much smaller than Barton et al.’s. Barton et al. speculate
that the cause of this anticorrelation is driven gas inflow before merger in some
systems.

Barton and collaborators find a second anticorrelation between SF and line
of sight velocity separation between the two galaxies in each pair. This is in
accord with the intuitive notion that slower passages induce stronger collisional
responses. Among their pairs and groups they find a very strong anticorrelation
between SF and galaxy density, which they interpret as a symptom of the well-
known density-morphology relation in groups and clusters. And finally, Barton
Gillespie, Geller & Kenyon (2003) have compared their observations and models
of Hα equivalent width and B-R broad band color, taking careful account of
reddening effects. They find a significant correlation between burst population
age and separation. They attribute this correlation and post-starburst spectral
indicators in some systems to starburst triggering at closest approach, and sub-
sequent aging as the galaxies move to apogalacticon.

On the other hand, Bergvall, Laurikainen & Aalto (2003) have recently ques-
tioned the whole notion that there are statistically significant SF enhancements
before merger. They examined the UBV broad band colors of a sample of 59
interacting or merging systems, and compared them to a control sample of 38
isolated galaxies. They find no significantly greater scatter in the colors of Arp
atlas galaxies relative to controls, in contrast to the Larson and Tinsley result,
and no evidence for a significant enhancement in global SF in their interacting
sample relative to the control. They do find evidence for a modest enhancement,
by a factor of 2-3, in the central SF of their interacting sample. Given the pre-
vious result this implies a diminution of the average extra-nuclear disk SF in
the interacting sample. Keel (1993) found no such distinction between net and
nuclear SF enhancement in his sample.

On the face of it, Bergvall et al.’s primary result about the lack of SF en-
hancement in interactions seems to contradict many previous studies. However,
these studies also find that the effect is weak if we exclude merger remnants, and
the Barton et al. papers in particular suggest that we may need a sample of at
least several hundred galaxies to find it. Given Bergvall et al.’s sample size, their
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work may not provide strong evidence for the complete absence of an effect, and
they may even be a bit pessimistic in their estimate that the frequency of strong,
triggered starbursts in interacting systems is of order 0.1%. Recent very large
surveys of galaxy properties, like the Sloan Digital Sky Survey (SDSS) and the
Two Degree Field (2dF) survey, could provide the answers, and indeed, a couple
of analyses based on these surveys have been published recently.

Nikolic, Cullen & Alexander (2004) selected nearly 12,500 pair systems with
companions within 300 kpc of the primary from the SDSS. This is a volume-
limited, low redshift sample with SFRs determined from SDSS (extinction and
aperture corrected) Hα data, supplemented by IRAS data. They also reject very
close pairs, i.e., most merger remnants. They find that “the mean projected
star formation rate is significantly enhanced for projected separations less than
30 kpc.” (see Fig. 4.3). Like Barton et al. they find an anticorrelation between
SF and the pair velocity difference. Despite its statistical significance they also
found the the SF-separation anticorrelation is relatively weak, in accord with
previous studies.

With such a large sample, they were able to look at subsamples, for example,
subsamples consisting of two late-type disks, two early-type disks, or mixtures.
The anticorrelation is present in all three subsamples, with some indication that
it extends to larger radii in the late-type subsample. Nikolic, Cullen and Alexan-
der also presented SFRs normalized by galaxy mass, and show that the magni-
tude of the normalized SF-separation relation depends on how the normalization
is performed.

Fig. 4.3. Specific star formation rates for 3 subsamples of Sloan Digital Sky Survey
galaxies, selected according to absolute SFR in the ranges: 0-3, 3-10, and > 10 M�
yr−1 (courtesy B. Nikolic). See Nikolic, Cullen & Alexander (2004) for details.
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Lambas et al. (2003) carried out a similar pair study with 1258 pairs from
the 2dF survey, and found anticorrelations of SF with separation and velocity
like those in the Nikolic et al. study.

Bergvall, Laurikainen, and Aalto noted that “the interacting and in par-
ticular the merging galaxies are characterized by increased far infrared lumi-
nosities and temperatures that weakly correlate with the central activity.” This
result, in turn, agrees with much evidence that many specific types of interact-
ing galaxy have enhanced far-infrared emission. For example, M51 type systems
(e.g., Klimanov & Reshetnikov 2001) on one hand, and the collisional ring galax-
ies (Appleton & Struck-Marcell, 1987a) on the other hand, both show modestly
enhanced IRAS fluxes relative to the late-type disk norms.

For a broader perspective, one can turn the table and ask about the nature of
galaxies with enhanced infrared emission (and usually radio continuum emission
as well). We have discussed ULIRGs above, and noted that they are primarily
merger remnants, and so not of interest in the present context. Luminous Infrared
Galaxies (LIRGs or LIGs) and Very Luminous Infrared Galaxies (VLIRGs or
VLIGs) are variously defined as galaxies with far-infrared luminosities in the
approximate range 3×1010–1012 L�, and have not been studied as intensively (see
examples in Fig. 4.4). However, it appears that a large fraction of these objects
are pre-merger, collisional systems with a relatively strong starburst in the core of
at least one of the galaxies (see e.g., Young et al. (1996), Gao & Solomon (1999),
Corbett et al. (2003), Arribas et al. (2004) and references therein). Based on

Fig. 4.4. Some examples of LIRG systems in B and I wavebands. Note the scale bars
and the change of scale between rows. From Arribas et al. (2004), courtesy S. Arribas.
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statements like that of Bergvall et al. in the previous paragraph, and the rarity
of LIRGs (like the ULIRGs), it seems likely that they are the same as, or more
obscured relatives of, the few starburst galaxies that seem to be responsible for
the weak SF enhancement found in optical pair samples.

In summary, optical studies show that interactions lead to only a very small
SF enhancement before merger, on average. Given that core starbursts are likely
to have quite short durations (unless they have prolonged driving, e.g., Struck
2005), it is natural to interpret this as the result of random sampling of a common
process with a short duty cycle. The LIRG studies suggest another possibility,
that a small minority of galaxies (the LIRGs) are responsible for the general
weak enhancement, and that these galaxies are near the end of the road to
merger, though not yet merged. The latter clause is supported by the fact that
the few starbursts in pair samples generally have small separations and velocity
separations, and this is also true for many LIRGs. In this alternative view, SF
is not significantly enhanced in the early stages of interaction despite strong
morphological disturbances. Also there is a more continuous increase in SF as
merger is approached, an idea suggested in some of the LIRG studies. Gao and
Solomon, in particular, have suggested that the phase structure of galactic ISM
changes through the merger process, with an increase in the molecular phase
in the final pre-merger stage (Gao & Solomon 1999, also see Gao & Solomon
2004 for similar results concerning molecular abundance changes through core
starburst evolution). We will return to this discussion in Sect. 4.2.5.

4.2.3 Detailed case studies

Because it is difficult to directly translate projected galaxy separations into true
separations, and directly divine the stage along the path to merging, it is dif-
ficult to use limited observations (in any waveband) to determine which of the
viewpoints of the previous paragraph is correct. (Although it might be possi-
ble to estimate the separation and evolutionary stage statistically in the large
samples.) There are two other ways to test evolutionary hypotheses. The first
is to confront it with theory and the results of numerical simulations, which we
will consider below. The second is by assembling a large library of careful case
studies of specific systems. Such studies require a panchromatic array of spa-
tially resolved and kinematic observations, which can provide strong constraints
on numerical models. They also require system specific models, which closely
match all available observations, and thereby provide a clear determination of
the interaction stage (see discussion in Struck 2004). Given the prolonged debate
on whether the nearby M51 system is the result of one or two close encounters,
this is not necessarily an easy task (see review of Struck 1999), though in either
case it is clear that the system is not yet near the end of the merger road.

With a library of detailed case studies one could hope to graph SFR (or
specific SFR per unit mass or gas mass) versus interaction stage to resolve the
issues above. The “interaction stage” would require careful definition, however.

Detailed color and spectral synthesis modeling can in fact yield constraints, if
not yet unique solutions, for the SF history of some nearby well-studied systems,
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e.g., the Magellanic Clouds (Zaritsky & Harris 2004, Javiel, Santiago & Kerber
2005), M51 (Bastian et al. 2005, Bianchi et al. 2005), M82 (De Grijs 2001, De
Grijs, O’Connell & Gallagher 2002) and Arp 284 (Lançon et al. 2001). From such
cases, one can add a few points to the hypothetical SFR-interaction stage plot.

4.2.4 Modes of star formation

Detailed case studies are also a primary tool for studying a number of specialized
modes of SF, some of which have received a good deal of attention in recent
years. These include: the formation of super star clusters (SSCs), SF in tidal
bridges and tails, and SF in induced disk waves. Except perhaps in the last case,
these modes do not usually dominate the SF in interacting systems, but they
may involve physical processes unique to collisional environments, and produce
especially interesting products like dwarf galaxies and halo globular clusters.

Tidal dwarf galaxy formation

We have already mentioned early studies of SF in tidal tails in Sect. 4.1, but
there has been a great deal of recent work. Work in this area has been energized
by the possibility that, not only massive star clusters, but also actual dwarf
galaxies might be formed out of material in tidal tails (Fig. 4.5). If so, this could
be a means of forming dwarf galaxies at the present time, and in observable
environments. In the introduction to a recent paper Duc, Bournaud & Masset
(2004) review much of the literature of the last decade, and additionally a sec-
tion of the proceedings of a recent IAU symposium is also dedicated to the topic
(Duc, Braine & Brinks 2004). These two sources provide good entry points to
the literature.

We should begin by noting that the tidal dwarf formation has been contro-
versial, and difficult to prove (or disprove). Most tailed galaxies do not have an
obvious luminous SF region at the end of their tails. To date, only a few exam-
ples of dwarfs forming in tails have been studied in detail, so it is not clear how
rare is that circumstance, nor what is the general nature of SF in tails. In fact,
there are a number of difficulties in finding these objects, and confirming that
they are dwarf galaxies in formation. Sometimes the tail is viewed edge-on, and
if it is curved in the vicinity of the candidate dwarf a good deal of material that
is not physically connected can be superposed along the line-of-sight, including
multiple SF regions (e.g., Duc et al. 2000). This can lead to large overestimates
of the mass and extent of the tidal dwarf candidate, leading, in turn, to a bias for
such systems in the candidate list. Determining whether a tidal dwarf candidate
is truly a gravitationally bound object, and will persist as a distinct entity is
also challenging, if only because of the resolution limits of observations of HI
and molecular gas in these small objects.

Discussions of this latter question have been entwined with those concerning
two early theories for the formation of tidal dwarfs. Barnes & Hernquist (1992)
suggested that they could form as a result of gravitational instabilities in tails
consisting of collisionless stars, while Elmegreen et al. (1991) argued for the



130 C. Struck

Fig. 4.5. Arp atlas image (Arp 1966) of the Arp 105 system. This system contains a
probable tidal dwarf galaxy at the end of the long tidal tail in the north. See Duc et
al. (1997) for details.

dominance of gas dynamical processes in regions of enhanced turbulence (i.e.,
enhanced velocity dispersion). One of the difficulties in the modeling is that some
density concentrations may not be persistent, and the models are not generally
able to follow their evolution for very long times, or with sufficient particle res-
olution (but see the high resolution model of Hibbard & Barnes 2004). Another
problem in confronting these theories to observation is that since gas disks are
more extensive than stellar disks, all tidal dwarf candidates are likely to contain
a large fraction of gas, so it is not possible to find a case of assembly by gravita-
tional means alone. Based on new simulations, Duc, Bournard & Masset (2004,
and references therein) argue that only if the parent galaxy has an extensive dark
halo is it likely that large amounts of gas will accumulate at the end of a tidal
tail, and that this is the most efficient route to forming true tidal dwarfs with
masses in excess of 109M�. These authors also find that the gas accumulation
process is primarily kinematic, with self-gravity playing only a minor role. It will
be interesting to see how these new ideas develop in the next few years.

Massive and super star cluster formation

One of the greatest contributions of the Hubble Space Telescope to extragalactic
astronomy was to resolve individual star clusters in relatively nearby galaxies
and allow us to take the census of the cluster populations in them. As a result
of such studies it has become clear that a large fraction of new stars in colliding
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Fig. 4.6. HST image of young star clusters in the merging Antennae galaxies, from
Whitmore et al. (1999, courtesy of B. Whitmore).

galaxies are formed in clusters (see Fig. 4.6). This is difficult to quantify, but
has been estimated at 50–100%. The characteristics of the most massive of these
clusters, the super star clusters with estimated masses in the range 105–108M�,
are just what we would expect from young clusters, so it appears that we are now
able to study the formation and development of globular clusters at a variety
of stages by direct observation. These studies have given rise to a considerable
literature, which extends far beyond the topic of this review, so we only describe
a few of the relevant highlights.

In a summary of a recent conference on this topic, O’Connell (2004) em-
phasized the universality of the properties of young cluster populations, despite
a huge range of formation environments and scales. These properties include a
nearly universal power law mass function, which evolves naturally with time to
the exponential function of old globulars. The number of clusters and the maxi-
mum cluster luminosity in a star-forming region both scale with total SFR. Most
cluster populations have a very small range of formation ages. This is especially
true of populations in galactic nuclei, but in colliding galaxies with widely spread
SF regions there can be distinct populations, each with small age spreads (e.g.,
Alonso-Herrero et al. 2002). The spatial structure of super star clusters also ap-
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pears to be universal. The stellar initial mass function is universal, at least at
the high end where it can be determined.

It is worth emphasizing the range of environments where super star clus-
ters and their somewhat less massive relatives are found in colliding galaxies.
Of course, starburst nuclei are primary locations and M82 (De Grijs 2001, Melo
2005) is probably the most famous example. M51 (Bik et al. 2003, Bastian et al.
2005) is also very interesting. At the other extreme we have globular cluster pop-
ulations of intermediate age (i.e., of order a few Gyr) around merger remnants.
In the ongoing merger in the Antennae system, clusters are scattered at many
locations in the bodies of the galaxies (Whitmore & Schweizer, 1995). Massive
young clusters are found in many tidal tails, though interestingly Knierman et al.
(2003) make a suggestion, based on their study of 6 tail regions, that they either
have a population of massive young clusters or a tidal dwarf, but not both. This
conjecture certainly merits further observational and modeling study. Massive
cluster populations are also found in ring galaxies like the Cartwheel (Appleton
et al., 1996) and ocular waves like IC 2163 (Elmegreen et al., 2000). It seems very
likely that the mid-infrared detectors on the Spitzer Space Telescope will find
massive cluster populations in more environments that are hidden from Hubble
and ground-based telescopes.

What do these environments have in common and what’s the physics behind
massive cluster formation? O’Connell (2004) summarizes the prevailing view
that the formation of SSCs requires high gas pressures, of order 104 times those
of the interstellar medium in the solar neighborhood, and that these high pres-
sures must extend through a region of size greater than 1 kpc (also see Schweizer
1998). Strong turbulence also pervades the formation region. O’Connell empha-
size that the energetic environment inside a forming massive cluster must be
truly extraordinary.

It is likely that all of the colliding galaxy environments noted above are able
to achieve the high pressures and turbulence that the theory says are necessary
to form the super star clusters. This is not entirely clear in the case of disk
waves and tidal tails. However, in the former case the process may be aided by
feedback effects from the first stars to form. In the case of tails it may simply be
that some achieve the requisite conditions and form massive clusters, and others
do not. We have much to learn yet about these processes.

Finally, O’Connell notes a couple of examples of nuclear starbursts where the
super star clusters are much more massive than the other clusters, and so, the
mass function is discontinuous. He speculates there may be a special formation
mode for these cases, though the nature of that mode is not clear. As in the
case of tidal dwarf formation there are competing mechanisms, and one of these
may dominate only in the exceptional cases. These mechanisms again include
the formation of massive progenitor clouds triggered directly via gravitational
instability, or indirectly in dense environments assembled by large scale gravita-
tional instability. They may also include hydrodynamic effects like cloud crushing
that occurs when giant clouds experience an abrupt pressure increase after im-
pacting large-scale shocks or other high pressure regions (Jog & Solomon 1992,
Braine et al. 2004, Bekki et al. 2004). The combination of these processes could
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probably generate discontinuous cluster mass functions, but at present, this is
only speculation.

A few more exotic ideas have also been discussed recently. Scannapieco,
Weisheit & Harlow (2004) have suggested that strong winds from young galaxies
could have shocked their dwarf companions, stripping gas and compressing it to
form globular clusters. Burstein et al. (2004) also suggest that globulars might
form in dwarf companions. Their argument is based on a hierarchical clustering
model of galaxy formation as applied to the cluster populations in the Milky
Way and M31. On the other hand, Hibbard, Vacca & Yun (2000) have found
several examples of systems where winds seem to have swept the gas out of parts
of tidal tails, without the production of massive star clusters.

ULXs

Ultraluminous X-ray sources (ULXs) are defined as having X-ray luminosities
of order 1039–1041 ergs per s−1, which extends beyond the luminosities of the
well-studied high mass X-ray binaries, but is still much less than a typical active
galactic nucleus. X-ray sources of this luminosity have been detected in galactic
nuclei for two decades, but the arcsecond resolution of the Chandra Observatory
has facilitated their discovery and definition as a class of objects (see reviews of
Mushotsky 2004a, van der Marel 2004, Ward 2003).

Estimates indicate that they may be a quite common constituent of the
nuclei of normal galaxies. However, their nature remains somewhat mysterious.
There are two leading theories. The first is that they are indeed an extension of
the high mass (� 10M�) binary phenomenon, but with highly super-Eddington
accretion rates and beamed emission (e.g., Begelman 2002, King 2004, King &
Dehnen 2005, Liu, Bregman & Irwin 2005). The second is that these are in fact
black hole accretion systems of intermediate mass between stellar black holes
and active nuclei, e.g., masses 	 100 M� (e.g., Hopman et al. 2004, Krolik
2004, Miller, Fabian & Miller 2004, Miller 2005). There are strong arguments
for both models. For the most luminous ULXs the stellar mass explanation is
strained. For the most rapidly variable ones the source size and mass is limited
from above. Since the luminosity bounds of the class are ad hoc, it is certainly
possible that the class includes both kinds of source. Gutiérrez & López (2005)
also present a cautionary tale of how apparent ultraluminous sources can in fact
be background sources.

A number of galaxies are now known to contain enough ULXs to allow the
construction of luminosity functions, and these luminosity functions are found
to scale with total SFR or a combination of SFR and galaxy mass (e.g., Swartz
et al. 2004). Over the last 5 years ULX populations have been found in several
colliding galaxies, including M82 (Fuiruti & Titarchuk 2004, Matsumoto et al.
2004, Portegies Zwart, Dewi & Maccarone 2004 and references therein), the An-
tennae, the Cartwheel ring galaxy, and the ring-tailed Arp 284 system (Fig. 4.7).
The ULXs are widely spread across the Antennae (Fabbiano et al. 2004, Miller et
al. 2004. They are found in the outer ring and an X-ray bridge of the Cartwheel
(Gao et al. 2003, Wolter & Trinchieri 2004). In Arp 284, most are associated with



134 C. Struck

Fig. 4.7. Smoothed greyscale X-ray image of the Arp 284 system from Chandra Ob-
servatory data, with luminous point sources numbered. Contours showing the optical
outline are derived from the Digital Sky Survey image. See Smith, Struck & Nowak
(2005) for details.

tidal features, especially a prominent tail, but with one of the brightest known
contained in the ring (Smith, Struck & Nowak 2005). Some of these ULXs are
associated with star-forming regions, and so they provide another locator and
probe of such regions that is not easily obscured.

The environment of these “tidal ULXs” can be less confused than that of
many nuclear ULXs. A few are associated with super star clusters. Models can
often provide a good deal of information about the dynamical history of specific
tidal structures, and thus, about the formation environment of the ULXs. The
discovery of any specific phenomenology in these environments could provide
useful information on the nature of ULXs. However, at present the number of
cases studied is too small to allow any firm conclusions beyond the association
between collision morphologies and the occurence of ULXs.

4.2.5 Summary and theory

Clearly, there has been a vast amount of work on interaction induced SF in
the last few decades, and we have only been able to skim through it above. Is
all of this work leading to a comprehensive understanding of the phenomenon?
Perhaps not quite yet, but we may be getting close to that goal. The question
can be broken down into several separate questions. First of all, do we under-
stand the general physical processes, and do we understand enough about how
they work to account for the general observational systematics? Secondly, do we
understand these processes well enough to reproduce their effects in numerical
models, both comprehensive models of specific systems, and models of SF in
particular dynamical processes?
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Numerical models

We’ll begin by considering recent numerical models and some aspects of the
last question. Star and star cluster formation take place on scales that are or-
ders of magnitude smaller than those typically resolved in simulations of galaxy
collisions. However, separate models of the process on those small scales are be-
ginning to advance our understanding greatly. Because of this, and the fact that
much of the dynamics on the intermediate scales is essentially scale-free turbu-
lence, we may be able to develop reasonably accurate SF formulations, without
needing to resolve the scales on which it occurs. However, to date, relatively sim-
ple SF prescriptions have been used in galaxy collision models. Moreover, these
prescriptions have been based on several different ideas about the dominant SF
triggering process. Three of the most popular are: 1) a simple density-dependent
SFR, 2) triggering by strong compressions in cloud-cloud collisions or large-scale
shock waves, or 3) triggering by gravitational instability above a threshold den-
sity (or surface density or pressure).

With regard to the first of these, the Schmidt Law, in which the SFR is
proportional to a low power of the gas density, surface density, or the gas density
divided by a local dynamical time has been surprisingly resilient. Mihos, Bothun
& Richstone (1993) used it (and isothermal particle hydrodynamics) to model
collisions between two disk galaxies, and Mihos & Hernquist (1994) used it to
model the Cartwheel ring galaxy. In both cases they found that the models gave
about the “relative intensity and morphology of induced star formation.” Later,
Mihos & Hernquist (1996) found that with this formulation mergers between disk
galaxies with bulges could produce burst SFRs a hundred times larger than those
of isolated galaxies. They also explored how the presence of a bulge component
affected the merger SFR. Given the simplicity of the prescription the results are
impressive. However, Cox et al. (2005) have recently shown that the amount
of SF in mergers may have been overestimated in earlier models, because this
quantity depends on how conservation conditions are implemented in the SPH
algorithm.

Phenomenological cloud collision models for gaseous dissipation in galaxies
go back to the 1970s. The obvious disadvantage of such models is that interstellar
gas clouds are transient, ever-changing structures, and not the coherent entities
implicitly assumed when equating them with the ‘sticky’ (i.e., dissipative) par-
ticles of a numerical model. On the other hand, it is a straightforward way to
model the cloud collisions and shock encounters which occur in many types of
collision. In models of polar ring galaxies (Bekki, 1997), models of starbursts
in multiple mergers (Bekki, 2001), and in other applications, Bekki has used a
hybrid particle model. In his models there is dissipation from cloud collisions,
but a probabilistic Schmidt Law is used to convert selected gas particles to stars.
The local gas density is computed for each gas particle and used in the Schmidt
Law.

Recently, Barnes (2004) has proposed a rather sophisticated phenomenolog-
ical model, in which SF depends on the amount of energy dissipation in shocks.
He argues that with this prescription he is able to produce a much better model



136 C. Struck

of the Mice system (NGC 4676) than with a Schmidt Law. This is one of the few
significant comparisons of different formulations in models of the same system.
Barnes also notes that Schmidt Law models are quite insensitive to details of
the interaction, while shock induced SF is very sensitive, and could be checked
observationally.

Threshold instability models have been used frequently in the areas of galaxy
formation and multiphase models of galaxy disks in recent years. This author
has used such a model with feedback and gas with a continuous range of thermal
phases in studies of direct collisions between two gas disks and their reformation
(Struck, 1997). More recent work on disk collisions with many more particles
has been carried out by Springer & Hernquist (2005). Cox et al. (2005) have
recently presented an efficient effective equation of state approach to handling
the thermal physics.

I have also used this type of SF formulation in detailed N-body hydrodynamic
models of a couple of specific systems with extensive observational data (Struck
& Smith 2003, Struck 2005). Both the spatial distribution of SF and the history
of net SF fit the observational constraints, though the constraints on the SF
history are not stringent. At low threshold densities this type of formulation is
probably much like the Schmidt Law, since the SF will occur in regions with
the most particles (i.e., high density). With a high threshold density, a violent
process like shock compression and subsequent cooling will be needed in many
cases to drive SF, more like the Barnes model.

In the end we see that many different numerical treatments can simulate
induced SF reasonably well, and so none are immediately falsifiable. The answer
to the question posed at the beginning of this discussion is yes, we can reproduce
observations, but not because the models represent the underlying physical pro-
cesses especially faithfully. The universality of those processes, and their highly
interconnected properties, allow modelers to use simple formulations on large
scales. Stringent tests of feedback prescriptions may eventually come by fitting
the mass fraction and distribution of warm-to-hot phases in the interstellar gas.
However, this will take much more realistic modeling of the thermal physics, and
the stellar initial mass function, than is currently the norm.

Detailed observational studies on kiloparsec scales in various environments
may provide insight into how sensitive SF is to compression and dynamical
timescales. Spitzer Space Telescope observations in the mid-infrared have the
ability to see through obscuring dust and provide a complete SF census on these
scales in nearby galaxies, so the prospects are exciting in the next few years.

Squeezing out stars

All of the models described above form stars by compressing gas (albeit in more
or less finely tuned ways). This recalls the Kennicutt (1989) observational result
on the universality of the Schmidt Law over a range from isolated galaxies with
modest SFRs to ULIRGs. Apparently, the first law of induced SF is – it’s just the
(large-scale) compression. More precisely, it appears that large-scale compression
drives a turbulent cascade, which enhances star-forming compressions on the
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small scales (e.g., Krumholz & McKee 2005, and references therein). Because of
the universality of the cascade, this process doesn’t necessarily depend much on
the details at the large and small scales.

In the case of ULIRGs the spectacular response is the result of spectacular
angular momentum transport and compression in the major merger. For rapid
or distant encounters the most that can be achieved are relatively small com-
pressions in bars and waves. It is worth recalling that basic tidal forces stretch
along the line of galaxy centers and compress in the perpendicular directions. For
an approximately two-dimensional disk this means (very roughly!) stretching in
one dimension and compressing in one dimension. Alternately, in terms of a sim-
ple impulsive torque, it means that angular momentum is added to one side of
the disk (stars are pulled ahead in their orbits), and subtracted from the other
side (stars are pulled back). Thus, net compression across the disk is roughly
balanced by stretching or torque-induced rarefaction. In either case, the global
effects are modest for small amplitude disturbances, implying little induced SF,
as observed in such cases. On the other hand, in strong disturbances, the torque-
induced decelerations of the gas orbital motion, and subsequent compression of
a significant fraction of the gas, may be enough to induce a strong starburst,
regardless of the fate of the rest of the gas.

LIRGs seem to be a heterogeneous class, but they include interacting galaxies
that are separated by about 1–2 diameters of the larger. In such cases the tidal
effects are nonlinear. In addition, the gravitational forces within each disk will
be augmented by dark matter from the other galaxy’s halo, which is coextensive
with the disk. (In fact, the importance of this effect must be estimated quanti-
tatively, but generally it will become important at the separations cited.) The
resulting global compressions can account for the SF enhancement. It appears
that such cases play an important part in creating the observed anti-correlation
between SFR and the separation of the two galaxies.

In summary, it appears that the general systematics of induced SF can in-
deed be accounted for, to first order, as the direct result of compression. The
consequence of this, that we can learn little more about SF physics from large
scale studies, is disappointing. On the other hand, it means that colliding galaxy
model results are not sensitive to many details of the SF/feedback formulation,
and that there is little point in trying to extend numerical resolutions to very
small scales. (However, we will eventually have much higher observational and
modeling resolutions, which would allow the study of the cloud turbulent cas-
cade, and the full effects of the non-equilibrium interaction environment. The
point is that modest resolution improvements will not help much.)

We conclude with a brief mention of some possible exceptions or refinements
to the “it’s just compression” rule. The first might be found in the environment
of core starbursts. If these are triggered by strong shocks, or with a sensitive
threshold, then they may turn on rapidly. If, instead, they obey the Schmidt Law
they will turn on more slowly if the central gas mass and density accumulate
slowly. Generally, current spectral synthesis techniques are not able to provide SF
histories that are accurate enough to distinguish. That is, except in a few nearby
starburst cores, where the evidence seems to favor rapid turn-on of local density
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concentrations (because of the small age spreads within these concentrations,
e.g., Harris et al. 2004). Similarly, the study of core burst turnoff might be
enlightening. There seem to be regions in the core of M82 where the cloud
system is disrupted, SF is turned off, but pressures and gas densities remain
high (Mao et al. 2000 and references therein). The existence of such regions may
necessitate at least a caveat in the Schmidt formulation.

We might be able to derive more information by studying SF within and be-
hind density waves in disks. Spiral waves are ubiquitous, but ring waves produced
in direct galaxy collisions are simpler. Asymmetric rings produced in slightly
off-center collisions are the most interesting because they are still simple, but
the wave amplitude varies continuously with azimuth. This is an excellent en-
vironment for confronting threshold versus continuous theories, at least if the
compression in part, but not all, of the ring exceeds the threshold. To date, there
is some evidence in support of thresholds, but not without complications rang-
ing from incompletely known obscuration to unknown details of the collision
parameters. The primary example is the Cartwheel ring with large variations
of SFR and cluster populations around the ring, but with uncertainty about
the details of the collision, and no old star component in the ring to provide
independent information about wave amplitude as a function of azimuth (Ap-
pleton & Struck-Marcell 1996). With its relatively high resolution and ability to
see through much obscuration, the Spitzer Space Telescope could resolve these
ambiguities in carefully chosen systems.

There are many more examples of how to get beyond the simple compression
law and the first-order theory of induced SF, and such work should become
increasingly important in this field.

4.3 Environmental Effects

We have seen that the study of galaxy collisions is a relatively young, but rapidly
maturing field. Thus, it is understandable that most progress to date has been in
understanding the most spectacular collisions, ULIRG/major mergers, and the
nature of some of the closest systems which can be studied in detail. Most of the
latter occur in quite small groups like our own local group. However, studies of
collisions in other environments date back to Spitzer & Baade (1951), and their
number has been increasing recently.

4.3.1 Cluster bustle

At the opposite end of the spectrum from the local group environment is that
of massive, dense clusters of galaxies. It will suffice for our purposes to briefly
note the different processes in this environment relative to that of local groups.
These differences include: high speed collisions, galaxy ‘harassment,’ ram pres-
sure stripping, ‘strangulation,’ and induced slow collisions (see Fig. 4.8).

Spitzer & Baade (1951) first suggested that high velocity collisions in galaxy
clusters might have little effect on the stellar components, but could blast away
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Fig. 4.8. Arp (1966) atlas image of Arp 120 (NGC 4438), a Virgo cluster system in
collision, with a starburst galactic wind, and likely also experiencing environmental
effects. See Boselli et al. (2005) and Kenney & Yale (2002) for details.

the overlapping parts of gas disks. This is because the typical random galaxy
velocities in clusters of up to several thousand km/s, are not only highly super-
sonic for the intercluster gas, but are in excess of normal disk escape velocities.
Generally, we expect a moderation of tidal gravitational effects, but in some
cases a drastic increase in hydrodynamic effects.

High-speed collisions may have weak gravitational effects, but encounters are
much more common in the cluster environment. Thus, in the aggregate, tidal
effects are not negligible in clusters. The cumulative effect of many weak (high-
speed or distant) galaxy-galaxy interactions in clusters, as well as perturbations
from the cluster potential, and possibly from intermediate scale sub-structure is
called ‘harassment’ (see Moore et al. 1996, Moore et al. 1999). In recent high
resolution numerical studies of the growth of moderate clusters, Gnedin (2003a,
b) has shown how this process can secularly erode galaxy halos, thicken moderate
mass stellar disks and truncate SF, and destroy small disks.

Ram pressure stripping (RPS) by the intra-cluster medium can have some-
what similar effects on disks. RPS is an interesting subject, with a number of
recent developments, and worthy of a review of its own. Thus, it is beyond the
scope of this review, except for a few comments. First of all, long time residents
of dense galaxy clusters were probably stripped long ago, so RPS is most rele-
vant to gas-rich galaxies falling into the intra-cluster medium for the first time.
X-ray satellites have provided much evidence that the infall of galaxy groups into
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clusters and cluster-cluster mergers are still common events (Mushotsky 2004b).
Once the intra-group medium is stripped in such interactions, individual disk
galaxies are vulnerable to RPS. RPS of spheroidal galaxies has been studied for
30 yrs., but in the last 10 yrs. a small literature on stripping of disk galaxies has
blossomed.

The outermost parts of gas disks are stripped promptly, and slower inter-
actions continue for some time. Slow viscous interactions at the edge of disks
moving face-on into the intra-cluster medium have recently been studied in de-
tail by Roediger & Hensler (2005). The three-dimensional dynamics in tilted
cases have been modeled in several recent papers (Abadi, Moore & Bower 1999,
Vollmer et al. 2000, Vollmer et al. 2001, Schulz & Struck 2001). Schulz and
Struck, in particular, pointed out that if the gas disk is not promptly stripped,
it can nonetheless be displaced relative to the stellar disk and the halo center.
The displaced gas disk experiences tidal compression (perpendicular to the disk
plane) and asymmetric torques in the tilted case, which generate spiral waves.
The waves transfer some gas and much angular momentum outwards, where it is
stripped. The remaining gas, with less angular momentum, compresses radially,
which “anneals” it against further stripping. The various compressions should
induce SF. The tidal forces and induced SF are much like those in galaxy colli-
sions. Thus, after the stripped material is gone, it could be difficult to discern
whether excess SF is the result of RPS, a minor merger, or harassment. In fact,
since these processes could work simultaneously, the question may be academic.

Vollmer and Schulz & Struck emphasized another aspect of stripping: some of
the removed material can later fall back onto the disk. This can occur either when
the galaxy moves into regions of lower intra-cluster medium densities, where the
levitating pressure is reduced, or when gas clouds move into the disk ‘shadow’
where the pressure is also reduced. In either case we would expect effects akin
to those of mass transfer in galaxy collisions.

Strangulation is a weaker cousin of RPS. It is the process of removing the
potential feedstock of disk SF, gas in the galactic halo, usually via RPS (Larson,
Tinsley & Caldwell, 1980). The feedstock could include gas blown out of the disk
by supernovae or stellar or galactic winds, it could include gas tidally removed
from companions, or primordial gas falling into the halo for the first time. This
process is likely to be most important in the young universe, when there is still
much gas outside of galaxy disks, but it also hampers gas recycling from dying
populations in cluster galaxies.

4.3.2 Cluster slow dance

A final process that may be very important in cluster environments is induced
slow encounters in infalling groups. Recent studies of the Butchler-Oemler effect
(see review of Pimbblet 2003), which is an excess of blue galaxies in clusters
at redshifts of less than 1, provide evidence that many of the blue galaxies are
mergers or interacting (also see Zabludoff et al. 1996, Hashimoto & Oemler 2000,
Ellingson et al. 2001, Goto 2005). It seems unlikely that high speed interactions
could be responsible for this effect. Mihos (2004) has emphasized that large-scale
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cluster formation models show that slow interactions continue to occur even in
large clusters, and are quite common during cluster formation. He also notes
that slow encounters can occur in groups or small clusters with modest velocity
dispersions falling into large clusters (also see Poggianti et al. 2004).

This is an interesting phenomenon that has not been much investigated.
Mihos notes that a number of different processes may be involved and it may
be impossible to disentangle them. For example, tidal forces from the cluster
potential could perturb orbits in the infalling group inducing interactions, and
intracluster medium annealing could induce increased SFRs. Personally, I sus-
pect these are secondary processes.

At least for galaxies that fall through the cluster core the primary process may
well be gravitational shocking, which depends directly on the cluster potential
rather than indirectly or on the derivative of the potential (tidal forces). Consider
the relatively simple example of a galaxy group containing about 30-100 galaxies,
falling into a large dense cluster. Cold dark matter structure formation models
predict a common density profile across the range of structures from galaxy halos
to the dark halos of large clusters, and observational tracers (e.g., intracluster
starlight, see Feldmeier et al. 2002 and references therein) show good agreement
with profile functions derived from these simulations, like the popular NFW
profile (Navarro, Frenk & White, 1997). Then it is reasonable to assume our
example group and cluster have similar density profiles, though not necessarily
with the central cusp of the NFW profile.

The observations also suggest that the central density decreases slowly with
mass in dark matter halos. We might, for example, model our large cluster
after Abell 2029, whose mass profile was studied in detail by Lewis, Buote &
Stocke (2003). They find a mass of about 9.2 × 1013/h70 M� contained within
a radius of 260/h70 kpc, yielding a central density of 0.0052 M�/pc3. As an
example of a group, on the other hand, we can take a ‘poor’ group like those
studied by Zabludoff & Mulchaey (1998). These groups have virial masses of
about 7×1013/h70 M� within radii of about 300/h70 Mpc. The authors estimate
that 80–90% of the virial mass is in the group halo, so the mean group halo
density is about 0.0022 M�/pc3. These numbers are meant to be representative,
not precise. Group parameters, e.g., in compact versus poor groups, could easily
range over factors of a few. Nonetheless, the message is clear that passing through
the cluster core would substantially increase the instantaneous group halo mass.

Moreover, the time to pass through the core is of the same order as the group
dynamical time. We can estimate the former by dividing the core radius above
by a typical cluster velocity of about 2000 km/s; the result is about 300 Myr.
The free fall time at the edge of our example group is about 200 Myr. Therefore
there is time for group galaxies to be pulled into a much denser and compact
configuration. For roughly comparable group and cluster halo core densities,
galaxies could be pulled in to roughly half their previous distance from the core,
increasing the galaxy density by nearly an order of magnitude and their collisions
by about a factor of 100 (density squared).

Like stars in clusters that pass through the galactic disk, when the group
leaves the cluster core, and gravity is reduced, the galaxies will fly outward. (This



142 C. Struck

is also like collisional ring galaxies.) However, collisions between galaxy halos are
stickier than those between cluster stars. During the compression period, along
near parallel but converging trajectories on the way down, encounters are likely,
and there is time for dynamical friction to dissipate relative orbital energy. The
result would frequently be a fairly slow interaction and eventual merger.

Considering all the various ways that clusters accelerate galaxy evolution, one
can view life for average galaxies in small local groups as more or less a holding
pattern, or at least a matter of slow maturation. Evolution doesn’t begin in
earnest until they fall into a larger group or cluster; the classic tale of youth
leaving the farm for the big city.

4.4 Interactions and Galaxy Evolution

Galaxy collisions drive galaxy evolution, but how much compared to other pro-
cesses like the passive conversion of gas to stars in isolated galaxy disks or
compared to other dynamical processes like ram pressure stripping? Also, how
does the role of collisions change with cosmological epoch?

To begin, we note that it has become quite clear that at least some massive
galaxies and massive disk galaxies, in particular, formed very early, and had
already attained a respectable age by redshifts of 1-2 (see review of Spinrad
2004). From a practical point of view, this means that observations must push
to very high redshifts to see big evolutionary changes. We will come back to what
has been seen in a moment. This fact has also been taken as evidence that at
least some galaxies formed in a rapid monolithic collapse, rather than building
up steadily in a prolonged sequence of mergers.

4.4.1 Models of structure buildup

What do theory and cosmological structure formation simulations lead us to
expect? Currently, hierarchical build-up, ΛCDM models (i.e., models with cold
dark matter plus “Λ” dark energy) in the “concordance cosmology” are the
dominant paradigm. This picture suggests the occurrence of many mergers of
small building blocks in the earliest stages, and continuing mergers thereafter.
Moreover, recent analysis shows that it is possible to form some massive galaxies,
including disk galaxies, at early times in these models (Nagamine et al., 2005).

Thus, part of the solution to the paradox of early massive galaxy formation
is that fully nonlinear ΛCDM models do not yield exactly the same results
as simple, analytic hierarchical structure formation models. Early massive disk
galaxies may be a roughly 2σ outcome of the simulations, but that may be
sufficient to account for the observations.

From another point of view, the early formation of massive disks allows for
the possibility that major mergers form elliptical galaxies at early times, i.e.,
accounts for ellipticals containing only old stellar populations within the merger
theory (see discussion in Schweizer 2005).
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To return to the ΛCDM paradigm, another thing the simulations show us is
that when substantial entities merge, not all their substructure is erased. In fact,
the absence of hundreds of dwarf satellites around the Milky Way has been cited
as a problem for this kind of model (e.g., Klypin et al. 1999). However, RPS
in the hot halo, tidal disruption, and collisions with the galactic disk may have
destroyed many of the leftover building blocks. Indeed, digesting the leftovers
may be an important secondary evolutionary process, operating alongside the
primary hierarchical merging process.

Thus, the picture of sequential buildup of galaxies via successive major merg-
ers in the simplest hierarchical models is not the only one in which collisions and
mergers are crucial. In more realistic models minor mergers and the accretion
of numerous small companions play important roles. Such lesser collision events
are probably very common in groups and clusters. As in solar system formation,
“core accretion” may be as important as monolithic collapse and hierarchical
buildup.

4.4.2 Observations of evolution

Let us return to observation. As in the case of induced SF discussed above, there
are two approaches – study of the statistical properties of large samples, or study
of individual objects in detail. In the last decade there have been a great many
surveys to provide data for the first type of analysis (see the overview of Irion
2004). These include Hubble Space Telescope projects like the Medium Deep
Survey, the Hubble Deep Fields North and South, and most recently GOODS
(the Great Observatories Origins Deep Survey), carried out in collaboration with
the Chandra Observatory and the Spitzer Space Telescope (see special issue of
the Astrophysical Journal Letters, Jan, 10, 2004), and GEMS (Galaxy Evolution
from Morphology and Spectral energy distributions, e.g., Bell et al. 2005).

The science and observing techniques of deep field survey and high redshift
studies in general are well beyond the scope of this review. This is also not
the place to consider the many different classes of high redshift galaxies in any
detail. These topics have become the subject of wide interest and a burgeoning
literature. However, specific products of these studies, such as the merger rates,
the cosmic star formation rate and mean morphological statistics as a function
of redshift, can provide information on the history of galaxy collisions.

Merger rate versus redshift

The differing predictions of the different models of galaxy formation, and the
interest in the role of major mergers/ULIRGs, have motivated a continuing in-
terest in the merger rate as a function of redshift. For example, the CNOC cluster
galaxy redshift project has reported quite modest evolution in the merger rate
at redshifts less than 1 (see Patton et al. 2002 and references therein). Specif-
ically, Patton et al. examined a sample of 4184 galaxies, found 88 galaxies in
close pairs, and derived a merger rate of (1 + z)2.3±0.7.
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This result of low (and not rapidly changing) merger rate is confirmed by
several other recent studies, including the Caltech Faint Galaxy Redshift Survey
(Carlberg et al., 2000). Moreover, Lin et al. (2004) report initial results of the
DEEP2 survey, in which they find a merger rate of (1 + z)m with exponent of
m = 0.51±0.28 assuming mild luminosity evolution, or m = 1.6±0.29 assuming
no luminosity evolution, since z = 1.2. They note that this implies only 9%
of L∗ galaxies have undergone major mergers over this redshift interval. Using
deep infrared observations from the Subaru telescope Bundy et al. (2004) found
that the fraction of close pairs (which usually define the merger rate in these
studies) increases “modestly” to only about 7 ± 6% at z � 1. This is less than
that found by typical optical studies, and they note that the optical studies may
be “inflated” by unrepresentative “bright star-forming regions.”

Going in the other direction, Lavery et al. (2004) find a very rapid increase in
the number of colliding ring galaxies with redshift. Head-on ring galaxy collisions
generally result in merger, so if the rings represent a small randomly chosen
fraction of all mergers, this would imply a very rapidly evolving merger rate. On
the other hand, if the number of ring galaxies increases much more rapidly with
redshift than other types of merger, one wonders why?

For reference, we note that Xu, Sun & He (2004) recently used data from
the 2MASS near infrared survey to estimate the local merger rate; they found
the fraction of close major merger pairs to be 1.70 ± 0.32%. For completeness,
we note that at the time of writing, mergers rates based on the Sloan Digital
Sky Survey or the 2dF survey have not been published, though an initial atlas of
SDSS merger pairs has (Allam et al., 2004). In the coming years it will be very
interesting to see statistically significant estimates of the merger rate extended
to well beyond z = 1.

Cosmic star formation

Estimates of the mean SFR as a function of redshift are usually based on color or
emission line indicators (as opposed to the morphology used to estimate merger
rates in the pair surveys). In recent years there have been surveys in a variety of
wavebands. Cram (1998) carried out a novel radio continuum survey and found a
local SFR of about twice the optical Hα value – 0.025 M� yr−1 Mpc−3. He found
a value about 12 times greater at z � 1. An analysis based on the 2dF survey
also found an strong increase (∝ (1+ z)b, with b < 5) back to z � 1, and a more
moderate increase at redshifts of 1–5 (Baldry et al., 2002). Analyses based on
SDSS data come to similar conclusions (Glazebrook et al., 2003; Brinchman et
al., 2004). The HST STIS Parallel Survey found an SFR at z � 1 of 0.043±0.014
M� yr−1 Mpc−3, based on [OII] emission (Teplitz et al., 2003), which is lower
than most of the previous results.

The CADIS survey found SFR decreased by about a factor of 20 between
redshift 1.2 and the present, and the authors note the agreement of their extinc-
tion corrected results with far infrared results (Hippelein et al. 2003, also see the
Herschel Telescope survey of Glazebrook et al. 2004). Results from the Gemini
Deep Deep Survey indicate that the SFR was about 6 times higher at z = 2
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than at present (Juneau et al., 2005). One of the most dramatic changes in SFR
was the factor of 30 found in a GALEX (Galaxy Evolution Explorer satellite)
ultraviolet survey between z = 1 and the present (Schiminovich et al., 2005).
Ultraviolet luminous galaxies may not very representative of the cosmic SFR,
but they could be related to colliding galaxies.

The newest and deepest surveys indicate that SFR declines from a peak at
moderate redshifts to lower values at the highest redshifts. Bundy et al. (2004)
identify and study 54 galaxies in the Hubble Ultra Deep field and conclude that
the SFR at z = 6 is about 6 times less than at z � 3. Heavens et al. (2004)
come to similar conclusions about the general history of SF on the basis of an
analysis of SDSS and other surveys. Juneau et al. (2005) describe the situation
as a cosmic starburst at z � 2.

Very recently, survey results have revealed the phenomenon of “downsizing,”
wherein the most massive galaxies form first, and most of the SF takes place
in progressively smaller galaxies as time goes on (e.g., Poggianti et al. 2004,
Bouche & Lowenthal 2005, Juneau et al. 2005, Le Borgne et al. 2005, Shapley
et al. 2005). Bundy, Ellis & Conselice (2005) argue (based in part on GOODS
data) that downsizing also proceeds from early to late Hubble types, and that
merging plays a key role. The implication is that there is a mass dependence in
the merger rate at any given epoch.

These new cosmic SFR results provide very interesting inputs to the story
of galaxy evolution. However, the relation of these results to interactions and
mergers remains to be clarified. Actually, the same is true of the merger rate
results, which are not sensitive to many minor mergers or other interaction
phenomena.

Morphology versus redshift

For an outsider the phenomenology of high redshift galaxies, which is much
constrained by detection techniques, is a daunting jungle of jargon. Moreover, the
relation between increasingly elaborate simulations of structure formation and
the observations is complex. With rapid advances on both fronts, and increased
efforts in analysis and synthesis, we can expect much more clarity in the coming
decade (see review of Spinrad 2004 for a lucid current discussion). For the present
we focus on a few simple questions. Are we directly observing galaxy evolution,
i.e., the changing appearance (build-up) of galaxies with redshift? Are collisions
and mergers an important part of this evolution?

There is much new evidence in favor of an affirmative answer to both ques-
tions (see commentary of Conselice 2004, with further details on GOODS data
in Conselice et al. 2004). To say it a bit more emphatically, these papers and
those referenced within them suggest that we may be beginning to acquire the
observations that directly show the buildup of typical Hubble sequence galaxies
(see Fig. 4.9).

There is much information to be found in the literature on the properties
of individual high redshift objects (individual galaxies and clusters). We cannot
review this literature here, and refer the reader to the review of Spinrad (2004).
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Fig. 4.9. Conselice et al. (2004) sequence of “low density objects” at varying redshifts,
illustrating the development of Hubble type galaxies. (Courtesy C. Conselice)

Instead, let us return to the subject of massive, or at least luminous, galaxies at
high redshift, and in particular, the interesting classes of extremely red galax-
ies and submillimeter galaxies (or SCUBA galaxies, after the detector on the
James C. Maxwell Telescope). The latter are very infrared luminous, high red-
shift objects (e.g., Conselice, Chapman & Windhorst 2003, Genzel et al. 2004,
Swinbank et al. 2004, Pope et al. 2005). Until recently, only a few were known,
but recent deep searches are beginning to detect a substantial number (Greve
et al. 2004, Smail et al. 2004, Wang, Cowie & Barger 2004). It appears that
most of these objects are either dust obscured quasars or high redshift LIRGs
or ULIRGs, with perhaps about 2/3 being the latter (Conselice, Chapman &
Windhorst 2003, Neri et al. 2003, Smail et al. 2004, Swinbank et al. 2004). As
with their local counterparts, the LIRGs and ULIRGs are generally mergers or
mergers-in-progress (see Georgakakis et al. 2005).

It appears that the submillimeter LIRGs are much more common than
present day LIRGS, and that they generate a substantial fraction of the IR
background (e.g., Genzel et al. 2004, Wang, Cowie & Barger 2004). They have
typical redshifts of 2–3, and thus, coincide with the peak of the cosmic SFR.
They may be well represented among the most luminous galaxies in that peak,
but the evidence is preliminary. These results are beginning to provide direct ev-
idence that major mergers, if not hierarchical buildup, were major contributors
to galaxy evolution and the cosmic star formation rate at these redshifts.

The submillimeter galaxies may be related to another high redshift class,
the Lyman Break Galaxies (Shu, Mao & Mo, 2001). However, few of the latter
are detected as the former (Chapman et al. 2000, but note the outstanding
exception Westphal-MMD 11 discussed in Chapman et al. 2002). The deep ISO
(Infrared Space Observatory) ELAIS survey also found a number of ULIRGs at
z < 1 (Rowan-Robinson et al., 2004). These objects may bridge the gap between
local ULIRGs and SCUBA galaxies. Recent observations with the Spitzer Space
Telescope show that SCUBA galaxies are generally detectable at 24 microns, but
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with a wide range of mid-infrared colors (Frayer et al., 2004). Spitzer observations
also promise to delineate active nuclei from starburst powered submillimeter
galaxies (Ivison et al., 2004). All of this work should contribute substantially to
our understanding of the “ULIRG rate” as a function of redshift (see the review
of the cosmic evolution of luminous infrared galaxies by Sanders 2004).

Before submillimeter galaxies were discovered, observers were already very
interested in “extremely red objects” at high redshift. Naively, one might expect
to find more and more blue galaxies at high redshift, and as described above,
this is generally the case. In this context, finding very red galaxies is surprising.
On the other hand, with a knowledge of dust-enshrouded starbursts in ULIRGs,
maybe this is not so surprising, but are EROs ULIRGs? Recent studies suggest
not, but rather many of them may be the already (at typical redshifts of > 1–2)
old, red progenitors of present-day early type galaxies (e.g., Franx et al. 2003,
Förster Schreiber et al. 2004, Yan & Thompson 2003, Yan et al. 2004, Yan,
Thompson & Soifer 2004, Bell et al. 2005).

Redness and age are relative terms. The typical age of the stellar populations
in these galaxies may be about 1 Gyr, which locally would not be described as
an old, red population. However, at the high redshifts where these galaxies are
found, the age of the universe when the light was emitted was only a few Gyr
or less.

Nonetheless, a fraction of the extremely red objects may be ULIRGs. Thomp-
son (2003) in an HST study of the morphology of a sample at redshifts of about
1–2, estimate that about 17 ± 4% of the objects are mergers or interactions.
However, for the majority dominated by older stellar populations we will have
to seek merging and interacting progenitors at still higher redshifts.

In conclusion, the above paragraphs describe the great advances that have
been made in recent years in studies of galaxy evolution at high redshift. This
work is impressive, but it is still hampered by resolution, sensitivity and statis-
tical limitations. There are hints that mergers and interactions are important at
all stages, but there is a great deal more work to do before we understand the
details.

4.5 Archaeology

As discussed in several places above, models of particular classes of collision have
become quite sophisticated at this stage in the development of the field. However,
in the case of specific systems this generalization is true only for systems that
have experienced only one close encounter, or where the time between encounters
is so long that the signatures of the first encounter have been largely erased. The
one notable exception to this caveat is the M51 system, which may well be the
result of two close encounters (see discussion in Struck 1999).

There are wave and tidal morphologies characteristic of cases with two close
passes separated by a time interval of order the mean internal dynamical (e.g.,
rotational) time in the primary disk. Stuck-Marcell & Lotan (1990) demonstrated
this explicitly in the case of colliding ring galaxies, and it is quite clear in a
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number of merger models. It also seems likely that a number of objects in the
colliding galaxy atlases require two close encounters to explain their morphology
(e.g., the M51 types).

Another kind of double encounter that has so far received only exploratory
attention is the case when a galaxy falls into a group and has close encounters
with more than one group member.

The study, and ultimately the classification, of double encounter morpholo-
gies and merger remnant systematics is one that could advance a long way in
the next decade. There are no insurmountable technical difficulties preventing
advancement, though a great deal of numerical effort will be required. Not only
would a large number of simulations have to be run, but they would have to be
fully self-consistent models. The ability to decipher two stages of development in
colliding systems would represent a substantial advance in galaxy archaeology.

4.6 Coming Attractions

For the patient reader, it should be clear from the above that this field has
had a very exciting first fifty years or so. It must be admitted that this is in
large measure due to outside influences. Like all other parts of astronomy, the
study of galaxy collisions has ridden the breaking waves of the vast technolog-
ical advances in detectors, satellite engineering, and computational resources.
The subject has received further boosts from the enormous interest in parallel
areas of study within the fields of galaxy evolution and star formation, and has
contributed back to those areas. Never again will so many new, information-
rich wavebands be opened. On the other hand, wide scientific frontiers remain
to be explored with the aid of continuing increases in observational sensitivity,
resolution, computational power, and synergistic interactions with allied fields.

In the last few sections I have attempted to clarify where we stand on the key
questions posed at the end of Sect. 4.1. The first group of questions concerned
the role of galaxy collisions within the overall picture of galaxy formation and
evolution. Toomre’s work in the 1970s held out the possibility that collisions and
interactions were a dominant process, and that possibility has energized the field
for most of the time since. However, there have always been counter-arguments.
One of the strongest in the present era is the modest increase in the merger rate
with redshift found in deep surveys. On the other hand, the relations between
cosmic SFR or ULIRG numbers and redshift tell a different story. Downsiz-
ing may be an important part of the resolution between the different stories.
Presently, we only see a hazy outline of the full portrait of the relation between
galaxy morphology and redshift. Progress has been rapid in these areas, and we
can expect a great deal more in the next decade or two. For optimistic theorists
the answers are already available (if not yet fully extracted) from large-scale
numerical models of structure formation.

The second group of key questions concerned the role of environment on
collision dynamics and evolutionary processes. Although the study of galaxy
collisions in groups and clusters has been around since Spitzer and Baade’s
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work, it is being reborn in the present era. There is currently a great deal of
interest in groups and clusters among observers, with new tools to facilitate that
work. The theory and modeling side of this area is more complicated than that of
binary collisions and mergers because of the interaction between several strong
dynamical processes (e.g., ram pressure stripping, group/cluster direct or tidal
effects, etc.). Nonetheless, it is also reasonable to expect significant advances in
this area on decadal timescales.

The third group of questions concerned the orchestration of SF and nuclear
activity by large-scale interaction dynamics. In the recent past it seemed likely
that progress in this area would be hindered by the interplay of a number of com-
plex dynamical processes. It now appears that this view was overly pessimistic.
Due to the universal properties of turbulent interstellar gas, it now seems that
wherever you compress cool gas you will enhance SF (in quantifiable ways).
Thus, large-scale orchestration is mostly about gathering and compressing gas;
feedback effects are mostly about heating and dispersing gas. There are more
complexities than this, but the big picture does not appear impossibly compli-
cated. Work in the coming decades should provide a much firmer foundation for
this scenario, and a much better understanding of the exceptional cases.

So the reviewer’s crystal ball conveys a bright outlook for answers to the
first three groups of key questions. The glass gets more murky when we ask the
last couple of questions. The fourth group of questions concerned secular effects
and the fifth was about the archaelogy of individual systems. Of course we can
model long-term processes on the computer with ever more precision. However,
as discussed in several contexts above, it is hard to compare to observation either
statistically or in individual cases.

That said, I would expect more progress from statistical studies, even though
that will require the relatively slow accumulation of good datasets on numer-
ous systems, for example acquiring large libraries of faint tidal structures in
numerous galaxies. That slow work is not likely to be taken up by professional
astronomers, but with the increasing availability of moderate sized telescopes
and sensitive CCD detectors, it could become the realm of serious amateurs or
robot astronomers.

It seems possible that the majority of key questions discussed above will be
resolved within the next 50 years. However, new phenomena will be discovered,
and more detailed understandings will be demanded. Recent, and possible near-
future, examples support the point. As an example, consider the exotic forms
or products of SF, like the ULX sources, and the possibility that some of these
X-ray sources are intermediate mass black holes formed in dense, young star
clusters. It will take a lot more observational work to explicate this phenomenon,
and probably new theoretical insights to explain it. We could use several more
Chandra observatories!

There are also still a few wavebands that remain largely unexplored, includ-
ing low-frequency radio waves, very high-energy gamma rays (new more sensi-
tive Cherenkov telescope arrays are presently coming on line), and gravitational
waves of many frequencies. Equally exciting is the prospect that within a few
decades our understanding of galaxy disk hydrodynamics may advance to point
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that we understand both the small scale, relatively short time, weather changes
occurring in isolated disks, and the longer term climate changes wrought by var-
ious types of collisions and interactions. However, there is a great deal of work
to be done before that goal is achieved.
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5 Formation and Evolution of Supermassive
Black Holes

F. Combes

Abstract: The correlation between the mass of supermassive black holes in galaxy
nuclei and the mass of the galaxy spheroids or bulges (or more precisely their central
velocity dispersion), suggests a common formation scenario for galaxies and their cen-
tral black holes. The growth of bulges and black holes can commonly proceed through
external gas accretion or hierarchical mergers, and are both related to starbursts. Inter-
nal dynamical processes control and regulate the rate of mass accretion. Self-regulation
and feedback are key to the correlation. It is possible that the growth of one component,
either BH or bulge, takes over, breaking the correlation, as in Narrow Line Seyfert 1
objects. The formation of supermassive black holes can begin early in the Universe,
from the collapse of Population III stars, and then through gas accretion. The active
black holes can then play a significant role in the re-ionization of the Universe. The
nuclear activity is now frequently invoked as a feedback to star formation in galaxies,
and even more spectacularly in cooling flows. The growth of SMBH is certainly self-
regulated there. SMBHs perturb their local environment, and the mergers of binary
SMBHs help to heat and destroy central stellar cusps. The interpretation of the X-ray
background yields important constraints on the history of AGN activity and obscura-
tion, and the census of AGN at low and at high redshifts reveals the downsizing effect,
already observed for star formation. History appears quite different for bright QSO
and low-luminosity AGN: the first grow rapidly at high z, and their number density
decreases then sharply, while the density of low-luminosity objects peaks more recently,
and then decreases smoothly.

5.1 Introduction

It is now well established that all nearby galaxies possessing a spheroidal stellar
component or bulge possess a central black hole (BH), with a BH mass propor-
tional to the bulge mass, with a proportionality factor which is now renormalised
around 2×10−3 (Magorrian et al 1998, Gebhardt et al 2000, Merritt & Ferrarese
2001, Shields et al 2003). It soon appeared that the relation is more precise and
with less scatter, between the BH mass and the central velocity dispersion (or
dispersion inside the effective radius of the bulge σe), as shown in Fig. 5.1. The
BH mass grows then close to the 4th power of the central velocity dispersion.
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Fig. 5.1. The relation between BH mass and the velocity dispersion σ inside the ef-
fective radius of the bulge. Filled circles indicate BH mass measurement from stellar
dynamics, squares from ionized gas, triangles on maser lines, crosses are from reverber-
ation mapping, and “plus signs” from ionization models (from Kormendy & Gebhardt
2001). The relation is close to a power-law of slope 4.

The determination of this relation has been carried out by various methods:

– stellar proper motions for the Galactic center BH (Schödel et al. 2002, Ghez
et al. 2003),

– stellar absorption lines, to obtain the stellar kinematics,
– ionized gas emission lines (less reliable, since affected by outflows, inflows),

and also masing gas emission lines,
– reverberation mapping, exploiting time delays between variations of AGN

continuum, and broad line emission, giving the size of the emitting gas region,
combined with the gas Doppler velocity to give the virial mass (Peterson &
Wandel, 2000)

– ionization models: method based on the correlation between quasar luminos-
ity and the size of the Broad Line Region (BLR, Rokaki et al 1992).

The relation has recently been somewhat extended to lower masses, in dwarf
Seyfert 1 nuclei, which are more difficult to measure (Barth et al 2004, 2005).
Some progress has also been made in the search of intermediate mass black holes
(IMBH), for example in the globular clusters M15 in our Galaxy and G1 in M31:
in M15, the mass of the central object is lower than 103 M� and could be stellar
remnants (van der Marel 2003), while in G1, a BH of 2 × 104 M� is identified,
and obeys the Mbh − σ relation (Gebhardt et al 2002). A 1000 M� IMBH has
also been estimated as member of a binary, at the origin of the ULX source M82
X-1 in the starburst galaxy M82 (Portegies Zwart et al., 2004a).
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The demography of SMBH, statistics on their activity frequency, and their
observed mass functions, constrain the possible AGN lifetime and growth rate.
It was already suspected that AGN were active during a short duty cycle of
∼ 4 × 107 yr, and that many galaxies today should host a starving black hole
(Haehnelt & Rees 1993). The observed Mbh −σ relation now strongly constrains
the duty cycle time-scale. Also the cosmic background radiation detected at
many wavelengths constrains the formation history. The volumic density of mas-
sive black holes today is derived, from the observed density of bulges, and the
proportionality factor Mbh = 0.002 Mbulge. And independently, the light that
should have been radiated at the formation of these BHs can be computed,
redshifted and compared to the observed cosmic background radiation: in the
optical, we see only 10% of the expected flux, but 30% in X-rays, and 80% in
the infra-red. The accretion radiation does not get out in optical light, probably
due to the extinction.

5.2 BH Growth

Powerful QSOs are observed early in the Universe, at z > 6, with luminosities
indicating very high BH masses, meaning that masses as high as 108–109 M�
can grow in less than one Gyr. However, the time-scale to grow a black hole from
a stellar mass of 10 M� to the Hills limit, Mc (Mc = 3 × 108 M�), above which
stars are swallowed by the black hole without any gas radiation, is of the order
of 1.6 Gyr, if the gas accretion occurs at the Eddington limit, and the efficiency
is ε ∼ 0.1–0.2 (Hills 1975). The problem is therefore to accelerate the growth
rate, or begin from a higher initial mass.

5.2.1 Quantifying the problem

To have an order of magnitude, and simple dimensional relations, let us assume
spherical accretion, from an accretion radius Racc = 0.3 M6/v2

2 pc, where M6 is
the mass of the BH in 106 M�, and v2 the velocity in 100km/s (corresponding
to the effective stellar velocity inside the galaxy nucleus, related to the bulge
mass). The canonical Bondi accretion rate is then:

dM/dt = 4πR2vρ = 10−4M�/yrM2
6 /v3

2ρ

where ρ is the local density in M�/pc3.
Since dM/dt ∝ M2, then the accretion time is ∝ 1/M, tacc ∼ 1010 yr/M6 v3

2/ρ;
for very low mass BH, this takes much larger than the Hubble time. Therefore the
formation of SMBH requires a large seed, mergers of BH, or very large densities,
like that characteristic of the Milky Way nucleus, 107 M�/pc3.

If these conditions are fulfilled, the growth of massive BH can then be
accretion-dominated, i.e. tgrowth = tacc. This phase could correspond to moder-
ate AGN, like Seyferts, and the luminosity is increasing as L ∝ dM/dt ∝ M2.
At some point, the luminosity will reach the Eddington luminosity, since Ledd ∝
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M. The Eddington ratio increases as L/Ledd ∝ M, the BH growth slows down
when approaching Ledd, corresponding to a QSO phase. The time-scale of this
powerful AGN phase is tedd = M/(dM/dt)edd = 4.5 × 107 yr (0.1/ε) (where ε is
the usual radiation efficiency). Equating tacc = tedd, this occurs for M = 2× 108

M� v3
2/ρ (ε/0.1). Wang et al. (2000) propose that tidal perturbations help to

grow a SMBH from a small seed, by boosting the accretion, and then lead to
the Mbh − σ relation.

5.2.2 Formation of the first massive black holes,
in the early Universe

One solution to the growth problem could be that massive BH form very early
at high redshift, as the remnants of Pop III stars. In the CDM scenario of
hierarchical structure formation, it is generally thought that the first stars are
expected to form in dark matter minihalos of mass 106M�, at redshifts around
20. Their virial temperature is too small for atomic hydrogen cooling to be
efficient, but the molecular hydrogen cooling is fast enough (Tegmark et al.,
1997). Without metals and dust, the H2 molecules form through H− with the
electrons as catalysts. The minimum halo mass at a given redshift, in which the
baryons are able to cool and form stars is obtained through the condition that the
cooling time is smaller than the dynamical time, and is confirmed to be 106M�,
at z ≈ 20–30 (Fuller & Couchman 2000). Both semi-analytical estimations, and
full 3D numerical simulations concord to find very massive first stars, with M*
> 100M� (e.g. Abel et al., 2002, Bromm & Larson 2004). Fragmentation is quite
inefficient for these first condensations, due to the low metallicity and negligible
radiative losses. The mass spectrum of these first stars is still not well known,
but according to the cosmology, it is expected that the most massive structures
are significantly clustered.

Above 260 M�, the formed objects could collapse to a BH directly (Bond et
al., 1984, Madau & Rees 2001, Schneider et al., 2002). After the first subhaloes
have merged in larger entities, and formed dwarf galaxies, there could exist 105

M� IMBH in each center, formed by the merging of these seeds.
The total mass in these first black holes can be quite important. If every

halo corresponding to a 3 sigma peak (or higher) at z = 24 forms a 260 M� BH,
then the density per comoving volume is estimated at ρ• = 2.9×105 M�/Mpc3,
already half of the present SMBH density (Islam et al., 2004). It will then be
sufficient to add some gas accretion to grow the BH along their lives, and to
ensure the merging of all seeds. The problem at this stage is however the low
efficiency of dynamical friction for objects that are still not massive enough. The
consequence is that many BH will keep orbiting around subhaloes, instead of
sinking to the main center. Semi-analytical merger-tree calculations have been
carried out, taking into account dynamical friction, tidal disruption and encoun-
ters with the galactic disk, to determine the abundance and distribution of MBHs
in present-day haloes of various masses (Islam et al., 2004): the result is that
it is difficult to reproduce the observed mass distribution of SMBH with only
merging of the initial seeds, and that further gas accretion is required. Also the
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Fig. 5.2. The mass distribution of massive BH (naked, i.e. without any satellite halo,
or not) predicted in a final halo of 1.2 1012M�, for two hypothesis on the seed mass
(260 and 1300 M�, for the upper and lower curves respectively), from Islam et al.
(2003).

formation of binaries at the center of structures require gas accretion in order
for the binary BH to merge before a triple is formed and some BH are lost in
intergalactic space.

The consequence of low merging efficiency of the seed BH is the predicted
large abundance of these IMBH in a given galactic halo (cf Fig. 5.2): typically a
thousand or more should exist in the Milky Way. Coming from rare high density
peaks, they are expected to cluster in the bulges and spheroids; when they accrete
gas, they could account for ultra-luminous X-ray sources (ULX) which are offset
from the galaxy centers. In particular, masses typical of large IMBH, i.e. 105M�,
should reach the number of ∼10 in the Galaxy. Also, it is found that hierarchical
merging can only be responsible of 10% of the total mass of present SMBH, and
that gas accretion should be responsible for the rest. Taking into account the
progressive gas accretion along the BH growth leads to a present SMBH density
comparable to what is observed (Volonteri et al., 2003a), and also to a large
number of wandering IMBHs.

Numerical simulations show that the Mbh − σ relation can indeed be con-
served through several successive mergers, provided that gas dissipation and
star formation is included at each merger (Kazantzidis et al., 2005); collisionless
mergers could cause some scatter in the relation.
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5.2.3 Mini-quasars and reionization

An intense UV background is expected from the first stars. These stars are so
massive that they create an HII region around them, able to blow away all the
gas from the mini-halo where they are seated (Whalen et al., 2004). The UV
photons in the Lyman-Werner bands are able to photo-dissociate the fragile H2
molecules in the neighbourhood, preventing the gas to cool down. Star formation
will be inhibited in a large region, until accumulation of gas creates dense regions
able to be shielded.

At the death of the first stars, the massive black holes created from merging
of the seeds, could accrete gas and become mini-quasars, able to produce a
harder radiation background, including hard and soft X-rays. It has been argued
that these X-rays could have a positive feedback on the formation of the H2
molecules in producing electrons, and compensate for the negative feedback of
the UV background (Haiman et al., 2000). However, 3D detailed simulations,
find that the positive feedback is barely sufficient (Machacek et al., 2003).

A fundamental question is to know precisely at which epoch the inter-galactic
hydrogen has been completely re-ionized, ending the dark age, and whether this
has been done essentially through stellar radiation or from mini-quasars. The
discovery of the Gunn-Peterson trough in some z > 6 quasars of the Sloan
Survey (Becker et al., 2001) suggests that reionization is occurring near z =
6, while the WMAP result of a high electron scattering optical depth implies
that ionizing sources were present up to z = 15, suggesting a long reionization
period, may be in two steps (very massive stars at z = 15, and after a feedback
epoch, much less massive stars at z = 6). The possibility of mini-quasars as
the source of reionization has been studied by Dijkstra et al., (2004), in view
of the X-ray background constraints. The hard X-ray photons produced by the
miniquasars would be observed today as a soft X-ray background. If the quasars
were only responsible for the reionization, than they will overproduce X-rays,
and be incompatible with the observed 0.5–2 keV background. The miniquasars
could only be responsible to about 50% of the IGM reionization.

5.2.4 The case of IMBH

Does the Mbh − σ relation extrapolates to low masses? At least below 106M�,
the extrapolation appears straightforward (Barth et al., 2005), although, it is
difficult to bridge the gap towards the low end of IMBH (of 103M�); their
observation is very difficult, both by the kinematics, since their gravitational
influence is small, and from their possible AGN activity, since the expected
luminosity is weak. According to the extrapolation of the Mbh − σ relation,
these IMBH should be searched as AGN in dwarf galaxies: among the good
candidates are NGC 4395 (Filippenko & Ho 2003), where the BH mass is likely
to be 104–105 M� (radiating much below the Eddington limit), or Pox 52, with
∼ 2 × 105M� (Barth et al., 2004). The problem of this search is that dwarf
galaxies frequently host nuclear star clusters of ∼ 106 M�, hiding the weak
AGN. They are best observed in the Local Group; a famous example, M33, does
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Fig. 5.3. Extension of the Mbh −σ relation to IMBH (from Barth et al., 2005). Points
in the upper right are black holes with dynamical mass measurements compiled by
Tremaine et al., (2002). Open circles represent stellar-dynamical measurements, filled
triangles are gas-dynamical detections, and crosses are from H2O maser observations.
In the middle of the diagram, filled circles are the SDSS Seyfert 1 galaxies studied by
Barth et al. (2005). The low mass points are indexed by their galaxy name. Note the
upper limit for any black hole mass in M33 by Gebhardt et al. (2001).

not host any BH more massive than 103 M�, which is already 10 times below
the value expected from the Mbh − σ relation (cf Fig. 5.3).

One of the main features of lower mass IMBH is that they are no longer
unique objects at the very center of the galaxies, but could be found in large
numbers, spread out in galaxy haloes. The dynamical friction is no longer efficient
enough, and their formation mechanism, through mergers of lower mass black
holes through binary coalescence could provide them randomly large velocities
(Ebisuzaki et al. 2001).

X-ray observations have revealed in nearby galaxies a class of extranuclear
point sources with X-ray luminosities of 1039–1041 ergs/s, exceeding the Ed-
dington luminosity for stellar mass objects. These ultraluminous X-ray sources
(ULXs) may be powered by IMBH of a few thousand M� or stellar mass black
holes with special radiation processes.

Liu & Bregman (2005) find a strong association between ULXs and star
formation sites, ULXs are preferentially observed in late-type galaxies, in spiral
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arms, and in some cases associated with supernovae. However a few ULXs are
observed in old globular clusters, and Colbert et al. (2004) find them associated
with Population II stars, in particular in elliptical galaxies.

These ULX sources could be due to IMBH resulting from the mergers of
massive BH seeds, formed out of Population III objects in the early universe
(Volonteri & Perna 2005). The large number of BH formed can merge in galaxies,
through binary coalescence, but the possibility of a triple association, followed
by the ejection of one of the BH, and recoil of the binary, leads to the prediction
of many IMBHs wandering through the haloes. To be observed radiating at the
high end of X-ray luminosity, these sources must be associated to baryons, and
the most probable locations are in the disk of late-type galaxies (Volonteri &
Perna 2005).

There are however observational problems in the interpretation of ULXs in
terms of IMBH (Makishima et al. 2000). In most of them, the inner disk tem-
perature is observed around 2kev, too high to be compatible with the high black
hole mass, as required with the IMBH hypothesis, radiating at Eddington lu-
minosity. They might be a mixed-bag class of objects, some could result from
beamed emission during a short phase of common X-ray binaries, and they could
be related to micro-quasars. This would explain their relation to star formation
regions. (e.g. King et al., 2001). Some could represent the IMBH, expected in
the continuity of SMBHs. An interesting case is the ULX source right at the
nucleus of M33 whose nature is still debated (Dubus & Rutledge 2002). The
central source corresponds to radiosources expected for micro-quasars (Trejo et
al., 2004).

Evidence for an IMBH could come from the Milky Way nucleus: Hansen &
Milosavljevic (2003) propose its existence to explain the observation of bright
stars orbiting within 0.1pc, which are are young massive main sequence stars, in
spite of an environment hostile to star-formation. Alternative solutions could be
star mergers, or exotic objects (Ghez et al., 2003). In the IMBH scenario, stars
were formed in a star cluster outside the central pc, and then dragged in by a
BH of 103–104 M�. The decay time-scale by dynamical friction for normal stars
is too large (much longer than the massive stars lifetime), but for the IMBH,
this time-scale is 1–10 Myr. Stars may be dragged inwards even after the star
cluster has been disrupted.

Such a system SMBH-IMBH and a gas disk may reveal interesting dynamics;
it is similar to a protosolar system, with the Sun-Jupiter couple, resonant effects
like planetary migration are expected (Gould & Rix 2000).

5.2.5 NLS1 and black hole growth

The Mbh − σ relation has been established locally, and it is not yet known
whether the relation was already there in the primordial structures, and then
was maintained during the evolution by a feedback process, or was obtained
progressively, without maintaining a permanent relation.
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There might be phases in the life of a galaxy, where the star formation has
some advance with respect to the black hole growth, according to the various
feedback and regulating mechanisms, and we should be able to recognize a sub-
class of AGN where the BH mass is somewhat below the standard relation. This
has been proposed by Mathur (2000) for Narrow Line Seyfert 1 galaxies (NLS1).
Grupe & Mathur (2004) investigated the BBR relation for a sample of broad-
line Seyfert 1 galaxies (BLS1s) and narrow-line Seyfert 1 galaxies (NLS1s), and
confirm that NLS1s lie below the BBR relation of BLS1s. As a consequence, black
holes grow by accretion in well-formed bulges, possibly after a major merger. As
they grow, they get closer to the BBR relation for normal galaxies (Mathur
& Grupe 2005). The accretion is highest in the beginning and then decreases
with time. There is no AGN feedback for the control of bulge growth there.
Kawaguchi et al. (2004) estimate that the NLS1 phase is characterized by very
efficient accretion, at a super-Eddington rate; given the high frequency of these
objects (10 of all AGN), and the average duty cycle for an average AGN phase
(107–108 yrs), the essential of the BH growth is occurring during this phase: the
BH grows by up to 1–2 orders of magnitude, while in the BLR phase (the most
frequent and common phase) at sub-Eddington rate, the BH will only multiply
its mass by about 2.

When the accretion rate is much larger than Eddington, the accretion is
occuring not through a “thin” but a “slim” disk, with a cooling time larger
than the viscous time, so that energy is advected towards the BH before being
radiated. The luminosity can then saturate, and never be larger than a few
Eddington luminosities. According to the type of BH, the accretion rate can
range from 60 (Schwarzschild BH) to 300 Eddington accretion rate (Kerr BH).
Whatever these accretion rates, and whatever the mass of the BH, the luminosity
is always no more than 10 Eddington luminosities, as shown in Fig. 5.4, and
the accretion rate a few M�/yr (Collin & Kawaguchi 2004). This is a strong
indication of a mass-limited supply, with an external mechanism to regulate the
accretion.

5.2.6 Downsizing, and lifetime of activity

It is now well known from the physics of baryons, that both the star formation,
and gas accretion by black holes, act to compensate the hierarchical formation
of dark matter haloes, which grow larger and larger with time: the most massive
star-forming galaxies and the most massive SMBH are forming at high redshift,
early in the universe, while only smaller masses are assembling now (Cowie et al.,
1996). Semi-analytic follow up of these processes have succeeded to reproduce
the downsizing, and taking into account the constraints of luminosity functions
of galaxies and AGN at all redshifts can teach us more on the formation of the
objects, and for instance on the duty-cycles or lifetime of activity.

Using the observed correlations between X-ray and radio luminosities of
quasars and their black hole mass, Merloni (2004) has computed the past his-
tory of SMBH, assuming their growth is only due to gas accretion. The accretion
rate, and radiative regime (Eddington or not) is not fixed, but derived by the
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Fig. 5.4. The Eddington luminosity ratio Redd as a function of ṁ, the accretion rate
in Eddington units, ṁ = Ṁc2/Ledd, for the NLS1 sample of Grupe & Mathur (2004).
The luminosities are computed with the standard disc (open squares) and the self-
gravitating disc (filled squares). The two curves correspond to the slim disc model, and
respectively a Schwarzshild and a Kerr BH (from Collin & Kawaguchi 2004).

model. The results show a clear anti-hierarchical growth of the black holes, as
shown in Fig. 5.5. The most massive SMBH are in place at high redshift, while
at low redshift only smaller mass black holes are accreting, so that the average
BH mass of observable AGN is increasing with redshift. The lifetime of activity
is also varying with redshift, being shorter at early times. The mean lifetime is
defined by the average over the activity of the time, weighted by the accretion
rate. It is not imposed to be the doubling time of the mass at the Eddington rate,
i.e. the Salpeter time ts = εMc2/LEdd = ε

0.14.5 × 107 yrs. The lifetime ranges
from 107 yrs to assemble 109M� at z = 3, up to 108 yrs to assemble 107M� at
z = 0 (Merloni 2004).
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Fig. 5.5. Illustration of the downsizing effect in growing BH: Top: Redshift evolution
of the SMBH mass function, from z = 3 (bottom) to 0.1 (top) Bottom: corresponding
evolution of the X-ray luminosity (normalised to Eddington rate), from Merloni (2004).

5.2.7 Quasar lifetimes

The quasar lifetime can be estimated from the observations of the AGN demog-
raphy, through the statistical argument that the fraction of active nuclei among
the whole number of SMBH present in every early-type galaxy is a measure
of the time spent in the active phase. The observation of the proximity effect
(presence of an ionized region around the quasar host) puts already a lower limit
to the lifetime of 104 yrs. The lifetime is defined as the total active time of a
quasar, i.e. if the same quasar experiences episodic activity, the lifetime is the
sum of the duration of the active phases. The minimum lifetime of 104 yrs is
for one episode only. The various methods to estimate the quasar lifetime have
been reviewed by Martini (2004), and results in values between 107 and 108 yrs,
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quite close to the Salpeter time, or mass doubling time, assuming Eddington
luminosity, and with efficiency ε = 0.1. The longest duration of an episode may
be derived by the observed length of radio jets, about tQ ∼ 108 yrs. Through the
measurement of the AGN-galaxy cross-correlation length, Adelberger & Steidel
(2005) conclude that high and low luminosity AGN are both found in haloes of
similar masses, and therefore the higher observed frequency of faint AGN must
imply that their duty cycle is much longer than for bright AGN, of a few Gyr.

All these estimations are compatible with the hypothesis that the active
phases of bright AGN are triggered by a major merger between two gas rich
galaxies, that removes angular momentum and drives the gas towards the center
(Barnes & Hernquist 1992). This hypothesis is supported by the frequent associ-
ation between quasars and interactions (e.g. Hutchings & Neff 1992). However,
it is possible that the observed quasar lifetime is biased in the observations,
if the active phase, where the BH grows and radiation is emitted, is partially
obscured by dust, as expected when a lot of gas is driven towards the galaxy
centers, in the beginning of the activity. Hopkins et al. (2005) have estimated
the importance of this obscuration phase in numerical simulations, and find that
the quasar lifetime is then reduced from an intrinsic value of 100 Myr, to an
observable value of 10–20 Myr.

5.3 Interpretation of the Mbh − σ Relation

Several models have been proposed to account for the relation, all involving
a simultaneous formation of bulges and SMBH, and constraining the feedback
processes.

5.3.1 Radiative feedback

Although the radiative feedback is not the most efficient, it can play an important
role at the end of the feeding of a giant black hole in an elliptical galaxy, which
by definition does not possess much gas. Sazonov et al. (2004) have computed
the equilibrium temperature Teq of the gas around a quasar, heated by Comp-
ton scattering and photoionization, and cooled by continuum and line emission.
When Teq, which is proportional to L/(nr2) becomes larger to the virial temper-
ature of the galaxy, proportional to the velocity dispersion σ2, the gas is expelled,
and the fueling is stopped. This occurs when the density n becomes lower than
a critical density, ncrit ∝ L/(r2σ2). Assuming that the gas distribution follows
the stellar distribution, which is isothermal, with an r−2 radial profile, then the
equilibrium temperature is constant with radius, and inversely proportional to
σ2. At the critical regime, when Teq = Tvir, the maximum BH-mass is then
proportional to σ4, and its growth is stopped. The radiative feedback then could
explain the Mbh − σ relation, for massive ellipticals, with very low gas mass
content (Sazonov et al., 2005).
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5.3.2 Feedback due to QSO outflows

The main cosmic formation epochs of QSOs and stars coincide (e.g. Shaver et
al., 1996). Their common formation could be regulated by each other, and the
QSO outflows prevent star formation (Silk & Rees 1998). The condition for the
wind to be powerful enough to give escape velocity to the gas constrains the BH
mass to Mbh ∝ σ5, which from the Faber-Jackson relation, gives Mbh ∝ Mbulge.
But the phenomenon is assumed spherical, and in reality jets are collimated, the
gas is clumpy, and compressed to form stars.

The mass of the SMBH in a galaxy is quite negligible, lower than 10−3

in general, and the distance to which the gravitational action is significant is
quite small, less than 100pc even for the more massive BH. But the energy that
the SMBH can radiate or expel as jets, winds or outflows, is relatively large,
in comparison to the binding energy of the gas component in the galaxy, and
therefore, the energy output of the AGN could have some significant feedback
action, in stopping the gas inflow favoring the accretion (Wyithe & Loeb 2002).
Let us note that the binding energy of the gas, rotating at circular velocity vc

in the galaxy, is of the order of (vc/c)2 ∼ 10−6 of its rest mass, while the energy
output of the AGN could be much larger, around 10% of the rest mass energy,
so that the accretion of only a fraction 10−5 of the gas mass will be sufficient to
release its binding energy.

This could explain the relation between the mass of the black hole and the
central velocity dispersion, as a self-regulation mechanism. If the binding energy
of the system of mass M is of the order Mσ2, and its dynamical time r/σ, the
typical energy per dynamical time is Mσ3/r. Eliminating the mass through the
virial relation M ∼ σ2r/G, the typical energy rate or luminosity is σ5/G. This
can be considered as the maximum luminosity of the black hole before unbinding
the system hosting it. Equating this to the Eddington luminosity, relates the
mass of the black hole to σ5 with an order of magnitude quite comparable to
the Mbh − σ relation observed (Silk & Rees 1998, Ciotti & Ostriker 2001). The
proportionality factor takes into account the low coupling of the energy of the
quasar (wind, outflows) to the galaxy gas. About 5–10% of the energy of the
quasar must be absorbed by the galaxy to explain the self- regulation. Also the
self-regulation might account for the maximum mass observed for SMBHs, which
are never more massive than a few 109M�.

The principle of the self-regulation is welcome to account for the very short
duty cycle of nuclear activity in galaxies. The statistics of the number of AGN
with respect to the quiescent SMBH in all galaxies leads to a duty cycle as short
as 107 to 108 yrs, according to the strength of the AGN. The duty cycle is of
the same order as the dynamical time of the gas feeding the AGN.

5.3.3 Models based on self-regulation growth

The detailed computation has been done by several groups, with different as-
sumptions. The main lines are that the BH grows as long as the energy released
in the galaxy is lower than the binding energy. If the heated gas can cool with a
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sufficiently short time-scale, more energy is required for the feedback, by a factor
up to c/σ, and the resulting relation is then Mbh ∝ σ4. The mass function of
quasars is obtained, assuming that the BH grows in galaxy mergers (Kauffmann
& Haehnelt 2000), both by the merging of the BH, and also by gas accretion in-
falling during the interaction. The quasars are assumed to radiate at Eddington
luminosity during their duty cycle, which is comparable to the dynamical time
of the feeding system. The peak in the quasar luminosity function at z ∼ 2 is
obtained through the merging history, since it coincides to the peak of the forma-
tion of massive ellipticals, while the galaxy clusters are forming. The maximum
BH masses correspond to the maximum galaxy masses, obtained at these epochs.
The models then should cut off the gas infall in haloes with velocity larger than
500 km/s typically (cf. Fig. 5.6). These systems correspond to small clusters of
galaxies, where the hot gas cannot cool to fuel a central SMBH. The duty cycle
of quasars of 3 107 yrs corresponds also to the peak of quasar luminosity at
z ∼ 2, but this time scale must be shorter at high redshifts.

The main conclusions of these models is that 80–90% of the SMBH mass
has been already accreted at z ∼ 1.5 (Wyithe & Loeb 2003). The total light in
galaxies can be also modelled according to the same ideas, assuming that star
formation is regulated by feedback, and ceases when an energy comparable to
the binding energy is released (Dekel & Woo 2003). However, the dependence in
redshift of the efficiencies to accrete mass for black holes and star formation is
not the same, and therefore the Mbh − σ relation should be z-dependent. Only
the Mbh − σ relation should be constant. Indeed for a given dark halo mass, the
dependence of the stellar mass is in (1 + z) (constant characteristic feedback

Fig. 5.6. The mass function of SMBHs. The grey region shows the mass function
estimated from the velocity function of Sheth et al. (2003) and the Mbh − σ relation of
Merritt & Ferrarese (2001). The three lines, solid, dash, dots represent the computations
at z = 1, 3 and 6 from the Press-Schechter halo mass function by Wyithe & Loeb (2003).
The dot-dashed lines show the mass function at z ∼ 2.35 and z ∼ 3 implied by the
observed density of quasars and a quasar lifetime tdyn (Wyithe & Loeb 2003).
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time), while that of Mbh is in (1 + z)5/2, and their ratio is ∼ (1 + z)3/2. The BH
mass is larger with respect to the stellar mass at high redshift, with the same
Mbh − σ relation, since stellar systems are more centrally condensed at high z.

The influence of AGN feedback due to energetic winds can be studied through
numerical simulations, adopting simple recipes for the accretion of gas by the
growing black holes, and energy release through winds in the interstellar medium.
Di Matteo et al. (2005) have then compared major mergers between two spiral
galaxies with and without the presence of BH, and shown the dramatic difference
between the star formation rate, and the presence of gas in the remnant. A series
of such simulations, where the star formation rate and BH accretion rate are self-
regulated, can yield at the end the Mbh − σ relation in the present remnants.

5.3.4 AGN feedback and cooling flows

The self-regulation between accretion and feedback appears to be at work in el-
liptical galaxies, where the cooling of the gas in only intermittent, and at larger
scale in galaxy clusters, where huge cooling flows are impeded through re-heating
by the central AGN. Ciotti et al. (1991) and Binney & Tabor (1995) developed
the regulating mechanism, based on the two opposed sources: mass loss from
evolving stars fuels the galaxy in gas, and the heating by Type Ia supernovae
keeps it far from the cold phase, but with a faster declining efficiency. Since the
heating by supernovae cannot compensate for the mass drop out, there must oc-
cur a cooling catastrophe, fueling the central black hole now known to be present
in every elliptical galaxy. The energy release during the short active phase reheats
efficiently the gas, which is then the source of X-ray radiation. The intermittent
AGN phases are schematically shown in Fig. 5.7, revealing relaxation oscillations.

At larger scales, it has become evident in recent years, thanks to the progress
in X-ray observations by Chandra and XMM-Newton, that cooling flows in
galaxy clusters are completely different from the stationnary, symmetrical and
abundant phenomenon expected by simple theoretical ideas. The X-ray obser-
vations have constrained the amount of cool gas observed, and the cooling rates
have been reduced by at least one order of magnitude; the old view of quiet and
regular, quasi-spherical cooling has given place to partial and intermittent cool-
ing, perturbed by re-heating and feedback processes due to the central AGN.
The compensation of cooling and heating could even be used to measure the
power of the AGN (Churazov et al., 2002). A spectacular illustration of this per-
turbed cooling is the Chandra image of the cooling flow in the Perseus galaxy
cluster, with bubbles, shocks, gas streaming up and down from the center, and
ripples looking like emitted sound waves (Fabian et al., 2003). In the same time,
cold gas in the form of CO molecules were observed in dozens of cooling flows
(Edge 2001, Salomé & Combes 2003), and the amount of cold gas corresponds
to the order of magnitude expected by the revised cooling rates. High spatial
resolution observations show that the cold gas is associated to the dense X-ray
gas, compressed by the AGN lobes, and is present around the cavity created by
the lobes (cf Fig. 5.8). In these dense regions, star formation occurs, and HII
regions are observed.
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Fig. 5.7. Self-regulation due to the quasar in an elliptical galaxy: Top (a): the time
evolution of Lbh (bolometric) emitted by the quasar at the galaxy centre. Bottom (b):
the time evolution of Lx for the model with ε = 0.1 (solid line), and that of the same
model with ε = 0 (cooling flow - dashed line), emitted by the whole galaxy, up to the
truncation radius, from Ciotti & Ostriker (1997).

Fig. 5.8. Cold gas associated to the Abell 1795 cooling flow: Left CO(2-1) map ob-
tained with the IRAM interferometer, from Salomé & Combes (2004). The AGN is
indicated by the white ring. Right At the same spatial scale, Hα +[NII] line emission
(grey scale), with 6cm contours from van Breugel et al. (1984).
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All these new observations concord to draw a picture where the cooling flows
are intermittent, and the AGN feedback is self-regulating both the growth of
the central black hole mass, and the amount of star formation in the central
galaxy.

5.3.5 Hierarchical models of galaxy formation

The mass assembly of supermassive black holes in galaxies, simultaneous to the
build-up of their stars can well be integrated in the CDM scenario of hierarchical
formation, and the Mbh − σ relation follows (Haehnelt & Kauffmann 2000). The
main hypotheses of the model are that black holes are essentially assembled in
galaxy major mergers, which simultaneously form starbursts, elliptical galaxies,
and fuel a QSO phase. An additional assumption is that the fraction of gas
transformed into stars per dynamical time increases along the Hubble time,
while the available gas fraction in galaxies decreases, as does the rate of gas
accretion by galaxies. The required gas fraction accreted by the black hole grows
with the mass of the halo, and the accretion time scales with the dynamical
time.

In this model, the scatter in the Mbh − σ relation is due to:

– Mgas of the bulge progenitor depends on σ, but not on the formation epoch
of the bulge, while M∗ depends on both;

– mergers move the galaxies on the Mbh − σ relation, even at the end, when
there is only BH mergers, and not enough gas left to grow the black hole.

The gas fraction in galaxies falls from 75% at z = 3 to 10% at z = 0. The
gas fraction in major mergers is higher in fainter spheroids that form at high z,
which are more concentrated. Elliptical/spheroids forming recently have smaller
BH.

Typically a seed BH of 106 M� forms at 5 < z < 10 and then gas is accreted.
For a typical SMBH, about 30 black holes are merged. Today, black holes in
big ellipticals accrete only by merging with small galaxies, but in the past gas
accretion was dominant.

Both the number density of quasars as a function of redshift, and the evolu-
tion of gas abundance are found to be compatible with observations. The required
duration of a QSO phase is 107 yrs (Haehnelt & Kauffmann 2000).

5.3.6 Feedback through bars in spiral galaxies

If quasars, which are the high luminosity end of the AGN population, are clearly
associated with interactions and mergers (Hutchings & Morris 1995), it is diffi-
cult to trace evidence of dynamical triggering mechanisms for milder AGN, like
Seyfert or LINERS in spiral galaxies (e.g. Combes 2003).

The accretion rates required are of course very different, of the order of a
few 10 M�/yr for quasars, and more than two orders of magnitude less for
nearby Seyferts, so that the dynamical processes are much less violent, for Low
Luminosity AGN (LLAGN). However, most SMBH in galaxies today have been
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built by gas accretion, since the successive mergers of BH from the primordial
ones are far too insufficient (Islam et al., 2004), so it is of prime importance to
understand the dynamical processes responsible for gas accretion in the nearby
LLAGN, that can be studied in details.

Non-axisymmetries, and essentially bars, are the main providers of gravity
torques, that will make the gas lose its angular momentum, and infall towards the
center. This is the main mechanism both for isolated galaxies with spontaneous
bar instabilities, and also during galaxy interactions, that favor bar instability:
bars are then the way to propagate tidal interactions in the inner parts of galaxies
(e.g. Barnes & Hernquist 1992).

The feedback mechanism due to the energy released by the AGN, such as
that studied for cooling flows in elliptical galaxies (Ciotti et al., 2001) might
not be efficient here, because of the low luminosity of LLAGN, and also the low
coupling with the gas in a disk. Instead, other intrinsic feedback mechanisms
exist, related to the dynamical mechanisms themselves that drive the gas to the
center. In these cases, the Mbh − σ relation could be explained only with the
feedback mechanisms related to bars, that both can be responsible for bulge and
BH formation (e.g. review in Combes 2001).

The demographics of nearby AGN reveals that LLAGN exist in about 40%
of all galaxies, and they tend to lie in early-type galaxies (Terlevich et al., 1987,
Moles et al., 1995). In an optical spectroscopic survey of 486 nearby galaxies,
Ho et al. (1997) detected 420 emission-line nuclei (86% detection rate). Half of
these objects can be classified as HII or star-forming nuclei, and half as some
kind of AGN: Seyfert, LINERs and transition objects LINER/HII. A signature
of Broad Line Region is found in 20% of the AGN, while Seyfert nuclei reside
in about 10% of all galaxies. AGNs are found predominantly in luminous, early-
type galaxies, while HII nuclei are in less luminous late-type objects, which is
compatible with the Mbh − σ relation.

Bars are present in roughly two thirds of spiral galaxies. The frequency of bars
and non-axisymmetries has recently been quantified in detail from near-infrared
surveys (Block et al., 2002, Laurikainen et al., 2004), and the fraction of bars
does not seem to vary with redshift (e.g. Jogee et al., 2004). Since bars are ob-
served to have a suicidal behaviour in spiral galaxies with gas (e.g. Hasan et al.,
1993, Friedli & Benz 1995), bars must be reformed to explain their frequency
(Bournaud & Combes 2002). The bar is destroyed by two main mechanisms:
first the central mass concentration built after the gas inflow, destroys the or-
bital structure sustaining the bar, scatters stellar particles and pushes them into
chaotic orbits (Hozumi & Hernquist 1999; Shen & Sellwood 2004). Second, the
gas inflow itself weakens the bar, since the gas loses its angular momentum to the
stars forming the bar (Bournaud, Combes & Semelin 2005). This increases the
angular momentum of the bar wave, in decreasing the eccentricity of the orbits.

This bar destruction is reversible, and other bar episodes are driven by exter-
nal gas accretion, replenishing the gas disk (cf Fig. 5.9). A typical spiral galaxy
is in continuous evolution, and must accrete gas all along its life, both to main-
tain its star formation rate, and its spiral and bar structure. The amount of gas
required is able to double the galaxy mass in about 10 Gyr. This gas cannot
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Fig. 5.9. Evolution of bar strength in a simulated spiral galaxy with gas accretion:
several bar episodes provide a flow of matter towards the center, to fuel both the bulge
and a central black hole (from Bournaud & Combes 2002).

be provided by accretion of gas-rich dwarf galaxies, since the interaction with
companions would heat and destroy the disk. Instead, cold gas from cosmic fil-
aments must inflow to replenish the galaxy disk; this can decrease temporarily
the bulge-to-disk ratio, making the disk more self-gravitating, and triggering an-
other bar instability. Several bar episodes can succeed each other in a Hubble
time, through this dynamical feedback. At each bar episode, both bulge and BH
grow in a similar manner, which explains the Mbh − σ relation.

It is then more easy to understand the lack of correlation between the pres-
ence of bars and nuclear activity in spiral galaxies. The gas is driven to the very
center only intermittently, through the action of a secondary nuclear bar, or even
viscous torques, once the primary bar has been dissolved by the main gas flow
(Garcia-Burillo et al., 2005). The first gas flow is frequently stalled at the inner
Lindblad resonance, responsible for a nuclear starburst. Only when the bar has
dissolved, can the gas fuel the nucleus. The activity of the nucleus can occur
in short episodes, on timescales which are much shorter than the bar formation
and dissolution time scales, which are of the order of 1 Gyr.

There are however some components, like resonant rings in galaxy disks,
which are the remnants of the presence of bars in galaxies: once the bar has
dissolved, the rings survive for some more time, from stars formed in the previ-
ously gaseous rings (e.g. Buta & Combes 1996). Unbarred galaxies observed with
three resonant rings can be considered as good evidence for the bar dissolution
phenomenon. The presence of outer rings has been found to be predominant in
Seyfert galaxies (Hunt & Malkan, 1999, and Fig. 5.10).
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Fig. 5.10. Fraction of inner and outer rings in galaxies as a function of their activity
class. Rings are thought to be formed at resonances with bars, near the corotation, for
the inner rings, and the OLR (Outer Lindblad Resonance) for the outer rings. Only
objects with v < 5000km/s are shown (from Hunt & Malkan 1999).

5.3.7 Other mechanisms

Since the relation between BH and bulge mass does not include the disk, ideas
to involve only a spheroidal system in the required angular momentum transfer,
led to the radiation drag from the bulge stars. The relativistic drag force by the
radiation from bulge stars is exerted on the dusty gas distributed spheroidally in
the bulge. In practice, the radiation drag saturates in case of optical thickness,
but the optically thin envelope of interstellar clouds is stripped, loses angular
momentum, and is accreted by the center (Umemura 2001). The Mbh/Mbulge is
then a universal constant depending only on the energy conversion efficiency for
nuclear fusion of hydrogen to helium. The efficiency of nuclear reactions in stars
is ε = 0.007, which would predict a too important ratio between BH and bulge
mass. The efficiency falls as 1/τ2, with τ the optical depth of the gas. Also the
radiation drag could be strongly subject to geometrical dilution.

The global scenario relates the ultra-luminous infra-red starburst phase and
the formation of a quasar. During the first phase, a large number of stars are
formed, while the black hole is still growing. In this phase, the BH-to-bulge
mass ratio is well below the present relation (such as has been proposed for
NLS1, Mathur 2000). Then at the end of the starburst phase, the black hole
has grown, and radiates at maximum luminosity, in its QSO phase, while the
optical thickness of the interstellar medium decreases. Then the black hole ends
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its growing phase, with the well-known ratio between BH and bulge mass. Today
this mechanism is no longer inefficient, since elliptical galaxies and bulges have
no gas. The mechanism has been quantified, with the radiative transfer in a
clumpy medium by Kawakatu & Umemura (2002). This idea has the advantage
of explaining why the BH mass is not proportional also to the disk mass, where
radiation drag loses its efficiency due to dilution and optical thickness (Kawakatu
& Umemura 2004).

Also related to the formation of a starburst in a first phase, is the formation
of Super Star Clusters (SSC) in the centers of galaxies (e.g. de Grijs et al., 2001).
Sinking of these Super Star Clusters in their dark halo, due to dynamical friction,
has been proposed to form cuspy stellar bulges (Fu et al., 2003); the merging
of small BH associated to clusters would provide a mass ratio Mbh/Mbulge =
10−4 only, slightly below what is observed. Some intermediate mass black holes
(IMBH) of masses 800–3000 M� would form easily in dense and young star
clusters (Portegies Zwart et al., 2004b).

5.4 Stellar Cusps and Cores and Binary Black Holes

The supermassive black hole present in every spheroid, has a gravitational in-
fluence on its stellar environment. It can form a cusp, through gravitational
attraction, or a hole by swallowing the low angular momentum stars in the
neighbourhood, or flatten a core, through interaction with another merging black
hole. The observation of the stellar profile in galaxy centers can then teach us
the formation history of the SMBH (e.g. Merritt 2004).

A well known dichotomy is observed between massive and small ellipticals
(e.g. Lauer et al., 1995):

– Cusps (steep power-law in stellar central density profile) are characteristic of
low-mass ellipticals, with disky isophotes and weak rotation;

– Cores (flat central density profile) are found in high-mass galaxies, with boxy
isophotes and no rotation.

5.4.1 Formation of a cusp of stars around the black hole

The density profile in the stellar component around a massive black hole depends
on the relative value of the 2-body relaxation time scale with respect to the
Hubble time, or more precisely with respect to the formation time of the black
hole.

The relaxation time can be expressed by Trel = V 3

8πG2mρ(r)log(Λ) where V is
the mean relative speed between the stars, m the mean stellar mass, and ρ(r)
the volumic density in the nucleus (log(Λ) is the Coulomb parameter). It is
well known that globally in a galaxy, the relaxation time is much longer than
the Hubble time, and varies approximately as 0.2(N/logN)tc, if N is the total
number of stars in the system, and tc = R/V is the crossing time. However,
the relaxation time becomes shorter than the Hubble time in dense systems
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like globular clusters, and the nuclear stellar clusters may also approach these
conditions (small N). For the galactic center, with a volumic density of stars of
107M�/pc3, 〈V2〉1/2 = 225 km/s, this relaxation time is 3 × 108 yr.

Young (1980) has computed the adiabatic growth of a black hole inside a
nuclear stellar cluster: the growth rate is assumed to be longer than the cluster
dynamical time scale but shorter than the relaxation time scale. Then a stellar
cusp forms, stars being attracted by the black hole. The power-law profile has
a slope larger then 2, up to 2.5. Two regimes can be distinguished, according to
the initial mass of the black hole, the slope being larger for more massive black
holes (Cipollina & Bertin, 1994).

If 2-body relaxation can take place among the stars, then the cusp is less pro-
nounced, and the slope is 1.75 (7/4) (Bahcall & Wolf 1976). N-body simulations
can retrieve asymptotically this result, cf Preto et al. (2004) and Fig. 5.11.

The black hole can grow by swallowing the nearby stars, that have an angular
momentum lower than J = (2GMbhrt)1.2, with rt being the tidal radius, beyond
which a star is disrupted by the black hole. After a dynamical time, if 2-body
relaxation does not refill these particles in the loss-cone, the black hole will
starve. In fact, the angular momentum can diffuse faster than the energy (faster
than the stellar relaxation time Trel), and the low angular momentum stars are
replenished faster, which increases the accretion rate to Trel(1 − e2), with e the

Fig. 5.11. Evolution of the mass density profile around a massive black hole: Left:
density from N -body simulations, at times t/Trel = 0.07, 0.13, 0.2, 0.25, 0.33, 1. Right:
Densities predicted from the Fokker-Planck equation at the same times. The curves
progressing from bottom to top, are bracketted by the lower dashed curves at t = 0
and the upper dashed curves showing ρ ∝ r−7/4, the asymptotic solution to the Fokker-
Planck equation (from Preto et al., 2004).
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excentricity of the orbits (Frank & Rees 1976, Lightman & Shapiro 1977). It is
possible that black holes less massive than 107 M� can be formed only through
stellar accretion.

5.4.2 Wandering of the black hole

A massive compact object, like a black hole, embedded in a dense stellar system,
experiences a multitude of gravitational encounters; the total action on this body
is composed of a slowly varying force, deriving from the smooth stellar system
potential, and a rapidly fluctuating stochastic force due to discrete encounters
with individual stars. The motion of the black hole is then similar to that of a
random walk (Chatterjee et al., 2002, 2003), and this Brownian motion has been
invoked to counter the effect of the empty loss-cone, and provide new stars to
interact with. It is expected that equipartition of energy is reached, so that the
velocity acquired by the black hole is small, even if the black hole interacts with
particles with high velocity dispersion. Numerical simulations over-estimate this
effect, since the number of particles is far smaller than the realistic number.

The effect of wandering might be even more interesting on a binary black hole
(see next section). When interacting with a third body, the binary can eject stars
at large velocity. Also the dynamical friction on a binary is less than on a single
black hole. Finally, when a black hole binary merges, the gravitational waves
emitted take away some momentum, producing a recoil of the merged object.
This hardly ejects it out of the galaxy (except may be at high redshift, when the
potential wells are not deep enough), but can produce a large wandering of the
black hole, and a flattening of the cusp into a core (Merritt et al., 2004).

5.4.3 Binary black holes

The formation of binary black holes in the centers of galaxies is a natural pre-
diction of the hierarchical scenario, given the presence of a massive black hole
in nearly every galaxy. The successive physical processes able to brake the two
black holes in their relative orbit have been considered by Begelman et al. (1980).
Each black hole sinks first toward the merger remnant center through dynamical
friction onto stars. A binary is formed; but the lifetime of such a binary can be
much larger than a Hubble time, if there is not enough stars to replenish the loss
cone, where stars are able to interact with the binary. Once a loss cone is created,
it is replenished only through the 2-body relaxation between stars, and this can
be very long (Trel). If the binary lifetime is too long, another merger with an-
other galaxy will bring a third black-hole. Since a three-body system is unstable,
one of the three black-holes will be ejected by the gravitational slingshot effect
(Saslaw et al., 1974).

Numerical simulations have brought more precision in the determination of
the lifetime of the binary, although numerical artifacts have stimulated debates.
Ebisuzaki et al. (1991) claimed that the lifetime of the binary should be much
shorter if its orbit is eccentric, since then the binary can interact with more stars
and overcome the loss cone problem. The first numerical simulations tended
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to show that orbit eccentricity should grow quickly through dynamical friction
(Fukushige et al., 1992). Mikkola & Valtonen (1992) and others found that the
eccentricity in fact grows only very slowly (Quinlan 1996).

Numerical simulations suffer from a restricted number of bodies N, and conse-
quently of a large random velocity of the binary (that should decrease in N−1/2).
The binary then wanders in or even out of the loss cone, and the effect of the loss
cone depletion does not occur (Makino et al., 1993). Also the 2-body relaxation
time is shorter than in the real system, contributing to replenish the cone.

More recent simulations, with increased number of particles, have indeed
shown that the hardening of the binary depends of the relaxation time-scale,
proportional to the number of particles (Makino & Funato 2004), and therefore
another mechanism is required to merge the binary, such as gas accretion.

The ejection out of the core of stars interacting with the binary weakens the
stellar cusp, while the binary hardens. In addition, a sinking black hole during
a merger, contributes also to form a core (Nakano & Makino 1999, Fig. 5.12).
Gas dissipation, and star formation in the central concentration formed, can
restore the cusp. This might explain the existence of cores in the center of giant

Fig. 5.12. Density profiles obtained through N -body simulations of the spiral-in of a
massive BH, from Nakano & Makino (1999). The falling BH mass is 4% of the galaxy
mass. The BH has initially only a tangential velocity vt,0, function of the Kepler velocity
vK, as indicated on the figure.
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ellipticals, having experienced multiple mergers, while small-mass systems have
still a cusp. The computation of the deficit of stars in the central profiles, and
the formation of cores, appear in agreement with observations (Graham 2004,
Volonteri et al., 2003b).

5.5 History of Accretion onto SMBH: X-ray Constraints

It is possible to relate the amount of energy produced in AGN, per comoving
volume, to the mass density accreted by black holes, and therefore to their
growth history, given an accretion efficiency ε (e.g. Soltan 1982). From the Mbh-
Mbul relation, the density of black hole can be estimated to:

ρbh = 1.1 106(Mbh/Mbul/0.002)(Ωbul/0.002h−1)M�/Mpc3

as a function of the mass density Ωbul in stellar spheroids.
The efficiency of conversion of mass into energy is generally accepted to be

around ε = 0.1 for quasars, this value being an average between two extremes:
for a Schwarzschild black hole, without rotation, this value is low (ε = 0.054),
and for a Kerr black hole, with maximum rotation, it can reach ε = 0.37 (Thorne
1974). It is possible to estimate the present growth of black holes by the optical
QSO luminosity function, which yields an accreted mass density of

ρaccr = 2 × 105 0.1
ε

M�/Mpc3

(Yu & Tremaine 2002). This is however a lower limit, since most AGN light is
absorbed at optical wavelengths. The estimation from the far-infrared, assuming
a contribution of AGN to the FIR of 30%, is:

ρaccr = 7.5 × 105 0.1
ε

M�/Mpc3

which confirms that the accretion radiation mainly does not get out in optical
light, but is re-radiated by dust.

It has been shown that the optically selected AGN correspond only to one
third of the X-ray background (Barger et al., 2003), which is now essentially
resolved in individual sources, at least at energy lower than 2–5 kev (Worsley
et al., 2005). The accretion density estimated from the X-ray background has
been estimated as high as 3–5 × 105 M�/Mpc3 (Salucci et al. 1999) and 6–
9 × 105 M�/Mpc3 (Fabian & Iwasawa 1999). These estimations have now been
updated to lower values. Taking into account the hard X-ray selected AGN, and
their total corrected bolometric luminosity, Barger et al. (2005) find a strong
evolution with redshift of the AGN production rate, in (1 + z)α, with α = 3.2
between z = 0 and z = 1. At higher redshifts the production decreases again



184 F. Combes

(with α = −1), but the global integrated production is dominated by the z = 1
objects. The deduced accretion density at z = 0 is

ρaccr = 4 × 105 0.1
ε

M�/Mpc3

and about 40% of this accretion density is due to the Broad-Line AGN, that are
also the most powerful AGN (Steffen et al., 2003). The redshift evolution of the
accretion rate is remarkably similar to the star formation history. Both histories
reveal a downsizing effect, in the sense that the most active objects assemble
mass in the early universe, and are no longer active now, while the remaining
activity occurs now in the lower mass objects. Indeed, the most powerful and
massive AGN observed at high redshifts have disappeared now, to the benefit of
less powerful objects. This is also true for starbursts and ultra-luminous objects.
When compared with the density of black hole mass now in galaxies, estimated
from the velocity dispersion of early-type galaxies determined from the Sloan
Survey and the BH mass to dispersion relation (Yu & Tremaine 2002) or other
estimations based on the mass density in the local universe and the Mbh −σ rela-
tion (Aller & Richstone 2002, Marconi et al., 2004), there is a good concordance
with the mass expected from accretion luminosity, if the efficiency of accretion
is ε = 0.1. If the efficiency is higher, then there must exist obscured AGN, not
counted in the above balance.

With deep X-ray surveys, it is now possible to draw quite precise conclusions
on the AGN redshift evolution, and luminosity functions (Hasinger 2004). There
is a clear evolution of luminosity functions versus redshift, which results from
both number density evolution and luminosity evolution. The evolution with
z depends strongly on luminosity. For low-luminosity AGN, the amplitude of
number density evolution is less pronounced, and the maximum occurs at low
redshift, while bright quasars reveal a factor 100 increase in density, and the
peak occurs at higher z. For LX = 1042–1043 erg/s, the peak is at z ∼ 0.5–0.7,
while it is at z ∼ 2 for LX = 1045–1046 erg/s. This points towards a downsizing
effect: rare and bright QSO form very early in the Universe, and then decline
by two orders of magnitude, while the more frequent low-luminosity AGN form
later, and decline by only a factor 10 in number.

A clear decline at higher redshifts is now detected. The comparison between
the X-ray selected and optically-selected AGN is illustrated in Fig. 5.13. The
comparison is to be taken with caution, since the precise shape of the number
density evolution depends highly on luminosity.

5.6 Conclusion

The BH masses measured in local spheroids and spiral galaxies with bulges,
are tightly correlated to the central velocity dispersion, and with more scatter
to the bulge luminosity or mass. This has been interpreted as a concomitant
formation of stars in the bulge and growth of the black hole at the center. The
BH growth occurs by a combination of external gas accretion, and coalescence
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Fig. 5.13. Density of luminous QSO as a function of redshift, from soft X-ray selected
sources (empty circles), and optically selected ones (dash lines and triangles), from
Hasinger (2004). The z < 2 dash curve for optically selected QSO (MbJ < −26) is from
a combination of 2dF and 6dF surveys (Croom et al., 2004). The triangles at z > 2.7
have been renormalised from Schmidt et al. (1995) and Fan et al. (2001).

of binary BHs, during galaxy mergers. From the measured density of BH in the
local universe, it is possible to deduce how many AGN have radiated in the past,
while accreting and growing these black holes. The comparison of the optical,
far-infra-red or X-rays outputs, either in the form of point sources, or unresolved
in the background, with the local BH density constrains the radiating efficiency
of the AGN; the efficiency should be around ε ∼ 0.1, in between that expected
from Schwarzschild and Kerr black holes.

The discovery of high redshift (z > 6) bright QSOs has posed the problem
of their formation in a short time-scale. This problem appears related to the
anti-hierarchical evolution observed: the brighter AGN form earlier, in a shorter
timescale, while the low-luminosity AGN take more time to form, and reveal
less evolution amplitude. Their peak number density occurs at lower redshift
than for bright QSO. This behaviour might be explained by the much higher gas
density at high z, the higher merging rate and the shorter dynamical time-scale.

The most massive black holes are confined in galaxy nuclei. But there must
exist an intermediate mass category for BH, between the stellar-mass BHs and
the supermassive ones. Those IMBHs with masses around 104–105 M�, are not
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found particularly in nuclei, since they have not been braked by dynamical fric-
tion. There appears now some evidence for the existence of these IMBHs, but it
is not yet clear whether they might extend the Mbh − σ relation, at low masses.

Through the study of AGN demographics and several clues such as their
cross-correlation length, the quasar lifetimes are determined to be around a few
107 yrs; this is understood as the sum of all activity phases in a single object,
if there exist episodic recurrent activity. This lifetime is luminosity dependent,
being much longer for low luminosity AGN.

The relation between BH mass and bulge luminosity breaks down for a certain
category of AGN, the NLS1 which appear to have formed their stars in the past
at a higher rate than growing their black hole. Evidence is found that nuclei in
these objects are now accreting mass much above the Eddington rate, although
they are barely radiating around the Eddington rate. Gas accretion towards a
starburst or a BH are then not exactly concomitant, there could be time delays
between the two processes.

Can we trace the formation of supermassive black holes back to the early
universe? Small BH can form very early by the collapse of Population III stars,
around z ∼ 20, with masses of a few hundred solar masses. But the low efficiency
of dynamical friction on these small masses, make the BH growth through merg-
ing unlikely. Most of the BH growth must then be due to gas accretion. There
must exist a large range in mass distribution of black holes wandering all across
galaxies; when accreting gas, these mini-quasars can contribute to the reioniza-
tion of the Universe.

Different kinds of feedback processes have been invoked to account for the
Mbh − σ relation, and in particular the energy released in AGN activity, QSO
outflows, radiation, that could self-regulate the gas accretion. Such processes
are particularly conspicuous in the center of cooling flow clusters, where gas re-
heating regulate the cooling flow. Episodically, the cooling gas fuels the central
AGN, triggering a new activity phase. For low luminosity AGN, dynamical in-
stabilities in galaxy disks, like spirals and bars, are invoked to fuel the central
nucleus, and also self-regulate the gas accretion. Bars are destroyed through gas
inflow, and this could explain the apparent lack of correlation between nuclear
activity and the presence of strong bars.

The existence of binary black holes is a natural consequence of the hierar-
chical scenario of galaxy formation, if there exists a supermassive black hole
dormant in each nucleus. The coalescence of the binaries should occur relatively
rapidly, to avoid the loss of SMBH through 3-body interactions. Since dynamical
friction on bulge stars is not sufficient, the coalescence must be due to gas accre-
tion by the nucleus. During the hardening of the binary, energy is given to the
central stellar population, and any cuspy density distribution can be flattened
into a core, by this dynamical heating. A cuspy stellar distribution can later
reform around the resulting single black hole.

In spite of significant progress in massive black hole formation in recent years,
many questions remain open, such as the evolution of the Mbh − σ relation with
redshift, the local exceptions to the relation (for instance galaxies like M33), the
radiative efficiency of the nucleus for a given accretion, etc..
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6 Quasars and Their Host Galaxies

M. Lacy

Abstract: This review attempts to describe developments in the fields of quasar and
quasar host galaxies in the past five years. In this time period, the Sloan and 2dF
quasar surveys have added several tens of thousands of quasars, with Sloan quasars
being found to z > 6. Obscured, or partially obscured quasars have begun to be found
in significant numbers. Black hole mass estimates for quasars, and our confidence in
them, have improved significantly, allowing a start on relating quasar properties such
as radio jet power to fundamental parameters of the quasar such as black hole mass
and accretion rate. Quasar host galaxy studies have allowed us to find and characterize
the host galaxies of quasars to z > 2. Despite these developments, many questions
remain unresolved, in particular the origin of the close relationship between black hole
mass and galaxy bulge mass/velocity dispersion seen in local galaxies.

6.1 Introduction

Quasar astronomy has made some significant advances over the past few years.
In this review I shall focus on recent developments in the field, and in particular
on the links between quasars, their black holes and their host galaxies.

The recent discovery that the mostly dormant black holes in the nuclei of
nearby galaxies have masses which correlate with the luminosity and velocity
dispersion of their host galaxies has directly linked the quasar phenomenon to
galaxy evolution. Black hole mass estimates from host galaxy luminosities can be
compared to those which use the results of reverberation mapping and the widths
of broad emission lines, with generally consistent results (Laor 1998; Onken et
al. 2004). This gives us the possibility of understanding the black hole mass –
galaxy mass correlation through a study of the evolution of quasars and their
host galaxies.

Reliable black hole mass estimates have also stimulated long-standing de-
bates on how the observational properties of quasars, such as their emission-line
spectra, radio-loudness and accretion rates, may (or may not) depend on black
hole mass (McLure et al. 1999; Laor 2000; Lacy et al. 2001; Boroson 2002; Woo
& Urry 2002). The correlation between black hole mass and the mass of the
host galaxy have reinvigorated studies on the links between quasar activity and
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galaxy formation. In particular, the relationship between galaxy mergers, star-
bursts and AGN has come under increased scrutiny using both results from Sloan
Digital Sky Survey (SDSS) (Kauffmann et al. 2003) and Hubble Space Telescope
(HST) studies of quasar host galaxies (McLure et al. 1999; Canalizo & Stockton
2000).

A further recent development, the advent of large, uniform quasar surveys
in the optical (the SDSS quasar survey and Two Degree Field (2dF) quasar
survey) and the ROSAT X-ray survey, has also helped progress in the subject.
One problem that has bedevilled quasar astronomy throughout its history is that
the choice of quasar samples has been very prone to selection effects. Optical and
(soft) X-ray selection techniques are only sensitive to quasars with little dust or
gas in the host galaxy to redden or absorb the quasar light. Radio selection is not
sensitive to reddening, but only ∼ 10% of quasars are bright radio emitters, and
the selection effects associated with radio quasar samples are only just beginning
to be understood. In particular, the SDSS is able to pick objects that would be
missed from traditional quasar surveys (Fan 1999; Richards et al. 2001), and
also objects showing only narrow lines in the optical (Zakamska et al. 2003).
Further red quasar selection using 2MASS, 2MASS/FIRST, hard X-ray and
now Spitzer surveys is finally revealing the population of dust-shrouded type-2
quasars, whose existence has long been suspected, but of which, until recently,
there were few known examples.

Detection of the faint host galaxies of bright quasars has been a long-standing
problem in observational extragalactic astronomy. Although the host galaxy
and the bright, unresolved quasar nucleus typically have similar total fluxes,
the diffuse nature of the galaxy emission can frequently be confused with the
extended wings of a poorly-characterized point spread function (PSF). Cosmo-
logical surface brightness dimming makes detecting the host galaxies of high
redshift quasars particularly challenging. Breakthroughs in quasar host studies
came with the advent of the HST, with its small, stable PSF, and near-infrared
array detectors. Early HST studies with the optical instruments on board al-
lowed the detailed study of nearby quasar hosts (Disney et al. 1995; Bahcall
et al. 1997). In parallel, ground-based studies in the near-infrared were able to
study the quasars at wavelengths where the flux of the quasar was minimized
with respect to the flux of the host galaxy (Dunlop et al. 1993). The marriage of
HST’s small PSF and the near-infrared NICMOS detector allowed routine dis-
coveries of quasar hosts up to z ∼ 2 (Ridgway et al. 2001; Kukula et al. 2001).

Adaptive optics are a relatively recent addition to the available techniques for
quasar host imaging. Although problematic in some respects (principally PSF
variability) AO offers the ability to study larger samples than are practical with
the limited observing time available with HST, and, through using 10m-class
telescopes, better resolution and surface brightness sensitivity.

We end this review with a discussion of some of the remaining open ques-
tions in quasar astronomy, and how advances in telescopes, instrumentation and
multiwavelength archives may be able to answer at least some of them in the
years to come.
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When calculating the intrinsic properties of the quasars we assume a cosmol-
ogy with H0 = 70kms−1Mpc−1, ΩΛ = 0.7 and ΩM = 0.3.

6.2 New Surveys for Quasars

Two major new quasar surveys with many tens of thousands of objects have re-
cently appeared. The 2dF quasar survey (Croom et al. 2004a) uses photographic
plate material to select UV-excess objects. It is thus a fairly conventional survey,
but, by using fibres from a large-scale survey of part of the southern sky con-
ducted by the 2dF multifibre instrument on the Anglo-Australian Telescope it
has been able to find many thousands of objects. The SDSS quasar survey uses
a multicolour technique to find point-like objects off the stellar locus in colour
space (Fan 1999, Richards et al. 2001). It is thus also able to find samples of
lightly dust-reddened quasars and very high redshift (z > 2) objects which the
UV excess technique cannot (Hall et al. 2002; Fan et al. 2004). The SDSS survey
is not as deep as the 2dF, but covers a larger sky area with greater photomet-
ric accuracy. The Faint Images of the Radio Sky at Twenty-cm (FIRST) radio
survey, a large area radio survey to mJy sensitivity, was combined with digitally-
scanned photographic plate data to find quasar candidates, selected with a blue
colour cut (but one much less severe than optically-selected surveys), to form the
FIRST Bright Quasar Survey (FBQS, White et al. 1999). Although the FBQS
is much smaller than the SDSS and 2dF surveys, was interesting as it was the
first survey able to find significant numbers of quasars with radio fluxes between
those of radio-loud and radio-quiet quasars.

The quasar luminosity function has been measured from both the 2dF and
the SDSS surveys. Croom et al. (2004a) have analysed the 2dF quasar survey
and find that a double power-law with luminosity evolution provides a good fit
to the data. Joint use of the 2dF and SDSS databases and techniques is now
being applied to further refine estimates of the luminosity function (Richards et
al. 2005).

6.3 Black Hole Masses and their Implications

Perhaps the biggest single advance in the study of quasars in recent years has
been our increased confidence in estimates of masses of their black holes. Al-
though a long-term campaign to obtain data for reverberation mapping resulted
in estimates of the sizes of broad line regions (BLRs) (and hence, via linewidths
and assumptions about cloud dynamics, the masses of the central black holes),
it was not until black hole masses could be independently estimated by stellar
and gas-dynamical techniques that it became common to use these estimates.
Wandel (2002), Peterson et al. (2004) and Onken et al. (2004) showed that black
hole masses derived from reverberation mapping and from bulge luminosities of
Seyfert-1 galaxies were consistent, and Nelson et al. (2004) showed that black
hole masses estimated from the velocity dispersions of Seyfert-1 galaxies were
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consistent with the reverberation mapping results. Some uncertainties of a fac-
tor of a few do remain, e.g. the unknown broad-line region geometry, (Krolik
2001). Unfortunately, reverberation mapping studies are restricted to a few tens
of (mostly) low luminosity AGN. Thus the relationship between AGN luminosity
and BLR radius is not very well established, and its extension to the high lumi-
nosities of high redshift quasars uncertain. Reverberation mapping studies use
Hβ, whereas studies of high redshift quasars are usually restricted to UV lines
which are redshifted into the optical such as Mgii and Civ (McLure & Jarvis
2002; Vestergaard 2002). Despite these problems and uncertainties, the ability
to obtain even order-of-magnitude black hole mass estimates has allowed some
interesting studies to be made.

A further technique for measuring black hole mass was suggested by Nelson
(2000), using the width of narrow [Oiii] emission line as a proxy for the bulge
velocity dispersion. This seems to work well for radio-quiet quasars, but not for
radio-louds, where the narrow-line region dynamics are frequently affected by
shocks induced by the radio jets. This technique is easy to apply at moderate
redshifts, and near-infrared spectra can be used at higher redshifts (Shields et
al. 2003). The discovery of significant blueshifts in the [Oiii] line relative to sys-
temic velocities (Boroson 2005) has cast doubt on the accuracy of this technique,
however.

By combining black hole masses and measured luminosities, we have another
key physical parameter, namely accretion rate relative to the Eddington Limit.
Studies seem to indicate that the Eddington Rate is indeed a hard upper limit
to the accretion rate (e.g. McLure & Dunlop 2004), with a typical optically-
selected quasar having an Eddington Ratio (i.e. the ratio of accretion rate relative
to the Eddington Limit) ∼ 0.1. One important component to this calculation
is the bolometric correction factor to convert quasar luminosities in a given
waveband to total accretion luminosities. Most studies still use the Elvis et al.
(1994) corrections, but new observations of mostly fainter quasars, in particular
with the Spitzer Space Telescope in the mid-infrared and the Galaxy Evolution
Explorer (GALEX) in the ultraviolet should enable us to significantly improve
these corrections and allow luminosity and redshift effects to be fully taken into
account.

Estimates for black hole masses have been used to relate observational cor-
relations to physical properties of the AGN. Boroson (2002) showed that the
eigenvector 1 of Boroson & Green (1992) is related to the Eddington Ratio. Ob-
jects with high accretion rates tend to be at one extreme, with high Feii emission
and low [Oiii] emission, while those with low accretion rates are at the other end.

6.4 Radio-loudness of Quasars

Another area in which black hole mass estimates have been used to try to improve
our physical understanding of AGN is that of quasar radio emission. Amongst
well-defined samples of quasars there is a weak, but significant relation between
black hole mass and radio-loudness in the sense that the radio-loud quasars have
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higher mean black holes masses [Laor (2000), Lacy et al. (2001), Boroson (2002),
Jarvis & McLure (2002), Metcalf & Magliochetti (2005)]. Studies of more hetero-
geneous samples fail to find a correlation of radio-loudness with black hole mass,
however (Woo & Urry 2002). When low-luminosity AGN are included amongst
the samples being studied, an anti-correlation of radio-loudness with accretion
rate relative to the Eddington Limit is seen (Ho 2002), albeit with a lot of scat-
ter. Whether or not the correlation of black hole mass and radio-loudness is real
it is surprising that the relationship between radio emission and the physical
characteristics of the quasar (accretion rate and black hole mass) is so hard to
pin down. Observations of X-ray binary “microquasars” show X-ray emission
properties that change significantly during a radio outburst (a hardening of the
X-ray spectrum, hypothesized to be due to the temporary formation of an ion-
supported torus in the inner part of the accretion disk and a softening during its
subsequent collapse, e.g. Fender, Belloni & Gallo 2004), but no obviously anal-
ogous behavior is seen in radio-loud quasars. This may be partly a question of
timescales of course, but even so one might expect a much bigger difference in the
observed properties of radio-loud and radio-quiet quasars were the microquasar
analogy to be followed exactly. One promising analogy is between FRI radio
galaxies and microquasars in the “low/hard” state with advection-dominated
accretion flows, which are able to produce strong outflows (and perhaps radio
jets) very efficiently (e.g. Blandford & Begelman 1999). However, directly apply-
ing this analogy to high accretion rate radio-loud quasars, which appear to have
both highly-efficient relativistic jet production and classic accretion disks, fails.

Black hole spin has long been suspected as being instrumental in radio-
loudness. In particular, the Blandford-Znajek mechanism (Blandford & Znajek
1977), in which jets are produced by magnetic fields threading the ergosphere
of the black hole requires a rapidly spinning black hole whose rotational kinetic
energy is tapped to power the radio jets. X-ray spectroscopy of the relativistic
Fe Kα line in Seyfert galaxies can, in principle, be used to measure the radius of
the last stable orbit, and hence the spin of the black hole. This is just possible
with XMM and Chandra, but to date only one object, MGC-6-30-15, has been
studied in sufficient depth to fit the Fe Kα line. Unfortunately, uncertainties in
the underlying continuum emission and possible absorption features mean that
a definitive statement about whether or not the black hole is spinning is hard to
make. Nevertheless, a model with a spinning black hole is preferred by Vaughan
& Fabian (2004). Unfortunately for the proponents of the spinning black hole
model for the production of radio jets, this Seyfert galaxy is radio-quiet.

Closely related to the question of the mechanism for radio-loudness is the
question of whether there exists a dichotomy in the radio-loudness parameter
(i.e. the ratio of radio to optical/UV luminosity). Early studies of the PG quasar
sample suggested this was the case, but more recent surveys have been more
ambiguous. For example, the FBQS shows no dichotomy (e.g. Lacy et al. 2001).
The case for dichotomy in the much larger SDSS and 2dF quasar samples is
probably not made. Although Ivecic et al. (2002) claim that one exists in the
SDSS, the claim is based on indirect evidence. A similar analysis by Cirasuolo
et al. (2003) based largely on 2dF quasars showed no evidence for a dichotomy.
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It is probably fair to say, however, that pending deep, large-area radio surveys,
the jury is still out on both whether there is a correlation of radio-loudness
with black hole mass and whether there is a dichotomy in the distribution of
radio-loudness.

6.5 Clustering of Quasars

One interesting product of the large-scale quasar surveys is an estimate of quasar
clustering and its evolution with redshift. Clustering statistics give information
on the masses of the dark matter haloes containing the quasars and the value of
the bias parameter (the extent to which objects fail to trace the underlying mass
distribution). Croom et al. (2005) use the 2dF survey to analyse quasar clustering
and its evolution using a sample of over 20000 quasars. They find that quasars
occupy dark matter haloes with masses of a few ×1012M� at all redshifts. An
increase in the clustering with redshift is seen, ascribed to an increase in the bias
parameter with redshift from close to unity at z ≈ 0 to about a factor of four at
z ∼ 2. Although quasars at z ≈ 0 are seen in haloes with the space density of L∗

galaxies today, the ∼ 1012M� haloes hosting quasars where rarer in the past, and
the haloes hosting high-z quasars will grow into group and cluster-sized haloes
by the present epoch. Croom et al. interpret this as a trend for lower-mass black
holes being more active at low redshift. Of course, in any flux limited survey, the
characteristic luminosity of the objects will correlate strongly with redshift, and
the possibility of an increase of clustering with luminosity, although not seen
in the 2dF dataset, remains a viable alternative explanation. Results from the
SDSS, with its higher flux limit, should help to determine whether luminosity
or evolution effects are responsible for these results.

6.6 High-z Quasars and Reionization

The SDSS has allowed the efficient selection of several z ∼ 6 quasars. These are
important from a cosmological viewpoint for several reasons. The most distant of
these show Gunn-Peterson troughs, indicating that at least a small fraction of the
intergalactic medium was neutral at z ≈ 6.5 (Becker et al. 2002; Fan et al. 2003;
White et al. 2003). Exactly how much is still the subject of debate, and larger
samples of high-z quasars will be needed to establish this (Mesinger, Haiman
& Cen 2004). The mere existence of ∼ 109M� black holes at z ∼ 6 is itself
interesting, particularly as the detection of Feii emission lines in near-infrared
spectra shows that the ISM of the host was already significantly enriched with
an element which, at least locally, is mostly produced in Type I supernovae, with
a long (∼ 0.3Gyr) delay between star formation and the supernova explosions
(Freudling et al. 2003; Barth et al. 2003). This implies an early epoch for the first
major burst of star formation in the host galaxy (z >∼ 10). The number density
of very high-z quasars can be used to estimate their contribution to reionization.
Based on the numbers found so far, it seems that there are not enough of these
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objects to reionize the Universe (unless the faint end of the quasar luminosity
function is very steep), meaning that star-forming galaxies are the most likely
culprits.

6.7 Broad Absorption Line Quasars

The past few years have seen significant developments in the study of broad-
absorption line quasars (BALs), the quasar population which shows absorption
by an ionized wind with velocities up to 0.1c. The number of iron low-ionization
BALs (FeLoBALs) known has increased significantly, due principally to new
quasar surveys. The FBQS was the first to find significant numbers of these
objects (Becker et al. 2000). Subsequently, several FeLoBALs were found in the
SDSS survey using colour-based selection criteria (Hall et al. 2002). These re-
markable objects have line blanketing by FeII shortward of ∼ 2800Å, frequently
almost completely extinguishing the UV light from the quasar. They are also sig-
nificantly reddened by dust, the combination giving them quite different colours
than normal quasars.

The discovery of a number of truly radio-loud BALs (including a couple with
the classic FRII morphology [Gregg et al. 2000; Brotherton et al. 2002]) has also
disproved a long-standing suggestion that radio-loud quasars are incapable of
hosting BAL flows. Further radio studies of the FBQS BALs has also undermined
the popular orientation model for BALs, in which the BAL winds arise from the
surface of the accretion disk, with the line of sight passing through them. This
model predicts that BAL quasars are all seen with their accretion disks nearly
edge-on. Becker et al. (2000) showed that the radio spectral indices of BALs range
from steep to flat, indicating no special orientation for the BAL population.

Modelling of the gas flows causing broad absorption lines has improved sig-
nificantly, with careful allowance being made for saturation and partial covering
effects (e.g. Arav et al. 2001). Attempts to model the very low ionization outflows
in the FeLoBAL quasars have raised interesting questions as to whether the low
ionization absorbing gas is very far out, at distances of hundreds of parsec (de
Kool et al. 2002), or whether the outflow is comprised of a multi-phase gas with
dense, low-ionization clouds embedded in a low density, high ionization wind
(Everett, Königl & Arav 2002).

6.8 Finding the Obscured Quasar Population

Recent years have also shown great advances in finding the obscured quasar
population. Initially, progress was slow. In the hard X-ray, the small field sizes
and depth required to find the obscured quasar population restricted discoveries
to a few objects (e.g. Norman et al. 2002, Stern et al. 2002, Padovani et al. 2004).
The 2MASS near-infrared survey was able to find some dust-reddened, mostly
low-z quasars (Cutri et al. 2002) and by combining 2MASS with the FIRST radio
survey, several higher redshift, radio-intermediate reddened quasars were found
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(Glikman et al. 2004). However, 2MASS selection was unable to find objects
with rest-frame optical reddenings (AV ) greater than a few magnitudes.

Finding the heavily obscured objects, which show no broad lines in the opti-
cal and which have rest-frame AV ∼ 10–100, has proven difficult, and it is only
very recently that significant progress has been made. Zakamska et al. (2003)
were able to isolate moderate redshift objects with high-ionization narrow lines
characteristic of type-2 AGN in the SDSS survey, and later showed that many of
these objects show broad lines in polarized light, confiming their quasar nature.
A combination of mid-infrared fluxes from the Infared Space Observatory (ISO)
and 2MASS was able to find objects significantly more reddened than those
found by 2MASS alone (Leipski et al. 2004, 2005). Using mid-infrared colours
from Spitzer, Lacy et al. (2004, 2005) also found examples of this type-2 quasar
population. A strategy of searching for Spitzer-detected radio-intermediate ob-
jects has been used successfully by Martinez-Sansigre et al. (2005), who have
found several z > 2 type-2 quasars. Selection effects for all these techniques still
need to be fully understood, but it is clear that the type-2 quasar population
is at least comparable in number density to the “normal” quasar population,
and perhaps 2–3 times larger. Figure 6.1 shows the spectra of a type-1 quasar,
a lightly-reddened FeLoBAL quasar and a heavily obscured type-2 quasar nor-
malised to approximately the same emission line fluxes.

An upper bound on the total number of quasars, both obscured and un-
obscured, can be obtained by comparing the mass in black holes in the cen-
ters of galaxies today with the total accretion luminosity of the quasar pop-
ulation, divided by the accretion efficiency, a point orignally made by Soltan
(1982). The most up-to-date versions of this calculation (e.g. Yu & Tremaine
2002) leave little room for a very large obscured quasar population, but un-
certainties about the exact value of the accretion efficiency (i.e. the ratio of
the mass-energy accreted onto the black hole to that liberated as accretion
luminosity) still allow a significant obscured (or indeed advection-dominated
accreting) population. In the standard accretion disk model, accretion effi-
ciency is determined primarily by the radius of the last stable orbit. For a
non-spinning (Schwartzschild) black hole this limits the accretion efficiency to
∼ 0.1, but the frame-dragging effect of a spinning (Kerr) black hole allows
for a closer-in last stable orbit and accretion efficiencies ∼ 0.3. Efficiencies of
this order are required to accommodate a significant hidden quasar popula-
tion.

6.9 Quasar Host Qalaxy Studies

Although ground-based studies of quasar hosts have been proceeding for many
years, it required the advent of HST to allow robust determinations of the host
galaxy properties. Figure 6.1 shows the regions of the absolute magnitude vs
redshift plot covered by the major HST programs. WFPC2 observations of
nearby quasars showed that luminous quasars are hosted by massive galaxies,
usually early types (Disney et al. 1995; Bahcall et al. 1997; McLure et al. 1999;
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Fig. 6.1. Rest-frame spectra of traditional and non-traditional quasars: top - composite
of normal quasars from the SDSS (Vanden Berk et al. (2001); middle – the z = 2.65
FeLoBAL quasar FTM J100424.9+122922 (Lacy et al. 2002a); bottom – a composite
of type-2 quasars from Spitzer selection from 3200–7000Å (Lacy et al. 2005). The top
and bottom spectra have been offset by ±2 units for clarity. All three spectra have
been normalized to approximately the same emission line strength. (The blank regions
in the middle spectrum at ≈ 3800 and ≈ 5100Å are zero transparency regions in the
near-infrared.)

Dunlop et al. 2003; Floyd et al. 2004). The advent of the NICMOS camera
on HST allowed the study of rest-frame optical emission from host galaxies of
quasars at high redshifts for the first time. Kukula et al. (2001) and Ridgway et
al. (2001) showed that, at z ∼ 2, the trend for quasars to be hosted in massive
galaxies continues, though less-luminous quasars are generally found in less-
luminous hosts (Fig. 6.2). The sample of Ridgway et al. contained quasars of
similar luminosity to the low-redshift quasars of Dunlop et al., allowing a direct
comparison of the stellar masses of the hosts. This indicated that the stellar
masses of the high-z quasars were smaller by a factor of a few than their low-z
counterparts. Semi-analytic modelling by Kauffmann & Haehnelt (2000) sug-
gested that the hosts of high-z quasars should be lower in stellar mass, though
by a larger factor. Whether this difference is significant or not remains to be
established, though the results of Kukula et al. on the hosts of slightly more
luminous quasars are in more disagreement with the predictions of that model.
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Fig. 6.2. The absolute-magnitude – redshift plane for quasars studied by the largest
HST programs at z > 0.5 (Kukula et al. 2001; Ridgway et al. 2001), and the two
largest programs at low-z (Dunlop et al. 2003; Floyd et al. 2004). All these samples
were imaged close to the rest-frame V -band. Although moderate luminosity quasars
are well-represented at most redshifts, there is a lack of high-luminosity quasars, partly
for practical reasons of the difficulty of PSF subtraction from quasars whose nuclear
light is significantly brighter than that from its host galaxy. Radio-loud quasars are
shown as open symbols, radio-quiets as filled symbols.

More recent semi-analytic models, which include feedback effects from both su-
pernovae and the AGN, and a different prescription for star formation in massive
dark matter haloes at early epochs agree better with observations (e.g. Granato
et al. 2003), though a robust, predictive model for galaxy and quasar formation
is still lacking. Figure 6.2 also shows that radio-loud quasars tend to be in more
massive hosts (at a given quasar luminosity) than radio-quiets at all redshifts
(e.g. Kukula et al. 2001)

Spectroscopy of quasar host galaxies has been attempted from the ground.
Nolan et al. (2001) found that most quasar host galaxies had evolved stellar pop-
ulations, ∼ 10Gyr old, with only a very small amount of recent star formation.
Deeper spectroscopy with Keck by Canalizo & Stockton (2001), however, found
evidence of bursts of star formation within the past ∼ 100Myr in quasars with
far-infrared excesses. Indeed, such populations have also been found in radio
galaxies (Tadhunter et al. 2005), and in composite spectra of Seyfert galaxies
and low-luminosity quasars from the SDSS (Kauffmann et al. 2003). There is
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Fig. 6.3. The samples of Fig. 6.2 with absolute magnitude of the host plotted against
nuclear absolute magnitude. Small symbols indicate quasars with z < 0.5, medium,
those with 0.5 < z < 1.5, and large, those with z > 1.5. The dotted line corresponds
approximately to the luminosity expected from Eddington-limited accretion [using the
van der Marel (1999) relation]. In general, host and quasar luminosity are correlated,
even though few quasars closely approach the Eddington Limit. Note also that there is
no strong systematic trend for high-z hosts to be fainter than their low-z counterparts
[as predicted, for example, by Kauffmann & Haenelt (2000)], but the dispersion in host
galaxy magnitudes does seem to be higher at z ∼ 2, indicating that a wider range of
black hole masses may be involved in quasar activity at early epochs. (It should also
be borne in mind that the mass:light ratios of young stellar populations are likely to
be lower at high-z, so their black holes may be less massive than their position on this
plot would indicate.)

much debate about whether the different results are due to better quality spec-
tra taken closer to the nucleus using 8-10m-class telescopes, or whether there
are real differences in the host galaxy properties of the different quasar samples
studied.

In addition to space-based observations, ground-based observations with
adaptive optics (AO) are beginning to be exploited for quasar host galaxy studies
(e.g., Stockton, Canalizo & Close 1998, Lacy et al. 2002b, Croom et al. 2004b;
Falomo et al. 2005). The high spatial resolution of AO is able to concentrate the
light of the nucleus, leaving the host much more visible. Although the PSF is not
as stable as that produced by space-based observations, the relative cheapness
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of ground-based telescope time (particularly on smaller telescopes) allows for
large surveys not practical with space-based observatories, and on 8m-class tele-
scopes, the resolution exceeds that from HST by a significant factor. Although it
is important to bear in mind that surface brightness sensitivity is fundamental
to the detection of quasar hosts, AO does significantly improve the ability to
detect hosts through concentrating the quasar light into the center of the galaxy
image.With laser guide stars becoming available at several major observatories,
coupled with large quasar surveys which allow selection of quasars near bright
guide stars, this area of research should have a significant impact in the years
to come. Host galaxy studies with 8m-class telescopes without adaptive optics,
or with only active optics have also been attempted. Although lacking in spatial
resolution, the good surface brightness sensitivity of these telescopes has allowed
detections of host galaxies out to z > 4 (e.g. Falomo et al. 2001; Hutchings 2003).

An early motivation for quasar host galaxy studies was to search for the
trigger mechanism of quasar activity (e.g. Stockton & MacKenty 1987). Mergers,
or other galaxy interactions have long been thought of as likely triggers as they
are able to disrupt stable gas which might fall onto the black hole. What has
never been clear, however, is how disturbances due to mergers or interactions
on kpc scales influence the gas motions within the sub-pc inner region of the
AGN. Indeed, McLure et al. (1999) conclude that few of their quasar hosts
show obvious signs of interaction. However, the presence of moderate age stellar
populations in quasar hosts suggests there may be a delay between the large-
scale disruption (which would trigger a starburst almost instantaneously) and
the onset of quasar activity. One possibility is that dust-reddened and/or type-2
quasars may represent an early stage in quasar evolution. Canalizo & Stockton
(2001) find that several of their IR-excess quasars are low-ionization BALs with
significant dust reddening, and, although many type-2 quasars have classic high-
ionization emission lines in their optical spectra, there are several whose spectra
either lack emission lines, or contain only emission lines from starbursts (e.g. the
“type-3” quasars of Leipski et al. 2005). These might represent quasars in a very
early, completely dust-shrouded phase in their evolution where even the narrow-
line region is obscured. On the other hand, an HST-based study of the host
galaxies of 2MASS-selected dust-reddened QSOs by Marble et al. (2003) found
no significant difference between the hosts of dust-reddened and normal QSOs
in terms of the spread in galaxy type and evidence of recent merger activity.

6.10 Open Questions

Over the past few years quasar astronomy has undergone something of a rev-
olution. From surveys of a few hundred quasars we have gone to surveys of
several tens of thousands. We have much more confidence in our ability to es-
timate the important physical parameters of quasars, namely black hole mass
and accretion rate. The highest redshift quasar is now at z > 6. We have re-
solved the host galaxies of quasars out to z > 2. We are close to being able to
place much-improved constraints on the numbers of dust-hidden quasars, which
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studies suggest at least equal, and perhaps exceed, the numbers of “classical”
blue quasars. Although finding the most heavily obscured objects will always be
hard, nature seems to be helping us by providing many of these objects with
the “obscuring torus” geometry which makes them much more visible in the
mid-infrared. Nevertheless, we still have open a number of important questions
– indeed, our new information has allowed us to ask new ones. Perhaps the most
fundamental is the nature and evolution of the black hole mass – bulge mass
relation, as it demonstrates a clear link between quasars and their host galaxies.
This link might be established by a mechanism in which the quasar acts as a
govenor providing negative feedback to star-forming processes in the host galaxy
(e.g. Silk & Rees 1998).

Other questions remain. Why does the evolution of quasars so closely re-
semble pure luminosity evolution, even though we know high redshift and low
redshift quasars must be very different phenomena, one fundamentally linked
to galaxy formation and growth, and the other apparently a rare phenomenon
which seems to at best reflect the end results of a merger several hundreds of Myr
earlier? How are outflow phenomena such as radio-loud quasars and BALs linked
to the normal quasar population? Is the obscured quasar population linked to
the normal quasar population through evolution, orientation, or both? Exactly
how many quasars are hidden by dust?

Future techniques to study quasars will probably involve a shift from the
study of pre-selected quasar samples towards survey-based samples. Data min-
ing of public multiwavelength surveys will result in the discovery of objects which
occupy unusual parts of parameter space, such as high redshift type-2 quasars
(Padovani et al. 2004). New radio telescopes such as the Low Frequency Array
(LOFAR) and the Square Kilometer Array, which can image deep enough over a
large enough area to measure the radio-luminosity function of radio-quiet quasars
will shed new light on the relationship of radio jet power to other quasar prop-
erties. With robotic telescopes becoming more common, it becomes feasible to
undertake reverberation mapping studies of larger samples of objects for longer
periods, including higher luminosity AGN and quasars, which can be used to
improve black hole mass estimates. Statistical studies of quasar variability (e.g.
Vanden Berk 2004; de Vries et al. 2005) will become easier and more accurate
with e.g. the Large Synoptic Survey Telescope, and should open up new ways of
investigating the quasar phenomenon.

With the future of HST uncertain, adaptive optics is certain to become a
more important tool for the study of quasar host galaxies. Future space missions
such as the James Webb Space Telescope and the Terrestrial Planet Finder
(Coronagraph) will play an important role, but both missions are some years
away. Of the open questions, probably only the nature and numbers of the ob-
scured quasar population is one we will be able to answer soon. The others will
require further observations and theoretical modelling before we will be able to
make progress.
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7 Applications of Gravitational Lensing
in Cosmology

M. Bartelmann

Abstract: Gravitational lensing originates from the deflection of light by masses, irre-
spective of their physical state or composition. Since it appears inescapable that most
of the matter in the universe is dark, gravitational lensing has developed into one of
the primary tools to learn about the amount, composition and distribution of masses
in the universe.

The review will summarise the theory of gravitational lensing, starting from Fer-
mat’s principle. This will first be applied to isolated lenses like compact objects, galax-
ies, and galaxy clusters. Cosmologically relevant applications will be described, such
as searches for compact dark-matter objects in galactic halos, measurements of the
Hubble constant in galaxy lenses, and methods for mapping the dark matter in galaxy
clusters. Next, the theory of cosmological lensing will be introduced. The concepts of
lensing by large-scale structures and its measurement will be discussed, concluding
with an overview of results which have so far been obtained, and an outlook at what
can be expected in the near future.

7.1 Introduction

7.1.1 The dark Universe

It seems that we have to accept that most matter in the Universe is dark, and
that the majority of the cosmic energy density is not contributed by matter.
These conclusions appear as the most straightforward interpretation of numerous
cosmological measurements within the class of Friedmann-Lemâıtre cosmological
models.

Those models are derived from Einstein’s general theory of relativity using
the two symmetry assumptions that the Universe is isotropic around us, and
that our position in the Universe is by no means preferred to others. Together,
these two assumptions imply that the Universe is isotropic around any of its
points, and thus homogeneous.

The assumption that the Universe is isotropic around us seems dubious at
first sight, but is very well satisfied if the observable Universe is averaged over suf-
ficiently large scales which are still small compared to its overall size. Assuming
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our cosmic position not to be preferred compared to any other is a generalisation
of the Copernican principle, which said that the Earth is not at the centre of
the Solar System.

Given these two symmetry assumptions, Einstein’s generally very compli-
cated field equations reduce to two simple, ordinary differential equations for
the scale factor of the Universe, the so-called Friedmann equations. They ad-
mit families of solutions characterised by a set of parameters like the densities
of various energy contributions, the so-called cosmological constant, the current
expansion rate of the Universe or Hubble constant, and so forth. Determining the
global properties of the Universe is then reduced to measuring these parameters,
which used to be the formidable paramount task of modern cosmology.

The past few years have seen a breakthrough. Mainly three types of cosmo-
logical measurement have allowed virtually all relevant cosmological parameters
to be precisely constrained. Among the most interesting and puzzling of their
findings are that the total density of all forms of energy together sums up to
a critical value which makes space flat. Radiation contributes negligibly today
to this critical density, matter has just about 30 per cent, and the rest is some
different, mysterious form of energy. Of the matter, only about 15 per cent is
of the “ordinary”, baryonic form that we know from Earth, which consists of
protons, neutrons and electrons. The remainder of the matter cannot interact
with light and is thus called dark matter .

We are thus put into the embarrassing situation of now knowing quite pre-
cisely how much energy per volume there is in the Universe, but having no precise
idea what the vast majority of this energy may be composed of. Einstein’s theory
of special relativity has taught us that matter and energy are equivalent. Yet,
is does make sense to distinguish dark matter from dark energy: Dark matter
can clump and form structures, while dark energy cannot and is thus smoothly
distributed.

A possible form of the dark energy could be the cosmological constant which
Einstein introduced into his equations when Friedmann found that generally-
relativistic cosmological models are unstable and either expand or contract. At
that time towards the end of the 1920s, Einstein believed the Universe to be
static, which he could achieve only if he included a repulsive term into his equa-
tions, which could prevent the Universe from collapsing under its own gravity.
This term, which is proportional to the cosmological constant, was soon con-
sidered obsolete when Slipher and Hubble found that the Universe is not static
but expanding (Hubble, 1929; Hubble & Humason, 1931). However, evidence is
mounting that the cosmological constant, or something behaving similarly, is in
fact required.

In this situation, which the recent advances of observational cosmology have
made quite inescapable, two of the most pressing cosmological questions are,
“What is the dark matter composed of, and how is it distributed?”, and “What
is the dark energy, and how does it evolve in time?” With both those dominant
constituents of the Universe not interacting with light, the investigation of these
two questions requires methods which reveal structures even if they do not emit
or absorb electromagnetic radiation.
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7.1.2 The role of gravitational lensing

Another effect following from Einstein’s theory of general relativity comes to as-
sist. Masses bend light paths such that they appear curved towards those, very
much like light rays passing through convex glass lenses. This effect immediately
follows from the equivalence principle , which says that gravitational forces can-
not be distinguished from inertial forces experienced in an accelerating frame of
reference. This was the heuristic guiding principle for Einstein’s construction of
general relativity, and it thus became clear very early during the development of
the theory that gravitational light deflection would be one of its consequences. It
was a triumph for Einstein when the light deflection by the Sun was discovered
in 1919 (Eddington, 1919).

For deflecting light, matter (or energy) needs to be inhomogeneously dis-
tributed. Perfectly homogeneous matter is thus invisible even for gravitational
lensing . However, lensing can also be employed for studying the dark energy,
even though it is (or can be) defined as a perfectly smooth background of energy.

If the dark energy is well described as a cosmological constant, it does not
evolve in time. However, the cosmological constant is unsatisfactory from the
point of view of theoretical physics because its density deviates by 120 orders of
magnitude from expectations derived from particle physics. Other models for the
dark energy typically predict it to change with time. Thus, it is in fact a question
of fundamental physical importance how the dark energy is evolving as the Uni-
verse expands. This becomes measurable because the dark energy changes the
expansion behaviour of the Universe and thereby the growth of structures in it.
Depending on the time evolution of the dark energy, cosmic structures form ear-
lier or later in cosmic history. Thus, using gravitational lensing for investigating
matter inhomogeneities in dependence of their cosmic age gives indirect clues as
to the nature of the dark energy, even though it does not form structures.

7.2 Basic Principles of Gravitational Lensing

This section briefly summarises the foundation of gravitational lensing theory.
Readers not interested in the mathematics can immediately skip to subsec-
tion 7.2.4 where the basic physical properties of lensing will be summarised.

7.2.1 Fermat’s principle and the deflection angle

The theory of gravitational lensing is most easily built up starting from Fermat’s
principle, which is well known from geometrical optics. It holds that between a
fixed source and a fixed observer, light will choose a path along which its travel
time is extremal. Wave optics is typically unimportant for gravitational lensing
because the wave length of light is incommensurably smaller than any structures
in a gravitational lens.1

1Wave optics can be relevant, however, for gravitational lensing of gravitational
waves.
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The light travel time is calculated in geometrical optics using the index of
refraction n, which quantifies by how much the light speed is lower in a medium
compared to vacuum. In general relativity, the light speed is reduced in presence
of a gravitational field.

For by far the most astrophysical applications of gravitational lensing, the
gravitational field can be described by a small Newtonian gravitational potential
Φ � c2 which moves with velocities small compared to the speed of light. Under
these conditions, the index of refraction is

n = 1 − 2Φ

c2 , (7.1)

from which Fermat’s principle yields the deflection angle

α̂ =
2
c2

∫
dl ∇⊥Φ , (7.2)

where ∇⊥ is the gradient perpendicular to the light ray along which the integral
is to be carried out. However, typical deflection angles being very small, is is
permissible to evaluate the integral along the unperturbed, straight light path.
This corresponds to Born’s approximation familiar from scattering theory.

A point mass M has the gravitational potential

Φ = −GM

r
, (7.3)

where G is the gravitational constant and r is the distance from the mass. Ar-
ranging the coordinate system such that the unperturbed light path propagates
into the positive z direction, we find

α̂ =
4GM

c2

b
b2 , (7.4)

where b is the vector connecting the point mass and the light ray in the x-y
plane perpendicular to the light ray containing the mass. This plane is called
the lens plane . Lensing by an isolated lens is reduced to a sharp kink in the lens
plane of the otherwise straight light path.

The deflection angle is directed towards the lens and proportional to the
mass and the inverse separation b between lens and light ray. Since 2GM/c2 is
the Schwarzschild radius Rs of the point mass, we can write

α̂ =
2Rs

b
. (7.5)

The linear dependence of the deflection angle on the lens mass allows it to be
easily generalised for extended mass distributions. Projecting the lensing mass
distribution into the lens plane gives the surface mass density

Σ(b) =
∫

dz ρ(b, z) (7.6)
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from the three-dimensional mass density ρ. The projected lens is then decom-
posed into infinitesimal mass elements Σ(b′)d2b′ which can individually be con-
sidered as point masses. The total deflection angle at a point b is then the sum
of point-mass deflection angles,

α̂(b) =
4G

c2

∫
d2b′ Σ(b′)(b − b′)

|b − b′|2 . (7.7)

It is convenient to use angular coordinates θ1,2 on the lens plane instead of
the physical coordinates b. Introducing the distance Dl of the lens from the
observer, b = Dlθ and

α̂(θ) =
4G

c2 Dl

∫
d2θ′ Σ(Dlθ

′)(θ − θ′)
|θ − θ′|2 . (7.8)

7.2.2 Lens equation and lensing potential

We now introduce a source plane parallel to the lens plane at distance Ds from
the observer, and cover it with angular coordinates β1,2. If the coordinate origin
is suitably chosen, coordinates β and θ are related by

Dsβ = Dsθ − Dlsα̂(θ) , (7.9)

where Dls is the distance between lens and source. Introducing the reduced de-
flection angle

α(θ) :=
Dls

Ds
α̂(θ) =

4G

c2

DlDls

Ds

∫
d2θ′ Σ(Dlθ

′)(θ − θ′)
|θ − θ′|2 , (7.10)

the lens equation simply becomes

β = θ − α(θ) . (7.11)

It is the non-linearity of this apparently simple equation due to the dependence
of α on θ which makes it physically interesting. Among other things, it implies
that gravitational lenses can produce multiple images of single sources when the
inversion of the lens equation, i.e. the determination of image positions θ from
source positions β, is no longer unique.

Following (7.4), the reduced deflection angle of a point mass is

α(θ) =
4GM

c2θ

Dls

DlDs
. (7.12)

A source exactly behind the lens, i.e. at β = 0, is imaged according to (7.11) as
a ring with radius

θE =
[
4GM

c2

Dls

DlDs

]1/2

=
[
2RsDls

DlDs

]1/2

, (7.13)
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Fig. 7.1. Sketch illustrating the geometry of imaging by an isolated lens

which is called the Einstein radius . It sets a typical scale for the separation of
multiple images. Assuming 2Dls � Ds in typical situations, (7.13) shows that
the Einstein radius is typically given by the square root of the ratio between the
Schwarzschild radius of the lens and its distance to the observer, (Rs/Dl)1/2.
The Schwarzschild radius of a star is of order 105 cm. If it is within our Galaxy,
Dl � 3 × 1022 cm, thus θE � 2 × 10−9 radians, or 4 � 10−4 arc seconds. For a
galaxy at cosmological distances, RS � 1016 cm and Dl � 1027 cm, thus θE �
3× 10−6 radians or � 0.6 arc seconds. Galaxy clusters at cosmological distances
have Einstein radii of order 50 larger than that of galaxies, or � 30 arc seconds.

The surface-mass density Σ becomes dimension-less when divided by the
critical surface mass density

Σcr :=
c2

4πG

Ds

DlDls
. (7.14)

Introducing the convergence κ(θ) as the ratio Σ(Dlθ)/Σcr, the reduced deflec-
tion angle reads

α(θ) =
1
π

∫
d2θ′ κ(θ′)(θ − θ′)

|θ − θ′|2 , (7.15)

Poisson’s equation relates the three-dimensional density ρ to the gravitational
potential,

∇2Φ = 4πGρ . (7.16)

The projection (7.6) implies the Poisson equation for the convergence κ,

Σ(θ)
Σcr

= κ(θ) =
1
2
∇2ψ(θ) (7.17)

with the lensing potential

ψ(θ) =
2
c2

Dls

DlDs

∫
dz Φ(Dlθ, z) (7.18)
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Using the Green’s function of the two-dimensional Laplacian operator,
Eq. (7.17) can be immediately be solved for ψ(θ),

ψ(θ) =
1
π

∫
d2θ′ κ(θ′) ln |θ − θ′| . (7.19)

A comparison with (7.15) shows that the (reduced) deflection angle is the gra-
dient of the (reduced) lensing potential,

α(θ) = ∇ψ(θ) . (7.20)

As in geometrical optics, light deflection is described as a consequence of
reduced light speed, either in a medium like glass or in a gravitational field. The
index of refraction introduced above quantifies the actual light speed c′ in terms
of the light speed c in vacuum, c′ = c/n. The reduced speed leads to an enhanced
travel time (Shapiro delay) in a gravitational field,

t′ =
∫

dz

c′ =
1
c

∫
dz n =

1
c

∫
dz

(
1 − 2Φ

c2

)
= t − 2

c3

∫
dz Φ , (7.21)

where t is the travel time in vacuum.
Due to the light deflection, the light path in presence of a gravitational field is

also geometrically longer. Thus, gravitational lenses cause a two-fold time delay
which is composed of a gravitational and a geometrical contribution. Travel times
from the source to the observer along different paths belonging to multiple images
are thus typically different. This time delay becomes observable with variable
sources. Features in their light curves such as sudden rises or drops appear first
in the image with the shortest travel time, and then repeat with a certain delay
in the other images.

These relations were obtained assuming an isolated lens, i.e. a lensing mass
distribution which is small compared to the cosmological distances which typi-
cally separate sources, lenses and the observer. When lensing by mass distribu-
tions on cosmological scales needs to be taken into account, the mathematical

Fig. 7.2. Illustration of lensing by large-scale structures
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description complicates considerably. However, the end result is that an effective
lensing potential

ψ(θ) =
2
c2

∫ w

0
dw′ D(w − w′)

D(w)D(w′)
Φ[D(w′)θ, w′] (7.22)

can be introduced such that the total deflection angle experienced by a light
ray is again ∇ψ, and an effective convergence is given by Poisson’s equation
(7.16). In (7.22), w and D(w) are the comoving coordinate and angular diameter
distances in the possibly curved background Universe. If space is flat, w = D(w).
The sources are assumed at distance w, and the integration includes all lenses
at lower distances w′. The similarity to (7.18) is evident.

These are not merely formal developments. The fact that the lensing deflec-
tion angle is the gradient of a scalar potential has profound implications for the
astrophysical applications of gravitational lensing, as we shall see shortly.

7.2.3 Local imaging properties

Typical sources are small compared to the lenses. Imaging by gravitational lens-
ing can then be described by the linearised lens equation. Let the centre of the
source be at β0 and its image at θ0, where the deflection angle be α0 := α(θ0).
Then, the deflection angle at a neighbouring image point θ = θ0 + δθ is, to first
approximation,

α = α0 +
∂α

∂θ

∣∣∣∣
θ0

δθ , (7.23)

and the lens equation simplifies to

δβ = β − β0 = δθ − ∂α

∂θ

∣∣∣∣
θ0

δθ = A δθ , (7.24)

where A is the Jacobian matrix of the lens equation with components

Aij =
∂βi

∂θj
= δij − ∂αi

∂θj
= δij − ∂2ψ

∂θi∂θj
, (7.25)

where we have used that α is the gradient of ψ.
The matrix A is evidently symmetric. Its trace is related to the convergence

κ by
trA = A11 + A22 = 2(1 − κ) . (7.26)

Accordingly, the matrix A can be decomposed as

A =
(

1 − κ − γ1 −γ2
−γ2 1 − κ + γ1

)
, (7.27)

with the shear components

γ1 :=
1
2

(
∂2ψ

∂θ2
1

− ∂2ψ

∂θ2
2

)
, γ2 :=

∂2ψ

∂θ1∂θ2
, (7.28)
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which form the trace-free, symmetric shear matrix.
If there is no shear, γ1,2 = 0, the matrix A becomes proportional to the

unit matrix. Then, lensed sources appear isotropically stretched or shrunk, but
undistorted. Conversely, the shear (γ1, γ2) is responsible for image distortions.

Typically, the images will cover a different solid angle than the source. This
is quantified by the determinant of A, whose inverse is the magnification factor,

µ =
1

det A =
1

(1 − κ)2 − γ2
1 − γ2

2
. (7.29)

The magnification will become very large where detA → 0. Points θc in the
lens plane where detA = 0 are called critical points. They form closed, so-called
critical curves. Their images in the source plane,

βc = θc − α(θc) , (7.30)

are called caustic curves, or caustics. A source close to a caustic has highly
magnified images next to a critical curve.

Apart from identifying regions of highest magnification in the source or lens
planes, critical curves and caustics also separate areas of different image multi-
plicity. Far away from a lens, a single source must have a single image. When the
source crosses a caustic on its way towards the (projected) lens centre, its image
number increases by two. These additional images appear next to the critical
curve belonging to the caustic. As a corollary, this implies that odd numbers of
images are expected from gravitational lenses. The fact that even image num-
bers are typically observed allows interesting conclusions on the lensing mass
distributions.

7.2.4 Basic properties of gravitational lensing

Summarising the preceding subsections, we see that gravitational lensing leads
to a variety of phenomena which can qualitatively be understood in an intuitive
way. First, the reduced light speed in a gravitational field causes light to be
deflected much as in ordinary geometrical optics. This gravitational light deflec-
tion is differential, which means that neighbouring light rays experience slightly
different deflections. Consequently, images typically appear enlarged or shrunk
and distorted compared to the sources. These imaging properties are described
by the convergence κ, which is proportional to the surface mass density of the
lens and responsible for isotropic stretching or shrinking of images, and the
two-component shear γ1,2, which is responsible for image distortions. Together,
convergence and shear cause the image magnification, i.e. the change of the total
solid angle covered by an image compared to source.

Due to their deflection, light rays from a single source can reach the observer
along multiple paths, leading to multiple images. Gravitational time delay and
the geometrically longer deflected light paths cause a net time delay which is
generally different for each of the images, leading to time delays between multiple
images of a single source.
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All properties of gravitational lensing can be summarised by a scalar potential
ψ whose gradient is the deflection angle. This statement holds true for individual,
localised lenses which are small compared to the distance from the source to the
observer such as stars, galaxies or galaxy clusters, but also for extended lenses
of cosmological scale such as the large-scale structure of the Universe.

7.2.5 Simple lens models

Important mass distributions often used for understanding basic lensing proper-
ties of astrophysical objects, or for modelling image configurations of observed
lenses, are the point mass, the isothermal sphere, and the (generalised) Navarro-
Frenk-White (NFW) profile. They are intrinsically axially symmetric, but can
easily be distorted to mimic asymmetric mass distributions.

The point mass was already introduced. Its lensing potential is

ψ(θ) =
4GM

c2

Dds

DdDs
ln |θ| . (7.31)

Point masses are an essential tool especially for microlensing studies.
The isothermal sphere has a three-dimensional density profile falling as r−2.

It may be singular or have a core with finite density within a core radius rc. Its
lensing potential is

ψ(θ) =
4πσ2

c2

Dds

Ds

√
θ2
1 + θ2

2 + θ2
c , (7.32)

where the angular core radius θc = rc/Dl may vanish. Since circular velocities
in isothermal spheres do not depend on radius, they naturally reproduce flat
rotation curves, which is why they are often used for modelling galaxy lenses.

Numerical simulations showed that dark-matter halos consistently have den-
sity singular profiles which are shallow inside and steep outside a scale radius rs.
Generally,

ρ(r) =
ρs

xα(1 + x)3−α
(7.33)

with x := r/rs. In its original form (suggested by Bavarri et al. 1996, 1997),
α = 1. Other simulations found steeper central slopes, α � 1.5. More recent
simulations show that α does not converge to a fixed value down to the smallest
resolved scales, but rather gently approaches unity towards the halo centres. The
lensing potential of the NFW profile (α = 1) reads

ψ(θ) = 4κs

[
1
2

ln2 x

2
− 2arctanh2

√
1 − x

1 + x

]
, (7.34)

with κs := ρsrs Σ−1
cr (Meneghetti et al., 2003b).
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Fig. 7.3. Radial dependence of three different lensing potentials: the NFW profile
(solid line), the point mass (dashed curve), and the non-singular isothermal sphere
(dotted curve). All curves are arbitrarily normalised such as to pass through zero at a
dimension-less radius of unity.

Deviations from axial symmetry are generally necessary to explain observed
image configurations. The simplest approach is to replace the radius θ by

θ′ :=
[
(1 − ε)θ2

1 +
θ2
2

1 − ε

]1/2

(7.35)

in the lensing potential. This elliptically deformed lensing potential has the dis-
advantage that its Laplacian is dumbbell-shaped and not non-negative for mod-
erate and large ellipticities ε, which implies an unphysical surface-mass density.
Similar elliptical deformations of the convergence κ are thus preferred, albeit
much more difficult to study.

It is often necessary to embed lenses into an environment which supplies
constant shear, and possibly also constant convergence. Examples are stars in
galaxies, or galaxies in galaxy clusters. In both cases, the lenses are small com-
pared to the scale on which the properties of their surroundings change. Con-
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stant convergence κ0 and constant shear components γ01,2 can be described by
the effective lensing potential

ψ0(θ) = (κ0 + γ01)θ2
1 + (κ0 − γ01)θ2

2 + γ02θ1θ2 , (7.36)

which may be added to the lensing potential of an individual lens if needed.

7.3 Structure and Contents of Galaxies

7.3.1 The Galaxy

We do not know what the dark matter consists of. We know that it must not in-
teract electromagnetically, because otherwise the cosmic microwave background
would show temperature fluctuations on the level of 10−3 K rather than 10−5 K.
We also know that the dark matter must be cold in the sense that the velocity of
its constituents must be small compared to the speed of light, because otherwise
the large-scale distribution of the galaxies would be different. It is likely that this
cold dark matter is composed of weakly-interacting elementary particles, but it
could equally well consist of compact objects like, e.g. low-mass black holes.

Gravitational lensing provides one way to test this possibility. Our Galaxy,
the Milky Way, is expected to be embedded into a halo which predominantly
consists of dark matter. If that dark matter was composed of compact objects
rather than elementary particles, lines-of-sight out of the Galaxy would occasion-
ally pass nearby one of those. They would act as point-mass lenses on sources
in their background. Although their image splitting would be substantially be-
low the detection threshold, they would cause a well-measurable magnification
(Paczyński, 1986).

Quite independent on the mass spectrum of these hypothetical compact ob-
jects (called MACHOs2), the probability of any one of them causing a microlens-
ing event at any instant in time is of order (v/c)2, where v � 220 km s−1 Mpc−1

is a typical velocity for the stars in the Galaxy. Consequently, this microlensing
optical depth is of order 10−6. Finding its magnification signature thus requires
of order 106 light curves to be monitored.

Originally perceived more like science fiction, projects were carried out which
observed sufficient numbers of stars in the Large and Small Magellanic Clouds
(LMC and SMC, respectively) with sufficient accuracy and time sampling for
detecting some microlensing events among the overwhelming signal from variable
stars.

Analysing data taken from 11.9 million stars over 5.7 years, the MACHO
project (Alcock et al., 2000) found 13–17 events, while between 2 and 4 were
expected from known stellar populations in the Milky Way and the LMC. The
microlensing optical depth deduced from lensing events lasting between 2 and
400 days is τ = 1.2+0.4

−0.3 × 10−7. This implies that between 8% and 50% of the
Milky Way’s halo can be composed of MACHOs (at 95% confidence), whose

2acronym for massive compact halo objects
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Fig. 7.4. Example of likelihood contours obtained from the MACHO experiment for
one specific model for the Milky Way halo. The abscissa is the fraction of the halo
mass contained in MACHOs, the ordinate is the MACHO mass. The contours show
the 60%, 90%, 95%, and 99% confidence levels. (adapted from Alcock et al., 2000)

most likely mass ranges between 0.15 and 0.9 M� (cf. Fig. 7.4). Consistently,
the EROS project (Lasserre et al., 2000) found, based on observations of LMC
and SMC, that MACHOs cannot dominate the Galactic halo if their masses
are � 1 M�. They find that the halo mass fraction in MACHOs is < 20% for
MACHO masses between 10−7 M� and 0.1 M� (at 95% confidence).

Thus, although MACHOs have been detected between us and the Magellanic
Clouds, they are insufficient for explaining all of the Milky Way’s dark mass.
These MACHOs can in principle be anywhere between the source stars and the
observer, i.e. in the dark halos of the Milky Way or of the Magellanic Clouds
(Gould, 1993; Sahu, 1994; Wu, 1994b; Gould, 1995; Evans & Kerins, 2000). It
had been speculated that self-lensing within the LMC might suffice for explaining
the observed optical depth (Aubourg et al., 1999), but later studies showed that
certainly not all of the LMC lensing events can be explained as being due to
stars in the LMC. Rather, the LMC needs to be embedded into an extended
halo (Gyuk et al., 2000; Jetzer et al., 2002; Mancini et al., 2004). Microlensing
experiments have thus confirmed that the Galaxy and the Magellanic Clouds
must have extended dark halos, only a fraction of which can be composed of
compact objects of stellar and sub-stellar mass.

Microlensing monitoring programs are now targeting the Andromeda galaxy
M 31. Few early detections of microlensing candidates (Paulin-Henriksson et al.,
2003; Riffeser et al., 2003) proved the feasibility of such surveys, and data are
now accumulating beginning to allow constraining the halo fraction of MACHOs
in M 31 (de Jong et al., 2004; Uglesich et al., 2004), supporting results consistent
with those found in our Galaxy.
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7.3.2 Galaxies

Density profiles

Well over 70 cases of strong lensing by galaxies are now known. Most of them
have two or four images, but a few have higher image numbers. Image splittings,
typically of order an arc second, allow the projected lens mass to be constrained
which is enclosed by the images. However, it turns out to be surprisingly difficult
to constrain the mass profile. Essentially, multiple images constrain the average
surface-mass density in an annulus bounded by the images.

Using many lens systems, and assuming their mass profiles to be self-similar,
it becomes possible to trace the average surface mass density at different radii,
and thus to map out the density profile. Analysing 22 galaxy lenses, and adapting
a mass model composed of a concentrated component representing the light and
a power-law component representing the dark matter, Rusin et al. (2003) found
that the slope of the density profile is very nearly isothermal, with a double-
logarithmic slope of n = 2.07 ± 0.13 (isothermal has n = 2; cf. Sect. 7.2.5);
cf. Fig. 7.5. Models in which the mass traces the light and is therefore more
centrally concentrated fail at the 99% confidence level. If the dark matter follows
the NFW density profile, (22±10)% of the matter inside two effective radii has to

Fig. 7.5. Likelihood contours in the plane spanned by the dark mass fraction in lensing
galaxies (abscissa) and the slope of their density profile (ordinate). The solid and dotted
contours show the 68% and 95% confidence levels for two and one free parameter,
respectively. (adapted from Rusin et al. 2003)
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be dark. They also find a weak trend of the mass-to-light ratio, M/L ∝ L0.14+0.16
−0.12 ,

consistent with the fundamental plane of elliptical galaxies. Treu & Koopmans
(2004) agree that the density profiles are nearly isothermal, but find a somewhat
larger scatter. They confirm that lensing galaxies in which light traces mass are
ruled out, and find a dark-matter fraction of between 15% and 65% within the
effective radius.

We have seen in the introduction that gravitational lenses are expected to
produce an odd number of images. In contrast, all but very few observed galaxy-
lens systems have an even image number, most of them either two or four. The
missing images are expected to be faint if the central density profile of the lensing
galaxies is steep enough, thus their absence can be used for constraining the
central concentration of the lensing mass distributions. Based on this argument,
Rusin & Ma (2001) find that inner mass distributions of lensing galaxies cannot
be much shallower than isothermal. Conversely, Winn et al. (2004) use a lens
system in which a faint, central image has been found to constrain the mass
of the central black hole in the lensing galaxy to be < 2 × 108 h−1 M�. From
the general absence of faint, central images, Keeton (2001) concludes that the
central mass profiles of lensing galaxies must be more concentrated than CDM
alone predicts. Central black holes may reconcile CDM density profiles with even
image numbers only if they are about an order of magnitude more massive than
expected from the relation between black-hole and bulge masses.

Time delays and the Hubble constant

Time-delay measurements in multiple-image systems promise constraints on the
Hubble constant, provided a sufficiently accurate mass model for the lens is
known. Conversely, considering the Hubble constant as known, time-delay mea-
surements can be used as further constraints on the lensing density profile. Values
for the Hubble constant derived this way tended to be lower than those, e.g. ob-
tained from the HST Key Project (e.g. Fassnacht et al. 2002), but lens models
constructed upon a large number of constraints yield values which are very well in
agreement with other determinations. For instance, Koopmans et al. (2003) find
H0 = 75+7

−6 km s−1 Mpc−1 from time delays measured in the quadruply lensed
quasar B 1608+656.

An interesting problem with interpreting time delays in galaxy-lens systems
is pointed out by Kochanek (2003). It turns out that the time delays between
multiple images is essentially determined by the mean surface-mass density in
an annulus around the lens centre bounded by the images. An estimate for that
mass density can also be obtained converting the visible light to mass, assuming
typical values for the fraction fb of matter that condenses into stars. Adopting
fb � 0.02 in accordance with local observations works well with near-isothermal
mass models, but yields substantially too low values for the Hubble constant,
H0 = (48±5) km s−1 Mpc−1. Conversely, values for the Hubble constant agreeing
with the HST Key Project result, H0 = (72 ± 8) km s−1 Mpc−1, are compatible
with the measured time delays only if lens models with constant mass-to-light
ratios are adopted, which are otherwise ruled out. There seems to be an as yet
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unexplained discrepancy between measurements of H0 and the measured time
delays within the CDM framework.

Substructure in lensing galaxies

Interestingly, the number of observed lenses with four images (quadruples) are
about as abundant as such with two images (doubles), while they should only
contribute 25% to 30% of the galaxy lenses. The fraction of quadruples can be
enhanced by satellite galaxies orbiting the main lens galaxies (Cohn & Kochanek,
2004) or by matter in their larger-scale environments (Keeton & Zabludoff, 2004),
although the latter explanation is potentially problematic because it also tends
to lower inferred values of the Hubble constant.

Axially-symmetric lens models are insufficient for modelling observed multiple-
image systems. At least elliptical lens models are necessary. Embedding the lenses
into additional external shear fields helps fitting observed image configurations,
but typically more shear is required (10%–15%) than the average large-scale
structure can provide (1%–3%, Keeton et al. 1997). This hints at the presence
of angular structure in the lensing galaxies.

It is an interesting problem which caused much recent discussion that lens
models are typically very successful in reproducing image positions, but fail in a
large fraction of lens systems to explain the flux ratios between different images.
A particularly obstinate and well-known case is B 1422+231 (Kormann et al.,
1994; Hogg & Blandford, 1994). This is most striking in situations where the
source falls just inside a cusp, in which case the sum of the signed magnifications
of the three related images should vanish exactly. This expectation is frequently
violated in real lens systems.

Mao & Schneider (1998) first suggested that substructure in the lensing
galaxy could account for these anomalous flux ratios. While microlensing by the
stars in the lens would less affect radio than optical fluxes because of their larger
size, lensing by larger-scale substructures would equally change radio and opti-
cal flux ratios. Alternatively, CDM galaxy halos should contain sub-halos which
may also account for anomalous flux ratios. Bradač et al. (2002) found similar
modelling problems for images produced by a simulated lensing galaxy as for
B 1422+231. Chiba (2002) discussed that the sub-halo population of CDM ha-
los produces perturbations of the magnitude required for explaining anomalous
flux ratios. Metcalf & Zhao (2002) estimated that � 5% of the lensing halo mass
must be contained in substructures and argued that elliptically deformed power-
law models embedded into external shear are insufficient for most lenses. Simi-
larly, Dalal & Kochanek (2002) concluded that substructure comprising 0.6% to
7% of the lens mass, with a median at 2%, was necessary for reproducing the
observed anomalous flux ratios, in excellent agreement with CDM halo simula-
tions. They also estimated that the sub-halos should have masses in the range
(106 . . . 109) h−1 M�. Metcalf (2002) found that halo substructures with masses
within (105 . . . 107) h−1 M� may explain the curved radio jet in B 1152+199.

In contrast to these arguments, Evans & Witt (2003) explicitly constructed
smoothly deformed lens models which could well reproduce image configurations
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Fig. 7.6. MERLIN radio image of the multiply-imaged quasar B 1422+231 (courtesy
of the JVAS/CLASS team). If image by a single, unperturbed lens, the two outer of
the three bright images should together be as bright as the one between them.

and flux ratios for most lens systems and argued that substructure in the lens-
ing galaxies and smoothly deformed lenses are both viable explanations for the
anomalous flux ratios. Along the same line, Möller et al. (2003) and Quadri et
al. (2003) showed that disks in lens galaxies can alter image magnification ratios
considerably, while Chen et al. (2003) pointed out that halos projected onto the
main lens galaxy may also cause the observed magnification perturbations.

From a somewhat different perspective, Schechter & Wambsganss (2002) dis-
cussed that decomposing lensing galaxies into microlenses has the most promi-
nent effect when part of the lensing mass remains smooth. Specifically, they
showed that so-called saddle-point images can be substantially demagnified in
presence of microlenses. Schechter et al. (2004) added that the magnification dis-
tribution of the macro-images depends on the mass spectrum of the microlenses,
in contrast to earlier expectations.
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Kochanek & Dalal investigated various alternative explanations for the
anomalous flux ratios, such as absorption, scattering, scintillation, uncertainties
in the macro-model, and stellar microlensing, and arrived again at the conclusion
that halo substructures remain as the most likely reason. Bradač et al. (2004)
verified that numerically simulated galaxies can produce anomalous flux ratios as
observed and emphasised the importance of the demagnification of saddle-point
images. However, the statistics remains unclear. Although it appears doubtless
that CDM halos contain sufficient substructure for sufficiently perturbing im-
age flux ratios, such sub-halos must also appear projected onto at least one of
the images. The probability for that is low. Mao et al. (2004) find in numerical
simulations that the probability of finding suitably massive sub-halos in front
of macro-images is only � 0.5%, which is probably too low for explaining the
anomalous flux ratios. The situation thus remains interestingly confused.

Lens statistics

The abundance of galaxy lenses has often been used for constraining the cosmo-
logical constant Λ. While early studies typically found upper limits of Λ � 0.7
(e.g. Kochanek 1996; Falco et al. 1998), more recent investigations find values
which are better compatible with other determinations, (e.g. Chiba & Yoshii
1999; Chae et al. 2002), finding spatially-flat model universes with low mat-
ter density (Ω0 � 0.3) preferred. The reason for this change is that gradually
more realistic galaxy luminosity functions were used for estimating the expected
number of lenses, rather than error-prone extrapolations of local galaxy number
densities towards high redshift (Keeton, 2002).

Halos are expected to have a continuous mass spectrum in universes domi-
nated by cold dark matter, which is described by mass functions such as those
derived by Press & Schechter (1974), Sheth & Thormen (2002) and Jenkins et
al. (2001). Thus, one would expect a continuous distribution of splitting angles
between fractions of an arc second to several ten arc seconds. Narayan & White
(1988) investigated whether the observed image-splitting distribution was con-
sistent with expectations from CDM. They found observation and theory by
and large agreed if selection effects were taken into account. Kochanek (1995)
found that the splitting-angle distribution in CDM grossly incompatible with
microwave-background constraints in a model universe with high matter den-
sity and vanishing cosmological constant, but that both could be comfortably
reconciled in a spatially-flat, low-density CDM model.

Occasionally, therefore, lens systems should be detected with splitting an-
gles of ten or more arc seconds. Phillips et al. (2001) interpreted the absence of
wide-separation lenses in the CLASS survey as a being due to low central mass
concentrations in group- and cluster-sized halos. It was perceived as a further
confirmation of the CDM paradigm when a quadruply imaged quasar was de-
tected in the Sloan Digital Sky Survey with a splitting angle of 14.62 arc seconds
(Inada et al., 2003), for which Williams & Saha (2004) derived a lens mass of
(5 ± 1) × 1013 h−1 M� within a radius of 100h−1 kpc based on a non-parametric
lens model. Oguri & Keeton (2004) noted that the triaxiality of CDM halos
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must be taken into account in probability and mass estimates for the formation
of wide-separation lens systems, a theme which is familiar from studies of strong
lensing in galaxy clusters.

Galaxy-galaxy lensing

Less distant galaxies can act as weak gravitational lenses on more distant galax-
ies. Their shear imprints a feeble tangential distortion pattern on the images
of background galaxies which appear projected close to them. This weak signal
is superposed on the intrinsic ellipticities and irregularities of the background-
galaxy images and thus requires statistical techniques for its extraction. Brainerd
et al. (1996) first discussed the principal features of this effect and searched for
it in a sample of galaxies, in which they separated background from foreground
galaxies according to their apparent brightness. They could already infer that the
shear profile of brighter galaxies was compatible with an isothermal mass profile
with a circular velocity of vc = (220±80) km s−1. They also placed a lower limit
r∗ � 100 h−1 kpc on the halo size of the lensing galaxies. dell’Antonio & Tyson
(1996) searched for galaxy-galaxy lensing in the Hubble Deep Field (North) and
found a mean velocity dispersion for the lensing halos of σv = 185+30

−35 km s−1,
and a weak lower limit on the halo radius.

Schneider & Rix (1997) devised a maximum-likelihood technique for efficient
analysis of galaxy-galaxy lensing data which specifically took the redshift dis-
tributions of foreground and background galaxies into account. They applied
this technique to numerically simulated data and calibrated its performance.
Natarajan & Kneib (1997) and Geiger & Schneider (1998) developed methods
for detecting the weak-lensing signal of galaxies embedded in galaxy clusters. Ap-
plying their technique to the cluster Cl 0939+4713, Geiger & Schneider (1999)
detected the shear signal of individual massive cluster galaxies. More recently,
Natarajan et al. (2002a) compared the weak-lensing signal of early-type, L∗
galaxies in clusters and in the field and found evidence for the cluster galaxies
to be truncated, with a truncation radius shrinking with the density of the en-
vironment. Hoekstra et al. (2004) combined weak-lensing data on galaxy halos
to show that they are flattened.

Recent wide-field surveys also triggered an exciting development of galaxy-
galaxy lensing. Fischer et al. (2000) used the Commissioning Data of the SDSS
to infer that the tangential shear profile is compatible with a power law with
exponent between 0.7 and 1.1, i.e. close to isothermal. They found a best-fitting
circular velocity of vc = (150 . . . 190) km s−1 and a lower limit to the physical
halo radius of 260h−1 kpc. From the Las Campanas Redshift Survey, Smith et al.
(2001) deduced an isothermal tangential shear profile within 200h−1 kpc and a
circular velocity of vc = (164±20) km s−1 for L∗ field galaxies. They found a virial
mass for the dark halo of a typical L∗ galaxy of (2.7±0.6)×1011 h−1 M�. Wilson
et al. (2001) used data taken with the UH8K camera at the Canada-France-
Hawaii telescope to measure galaxy-galaxy lensing. They also found tangential
shear profiles compatible with an isothermal slope and a rotation velocity of
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vc = 238+27
−30 km s−1 for L∗ galaxies. They concluded that the mass-to-light ratio

of L∗ galaxies in the B band is M/L � (121 ± 28) hL�/M�.
Combining the galaxy-galaxy weak-lensing signal obtained from SDSS data

with the Tully-Fisher and fundamental-plane relations for late- and early-type
galaxies, respectively, Seljak (2002) found that the galaxy velocity profile must
drop substantially towards the virial radius, which indicates a steep dark-
matter profile. Guzik & Seljak (2002) compared theoretically motivated CDM
halo models with SDSS data and constrained the halo properties of galaxies
with luminosities � L∗. They constrained the virial mass of an early-type
L∗ halo to M200 = (5 . . . 10) × 1011 h−1 M�, and somewhat less for late-type
galaxies, depending on the colour. They found a gentle increase of the mass-
to-light ratio with luminosity, with M/L � 17 hM�/L� for late-type and
M/L � 45 hM�/L� for early-type L∗ galaxies.

Sheldon et al. (2004) studied the cross-correlation between galaxies and mass
from the galaxy-galaxy lensing signal detected in SDSS data. The wide area cov-
ered by the survey allowed constraining the correlation function out 10h−1 Mpc.
They find a power law with a correlation length of r0 � (5.4 ± 0.7) h−1 Mpc and
an exponent of 1.79 ± 0.05. The bias parameter turns out to be approximately
scale-independent (see also Hoekstra et al. 2001), while Hoekstra et al. (2002b)
find the bias parameters to be gently increasing from Mpc to larger scales. Com-
parisons with theoretical expectations for the galaxy distribution relative to the
dark matter find overall good agreement (Weinberg et al., 2004), except that the
simulated mass-to-light ratio is somewhat too high (Yang et al., 2003). Satel-
lite galaxies orbiting the lensing galaxies could be physically aligned with their
hosts and thus mimic a weak galaxy-galaxy lensing signal. Hirata et al. (2004)
estimated this possible contamination and constrained it to less than 15% at the
relevant scales.

7.4 Galaxy Clusters

7.4.1 Strong lensing

Qualitative conclusions

Strong lensing in galaxy clusters was first detected by Soucail et al. (1987)
and Lynds & Petrosian (1989). They found extended, arc-like images in the
galaxy clusters A 370 and Cl 2244. Several explanations were proposed for these
objects, among them gravitational lensing of background galaxies (Paczyński,
1987), which was confirmed when the redshift of the arc in A 370 was measured
and found to be substantially higher than the cluster’s (Soucail et al., 1988).

It was quickly recognised that gravitational arcs provided important infor-
mation on the structure of galaxy clusters. It was unclear at the time how the
dark matter was distributed and whether the X-ray surface-brightness profiles,
which typically show a flat core of � 200 h−1 kpc radius, were representative
for the dark-matter profiles. Arcs were soon found to reveal the following about
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Fig. 7.7. HST image of the cluster Abell 2390 (courtesy Jean-Paul Kneib). The
“straight arc” near the centre directly demonstrates the presence of substantial amounts
of dark matter in this cluster.

clusters: (1) Cluster mass distributions cannot typically be axially symmetric,
because large counter-arcs would otherwise be expected (Grossman & Narayan,
1988; Kovner, 1989). (2) The substantial amounts of dark matter in galaxy clus-
ters cannot be attached to the galaxies because arcs would then have much
smaller curvature radii (Hammer et al., 1989; Bergmann et al., 1990). Particu-
larly striking were the detections of “straight arcs” in two clusters (Pelló et al.,
1991; Mathez et al., 1992; Pierre et al., 1996) because they visually demonstrated
the need for substantial concentrations of dark matter with very high mass-to-
light ratio (Kassiola et al., 1992). (3) Clusters need to have steep density profiles,
because arcs would be substantially thicker otherwise (Hammer & Rigaut, 1989).
For clusters to be strong lenses, their central convergence κ has to be close to
unity, but for arcs to be thin, the convergence at their locations has to be around
0.5. From cluster centres to the arc radii of typically 10′′ . . . 30′′, the κ profile
must thus fall by approximately a factor of two. Cluster core radii, if they exist,
must thus be substantially smaller than the X-ray core radii, which was also
confirmed by the detection of “radial arcs” (Fort et al., 1992; Miralda-Escudé,
1993; Mellier et al., 1993).

Cluster masses

Arcs allow cluster masses to be easily estimated. It was soon discovered that
the masses obtained this way are very close to mass estimates derived from the
X-ray temperature and surface-brightness profile. This is not obvious because
gravitational lensing is sensitive to the mass in whatever form and physical
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state it may be, while the interpretation of X-ray data requires assumptions on
symmetry and hydrostatic equilibrium of the gas with the gravitational potential
well, if not on isothermality of the intracluster gas. This being reassuring, a
systematic discrepancy was soon revealed in the sense that masses derived from
strong lensing were typically higher by factors of � 2 . . . 3 than X-ray masses
(Wu, 1994a; Miralda-Escudé & Babul, 1995; Wu & Fang, 1996); more recent
examples are, e.g. Chen et al. (2003) and Ota et al. (2004).

Bartehnmann & Steinmetz (1996) used numerical simulations to show that
X-ray mass estimates can be systematically lower in merging clusters because
their X-ray gas is still cooler than expected from their total mass, which is
already seen by the lensing effect. This seems to explain the mass discrepancy at
least in some clusters (e.g. Smail et al. 1995; Ota et al. 1998). Asymmetries and
cluster substructures also play an important role. Due to their relatively larger
shear, asymmetric and substructured clusters are more efficient lenses at a given
mass. Mass estimates based on axially symmetric models are thus systematically
too high (Bartelmann, 1995a; Hattori et al., 1998).

Allen (1998) distinguished clusters with and without cooling flows and found
an appreciable mass discrepancy in clusters without, but good agreement of
X-ray and lensing mass estimates in clusters with cooling-flow. This supports
the concept that well-relaxed clusters which had sufficient unperturbed time to
develop a cooling flow are well-described by simple, axially-symmetric models
for lensing and the X-ray emission, while dynamically more active clusters tend
to give discrepant mass estimates; this was confirmed by Wu (2000). Makino
& Asano (1999) noted that the mass discrepancy is reduced if cluster density
profiles are steeper than inferred from the X-ray emission.

Cluster mass profiles

Assuming mass profiles with cores, tangential arcs require small core radii as de-
scribed above, but radial arcs require the cores to be finite (Le Fevre et al., 1994;
Luppino et al., 1999). Numerical simulations of CDM halos, however, show that
density profiles flatten towards the core, but do not develop flat cores (Navarro
et al., 1996, 1997). Bartelmann (1996) showed that radial arcs can also be formed
by halos with such “cuspy” density profiles, provided the central cusp is not too
steep.

In principle, the relative abundances and positions of radial compared to
tangential arcs in clusters provide important constraints on the central density
profile in clusters (Miralda-Escudé, 1995; Molikawa & Hattori, 2001; Oguri et
al., 2001). Radial arcs are still too rare for successfully exploiting this method.
Being much closer to the cluster cores than tangential arcs, they are also more
likely to be confused with or hidden by the light of the cluster galaxies. Following
Miralda-Escudé (1995), Sand et al. (2004) compiled a sample of clusters contain-
ing radial and tangential arcs and added constraints on the central mass pro-
file from velocity-dispersion measurements in the central cluster galaxies. They
demonstrated that, assuming axially-symmetric mass distributions, central den-
sity profiles have to be substantially flatter than those found in CDM simulations.
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However, Bartelmann & Meneghetti (2004) showed that even small deviations
from axial symmetry can invalidate this conclusion and establish agreement be-
tween these observations and CDM density profiles.

Attempts at modelling arcs with isothermal mass distributions are typically
remarkably successful (see Kneib et al. (1996) for an impressive example). This is
all the more surprising as numerical simulations consistently find density profiles
which are flatter than isothermal within the scale radius and steeper outside. In
a very detailed analysis, Gavazzi et al. (2003) find that an isothermal core profile
for the cluster MS 2137 is preferred compared to the flatter NFW profile. Smith
et al. (2001) constrain the core density profile in A 383 using X-ray, weak-, and
strong-lensing data and find it more peaked than the NFW profile, but argue
that this may be due to the density profile of the cD galaxy. Conversely, Kneib et
al. (2003) find in a combined weak- and strong-lensing analysis of Cl 0024+1654
that an isothermal mass profile can be rejected, while the NFW profile fits the
data well. The most likely explanation is that the innermost cluster density
profiles can be significantly influenced and steepened by baryonic physics.

Arc abundance and statistics

The mean density profile of galaxy clusters can also be constrained statistically
because the probability for a cluster to become a strong lens depends sensitively
on the mass concentration in its core (Wu & Hammer, 1993). Miralda-Escudé
(1993) suggested that the core densities of strong-lensing clusters could be en-
hanced by projection of elongated clusters along the line-of-sight. Bartelmann
& Weiss (1994) used a numerically simulated galaxy cluster to show that asym-
metric, substructured cluster models are significantly more efficient strong lenses
than axially-symmetric mass distributions because of their substantially larger
shear field. Averaging over a sample of simulated clusters, Bartelmann et al.
(1995) quantified that the cross sections for arc formation could be up to two
orders higher for asymmetric than for axially symmetric cluster models of the
same mass.

Hattori et al. (1997) confirmed that structured lenses help understanding
the observational results of Le Fevre et al. (1994), who detected six arcs in
a sample of 16 clusters selected for their high X-ray luminosity as measured
by the EMSS satellite, but argued that even more concentrated mass profiles
than those used by Bartelmann et al. (1995) are necessary for explaining them
quantitatively. Bartelmann et al. (1998) used samples of numerically simulated
clusters to estimate the total arc-formation probability in different cosmological
models. Comparing their results with the data from Le Fevre et al. (1994),
they concluded that only their cluster sample taken from a simulation with low
matter density (Ω0 = 0.3) and no cosmological constant could well reproduce
the measured high arc abundance, but the other three models failed badly. In
particular, a flat cosmological model with Ω0 = 0.3 and ΩΛ = 0.7 produced an
order of magnitude less arcs than observed.

This so-called arc-statistics problem was disputed based on calculations using
analytic models for cluster lenses (Cooray, 1999; Kaufmann & Straumann, 2000),
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which failed to reproduce the strong dependence on the cosmological constant
claimed by Bartelmann et al. (1998). The possible influence of cluster galaxies
on the arc-formation efficiency of cluster lenses was investigated by Flores et al.
(2000) and Meneghetti et al. (2000), but found to be negligible. Molikawa et al.
(1999) confirmed that axially-symmetric mass models adapted to the X-ray emis-
sion do not produce a sufficient number of arcs. They found that using NFW
profiles for the dark-matter profile helped, but the profiles required too high
masses, and proposed that substructured mass distributions could be the solu-
tion. Meneghetti et al. (2003b) adapted elliptically distorted lenses with NFW
mass profile (see also Golse & Kneib 2002) to numerically simulated clusters and
found the analytic models inadequate for quantitative arc statistics despite the
asymmetry, demonstrating the importance of substructures.

Oguri et al. (2003) studied the strong-lensing properties of triaxial (rather
than ellipsoidal) halos and found that they may well explain the high arc abun-
dance (Le Fevre et al., 1994; Luppino et al., 1999), provided their central density
slopes are steep enough, with a double-logarithmic slope near −1.5. Wambsganss
et al. (2004) simulated the magnification probability for light rays propagat-
ing through a section of the Universe and found that the abundance of high-
magnification events depends strongly on the source redshift. They attributed
this to the exponential mass function of massive halos, which leads to a steep
increase with source redshift in the number of halos suitable for strong lensing.
Identifying the probability for highly magnified light bundles on random patches
of the sky with the probability for finding arcs in massive galaxy clusters, they
suggested this result as the resolution for the arc statistics problem. Dalal et
al. (2004) used numerical cluster simulations to estimate arc cross sections and
found reasonable agreement with the earlier results of Bartelmann et al. (1998),
but arrived at a higher expected arc abundance because they inserted a higher
normalisation for the number density of both X-ray clusters and background
sources.

Williams et al. (1999) noted that the arc radii in clusters depend only weakly
on clusters mass and suggested that massive cD galaxies may be the reason.
However, Meneghetti et al. (2003a) studied the effect of cD galaxies on the overall
arc abundance and found it insufficient to remove the arc statistics problem. If
the cosmological constant is replaced by some form of dynamical dark energy,
structures tend to form earlier during cosmic history. Since cluster core densities
reflect the mean cosmic density at their formation time, clusters thus tend to be
more concentrated in dark-energy compared to cosmological-constant models.
Bartelmann et al. (2003) estimated the effect of higher cluster concentrations
on arc statistics by analytic means. They found that dark energy may in fact
increase arc abundances noticeably, but again not sufficiently for solving the arc
statistics problem.

The problem has experienced an interesting recent twist. Galaxy clusters
at high redshifts are found to be remarkably efficient lenses (Gladders et al.,
2003; Zaritsky & Gonzalez, 2003) even though they should be by far not massive
enough for producing large arcs. A particularly impressive example is the cluster
RX J105343+5735 at z = 1.263 which contains a large arc from a source at
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z = 2.577 (Thompson et al., 2001). In this respect, it is interesting that the
strong-lensing efficiency of clusters can be increased substantially and on a short
timescale during a major merger (Torri et al., 2004). As a subcluster approaches a
cluster, the tidal field is increased, leading to a first maximum of the cross section
approximately when the two virial regions touch. The cross section then slightly
decreases and approaches a second maximum when the separation of cluster and
subcluster is minimal. A third peak corresponding to the first is formed when the
subcluster leaves the virial region again after the merger. During that process,
the arc cross section can change by an order of magnitude or more on a time scale
of � 0.1 Gyr. It thus appears that strong lensing can be a transient phenomenon
at least in some clusters which would otherwise be not massive or concentrated
enough. The dependence of the main merger epoch on cosmic history would then
establish an interesting link between high-redshift, strong cluster lenses and the
cosmological framework model.

7.4.2 Other applications of strong cluster lensing

If a cluster produces arcs from multiple sources at different redshifts, the lensing
mass distribution remains the same, but the geometrical lensing efficiency is
different for the arcs. Since this depends on cosmological parameters, these can
thus be purely geometrically constrained from multiple-arc systems (Link &
Pierce, 1998; Gautret et al., 2000). Soucail et al. (2004) applied this technique
to multiple arcs in the cluster A 2218 and found that a universe with critical
matter density and no cosmological constant is excluded at > 4 σ confidence
from this single cluster.

For alleviating potential problems e.g. with the abundance of satellite galax-
ies, it was proposed that the dark-matter particles might interact with each
other in another way than through gravity. Such a self-interaction would act as
a source of isotropic pressure and thus symmetrise and smooth mass distribu-
tions (Miralda-Escudé, 2002). Strong gravitational lensing, being very sensitive
to cluster asymmetries, places a tight limit on the interaction cross section.
Using numerical simulations, Meneghetti et al. (2001) showed that the strong-
lensing efficiency of galaxy clusters would abruptly disappear if the specific self-
interaction cross section was � 0.1 cm2 g−1.

Finally, lensing clusters are frequently being used as cosmic telescopes, mag-
nifying distant sources above the limits for photometry or spectroscopy. To give
a few examples, Casoli et al. (1996) used the magnification by A 370 to detect
CO lines in arc sources; Frye & Broadhurst (1998) and Pelló et al. (1999) iden-
tified sources at z = 4.04 lensed by A 2390, Kneib et al. (2004) found an object
with z � 7 lensed by A 2218, and Pelló et al. (2004) claim to have detected an
object with z = 10.0 magnified by A 1835.
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7.4.3 Weak cluster lensing

Cluster inversion

Apart from the occasional spectacular strong-lensing effects, clusters imprint a
coherent weak distortion pattern onto the many faint and distant galaxies in their
background. Those galaxies reach number densities of � 40 per square arc minute
in typical images taken with large ground-based telescopes. The virial region of a
typical galaxy cluster thus covers of order 103 galaxies. Due to their intrinsically
irregular shapes, lensing-induced distortions cannot be inferred from individual
galaxies. Averaging over a few galaxies, however, the intrinsic ellipticities should
average to zero, leaving the ellipticity caused by the gravitational shear as the
average signal.

As shown in the introduction, shear and convergence are both related through
the scalar lensing potential. Knowing the shear thus allows the scaled surface-
mass density to be reconstructed. Kaiser & Squires (1993) were the first to show
that cluster convergence maps could be obtained by convolving the measured
shear signal with a simple kernel, opening the way to systematic, parameter-
free, two-dimensional cluster studies. Their technique was immediately applied
to the cluster MS 1224, for which Fahlman et al. (1994) found a surprisingly
high mass-to-light ratio of � 800 hM�/L� in solar units, about a factor of four
times the typical cluster value.

Weaknesses in the convolution algorithm by Kaiser & Squires (1993), such as
its limitation to formally infinite data fields and weak shear, were discussed and
removed by, e.g. Seitz & Schneider (1995, 1996). Another technique for recover-
ing cluster mass maps based on a maximum-likelihood approach was proposed
by Bartelmann et al. (1996), and later augmented with maximum-entropy reg-
ularisation (Seitz et al., 1998) and further developed by Marshall et al. (2002).
An algorithm for measuring the weak shear signal from data fields was described
and implemented by Kaiser et al. (1995).

Distributions of mass and light

These inversion techniques for cluster lenses have by now been applied to nu-
merous clusters. For most of them, the mass-to-light ratios turned out to be
quite normal, i.e. M/L � 250 . . . 300 in blue and M/L � 150 . . . 200 in red
colour bands, respectively. Some examples are Clowe et al. (1998); Hoekstra et
al. (2002a) and Gavazzi et al. (2004). The high mass-to-light ratio found by
Fahlman et al. (1994), however, was qualitatively confirmed by Fischer (1999).
Thus, mass and light generally appear well correlated in weak-lensing clusters, al-
though some interesting deviations have been observed. For instance, while mass
follows light well in two of the three clusters in the A 901/902 super-cluster field,
the third cluster shows a significant offset between the mass and the light (Gray
et al. 2002; see Fig. 7.8).

Similar phenomena appear in comparisons between the X-ray surface-bright-
ness and the weak-lensing mass contours. While the X-ray emission follows the
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Fig. 7.8. The supercluster field around A 901/902. The contours indicate the recon-
structed convergence κ, the grey scale shows the smoothed distribution of the luminos-
ity of early-type galaxies. (adapted from Gray et al. 2002)

mass in many clusters (see Gioia et al. (1999); Clowe et al. (2000); Clowe &
Schneider (2002); Hoekstra et al. (2000) for examples), interesting deviations
have recently been discovered. Machacek et al. (2002) find good agreement be-
tween surface-density and X-ray contours in the outer parts of A 2218, but
deviations near the cluster centre, which they interpret as a sign of dynamical
activity in the cluster. Several recent studies find the X-ray gas lagging behind
the dark matter in merging clusters (Clowe et al., 2004; Markevitch et al., 2004;
Jee et al., 2005), as expected for hot gas embedded into collision-less dark-matter
halos.

If the dark-matter particles interacted with each other, such a separation be-
tween gas and dark matter would be suppressed. Thus, from gas lagging behind
the dark matter in merging clusters, and from small dark-matter core radii, limits
could be obtained for the self-interaction cross section of the dark-matter parti-
cles, typically finding values � (0.1 . . . 1) cm2 g−1 (Arabadjis et al., 2002; Natara-
jan et al., 2002b; Markevitch et al., 2004), comparable to what Meneghetti et al.
(2001) concluded from strong cluster lensing. Although different mass estimates
agree well in some clusters (e.g. Clowe & Schneider 2002; Irgens et al. 2002; Jia
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et al. 2004; Jee et al. 2005; Margoniner et al. 2005), significant discrepancies
between cluster masses derived from weak lensing and X-ray observations are
frequently found (Lewis et al., 1999; Athreya et al., 2002; Holden et al., 2002)
and interpreted as signalling dynamical processes in unrelaxed cluster cores. Of
the 38 clusters in the X-ray selected sample studied by Dahle et al. (2002),
� 30% show signs of dynamical activity, and more than 50% are strong lenses.
Based on a sample of 24 clusters between redshifts 0.05 and 0.31, Cypriano et
al. (2004) claim that clusters with temperatures � 8 keV show good agreement
between different mass estimates, while hotter clusters do not.

Cluster mass profiles

Projected cluster mass profiles obtained from weak lensing are often well fit
by the isothermal profile (Sheldon et al., 2001) or by both the isothermal and
the NFW mass profiles (Clowe et al., 2000; Clowe & Schneider, 2001; Athreya
et al., 2002), while some clusters prefer NFW fits (Clowe & Schneider, 2001).
NFW concentration parameters tend to be somewhat lower than theoretically
expected (Clowe & Schneider, 2002; Hoekstra et al., 2002a; Jee et al., 2005),
which may be due to intrinsically triaxial cluster halos (Clowe & Schneider,
2002). However, there is an increasing number of clusters for which NFW pro-
files with reasonably high concentration parameters are deduced (e.g. Clowe &
Schneider 2001; Arabadjis et al. 2002)). Clowe et al. (2000) find the more mas-
sive of six high-redshift clusters less concentrated than the less massive ones,
which is also expected from theory. Dahle et al. (2003) fit the generalised NFW
profile to six massive clusters at z � 0.3, finding a central double-logarithmic
slope α = −0.9 . . . − 1.6 at 68% confidence. Assuming α = −1, the concentra-
tion parameters are well in the expected range, i.e. 5 . . . 10 depending on cluster
mass.

Large-scale structure in front of and behind galaxy clusters is projected onto
them and can affect weak-lensing mass determinations. Using large-scale struc-
ture simulations, Metzler et al. (1999) estimate that weak-lensing mass estimates
exceed real cluster masses by several tens of per-cents due to the added large-
scale structure. Hoekstra (2003) estimated that projected large-scale structure
approximately doubles the error budget for weak-lensing cluster mass estimates.
However, cluster mass profiles are affected by cluster substructures and asym-
metries only at the per-cent level (King et al., 2001; Clowe et al., 2004).

We have seen in the discussion of strong cluster lensing that clusters at mod-
erate and high redshifts, z � 0.8, are already remarkably efficient strong lenses.
The first weak-lensing mass map of a cluster at such high redshift (MS 1054−03
at z = 0.83) was produced by Luppino & Kaiser (1997). The weak-lensing signal
of many similarly distant clusters was measured since, typically confirming the
presence of well-developed, massive and compact clusters at that epoch (Clowe
et al., 1998; Gioia et al., 1999; Margoniner et al., 2005), but also frequently indi-
cating violent dynamical activity in cluster cores (Hoekstra et al., 2000; Holden
et al., 2002; Jee et al., 2005).
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Dark clusters?

Occasional detections of clusters with very high mass-to-light ratios (e.g. Fahlman
et al. (1994); Fischer (1999); Gray et al. (2002) as discussed above) raise the ques-
tion whether cluster-sized dark-matter halos may exist which are so inefficient in
producing stellar or X-ray emission that they are invisible for anything but grav-
itational lensing. Erben et al. (2000) detected a peak in the weak-lensing signal
7 arc minutes south of the cluster A 1942 where no optical or infrared emission
could be found (Gray et al., 2001). A similarly dark weak-lensing signal peak
was discovered next to the high-redshift cluster Cl 1604+4304 by Umetsu & Fu-
tamase (2000). Another tangential shear alignment potentially revealing a dark
halo (Miralles et al., 2002) was meanwhile found to be spurious (Erben et al.,
2003).

Schneider (1996) introduced the aperture-mass statistic specifically for de-
tecting dark-matter halos through their weak-lensing signal. The aperture mass
is a weighted integral within a circular aperture over the shear component tan-
gentially oriented with respect to the aperture centre. When applied to numerical
simulations, the aperture-mass statistic turned out to be highly efficient in find-
ing group- and cluster-sized halos, although the completeness of the resulting
halo catalogues has to be balanced against the frequency of spurious detections
by carefully choosing the signal-to-noise threshold (Reblinsky & Bartelmann,
1999; White et al., 2002). Wittman et al. (2001) report the first detection of a
galaxy cluster through weak lensing, which was confirmed later through its op-
tical signal. Conversely, Schirmer et al. (2004) use the aperture-mass technique
for confirming the weak-lensing signal of clusters found optically in the ESO
Imaging Survey.

Bartelmann et al. (2001) showed that the detection efficiency of the aperture-
mass technique varies strongly with the density profile of the dark-matter ha-
los, allowing a statistical discrimination between isothermal and NFW profiles.
Miyazaki et al. (2002) found 4.9 ± 2.3 dark-matter halos in a field of 2.1 square
degrees taken with the Subaru telescope, which is consistent with expectations
based on CDM models and NFW density profiles (Kruse & Schneider, 1999).

As mentioned before, cosmological models with dynamical dark energy cause
dark-matter halos to be more concentrated compared to models with cosmolog-
ical constant. While this should in principle lead to a higher number of weak-
lensing halo detections in dark-energy cosmologies and thereby provide a way
for discriminating cosmological-constant from dark-energy models, the expected
sensitivity is very weak due to competing effects (Bartelmann et al., 2002; Wein-
berg & Kamionkowski, 2003). Weinberg & Kamionkowski (2002) argue that
clusters in formation, which are not virialised yet and thus under-luminous, may
be detected through weak lensing. They suggest this as an explanation for the
potential dark clusters found by Erben et al. (2000) and Umetsu & Futamase
(2000) and argue that cosmological constraints could be placed by comparing
the numbers of visible and dark clusters.
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7.5 Large-scale Structures

Weak gravitational lensing by large-scale structures is covered by several dedi-
cated reviews, highlighting different aspects of this rich and quickly developing
subject (Mellier, 1999; Bartelmann & Schneider, 2001; Hoekstra et al., 2002c;
Mellier & van Waerbeke, 2002; Refregier, 2003). We can only summarise the
most important aspects here and refer the interested reader to those reviews for
further detail.

7.5.1 Expectations and measurements

Being inhomogeneously distributed in the Universe, matter on scales even larger
than galaxy clusters must also gravitationally lens background sources. Early
studies (Blandford et al., 1991; Miralda-Escudé, 1991; Kaiser, 1992) calculated
the ellipticities and ellipticity correlations expected to be imprinted on the im-
ages of background galaxies, and found them to be of order a few per cent on
arc-minute angular scales. In a first attempt at measuring this weak cosmological
lensing signal, Mould et al. (1994) could place an upper limit in agreement with
theoretical expectations.

Since weak cosmological lensing is highly sensitive to the non-linear evolution
of the large-scale structures (Jain & Seljak, 1997), numerical simulations had to
be carried out for precisely estimating the amplitude of the signal and the shape
of the ellipticity correlation function (e.g. Bartelmann & Schneider 1992; Jain
et al. 2000; Hamana & Mellier 2001; Vale & White 2003). The cosmological
potential of large weak-lensing surveys was quickly pointed out (Bernardeau et
al., 1997; Kaiser, 1998; van Waerbeke et al., 1999), emphasising the possibility
of measuring in particular the matter density parameter Ω0 and the amplitude
σ8 of the dark-matter power spectrum.

Schneider et al. (1998) announced the detection of a coherent shear signal
in the field of the radio galaxy PKS 1508−05 which they interpreted as being
caused by large-scale structure lensing. The breakthrough came soon thereafter,
when several different groups almost simultaneously reported the measurement
of the cosmic-shear correlation function (Bacon et al., 2000; Van Waerbeke et
al., 2000; Wittman et al., 2000; Maoli et al., 2001). Given the difficulty of the
measurement and the different telescopes, cameras, and analysis techniques used,
the agreement between these results and their compatibility with theoretical
expectations was exciting and encouraging.

Cosmological parameters were soon derived from these first cosmic-shear
measurements (Van Waerbeke et al., 2001b), finding σ8 � 0.7 and Ω0 � 0.4
for spatially-flat cosmological models. Two-point statistics of the cosmic shear
are approximately proportional to the product σ8Ω

2
0 , i.e. they are degenerate in

these two parameters. This degeneracy can be lifted using third-order statistics
such as the skewness (Van Waerbeke et al., 2001a), which arises because the
non-linear evolution of cosmic structures leads to non-Gaussianity in the weak-
lensing signal. Non-Gaussianities were first detected by Bernardeau et al. (2002)
in the Virmos-Descart weak-lensing survey.
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Much effort was devoted to calibrating weak-lensing measurements, to de-
signing optimal cosmic-shear estimators and studying their noise properties. Er-
ben et al. (2001) used numerical simulations to show that relative accuracies of
10% . . . 15% can be reached by cosmic-shear measurements. A method for es-
timating the weak-lensing power spectrum inspired by the CMB data analysis
was proposed by Hu & White (2001). Cooray & Hu (2001) investigated how
non-Gaussianity can affect parameter estimates from the cosmic-shear power
spectrum. Different estimators for the two-point statistics of cosmic shear and
their correlation matrices were dicussed by Schneider et al. (2002a).

Numerous weak-lensing surveys have meanwhile been conducted. A non-
exhaustive selection of the results obtained on σ8 for fixed Ω0 = 0.3 is given
in Tab. 7.1. Although most values of σ8 agree within the error bars, the scatter
is still substantial. This is at least partially due to remaining systematics in the
data analysis, as will now be discussed.

Table 7.1. Non-exhaustive selection of results for σ8 extracted from weak-lensing
surveys. Ω0 = 0.3 is adopted throughout.

σ8 reference

1.04±0.05 Maoli et al. (2001)
0.81+0.14

−0.19 Hoekstra et al. (2002d)
0.97±0.13 Bacon et al. (2003)
0.72±0.09 Brown et al. (2003)
0.97±0.35 Hamana et al. (2003)
0.71+0.12

−0.16 Jarvis et al. (2003)
1.02±0.16 Rhodes et al. (2004)
0.83±0.07 Van Waerbeke et al. (2005)

7.5.2 Potential systematics

As the effects of weak lensing can be summarised by a scalar potential, only
such distortion patterns can be caused by weak lensing which can be described
by derivatives of a scalar potential. Possible patterns in the data resembling the
derivatives of a vector potential thus signal the presence of distortions of other
than lensing origin. Alluding to electrodynamics, where the electric field E is
the gradient of a scalar potential and the magnetic field B is the curl of a vector
potential, measured distortion patterns are decomposed into so-called E and
B modes, of which only the E modes can be caused by gravitational lensing.
Significant B modes in the data are interpreted as remainders of undetected or
incompletely removed systematics.

More or less significant B modes have been found in almost all weak-lensing
surveys. Until recently, their origin was unclear. Schneider et al. (2002b) showed
that source clustering could cause a B-mode contribution to the distortion, but
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Fig. 7.9. Likelihood contours (at 68%, 95%, and 99.9% confidence) obtained from
analyses of the cosmological weak shear in the plane spanned by the matter density
parameter Ωm and the normalisation parameter σ8. The solid lines indicate the value
of σ8 corresponding to Ωm = 0.3. (adapted from Van Waerbeke et al. 2005)

not of sufficient strength on arc-minute scales to fully account for the observa-
tions. Hoekstra (2004) showed that incomplete correction for the anisotropies in
the point-spread function of the imaging system could give rise to a substan-
tial B mode. Application of an improved model for the point-spread function
to the Virmos-Descart weak-lensing survey caused the B mode to disappear
(Van Waerbeke et al. 2005; see also Fig. 7.9). It thus appears that the B-mode
problem, which was discussed at length in the literature, was due to insufficient
correction for the distortions imprinted by the imaging system.

Analyses of cosmic-shear measurements assume that intrinsic galaxy ellip-
ticities are uncorrelated such that they average to zero when several images
are combined. However, galaxies being physically close to each other are also
expected to have their shapes aligned, e.g. by the tidal field of the large-scale
matter distribution into which they are embedded. The potential effect of in-
trinsic rather than lensing-induced galaxy alignments depends obviously on the
depth of the survey. Deep surveys project galaxy images along light paths which
are substantially longer than any large-scale structure correlation scale and thus
suppress any spurious signal due to intrinsinc alignments of physically neigh-
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bouring galaxies. In shallow surveys, however, intrinsic source alignments may
substantially contaminate any weak-shear signal (Croft & Metzler, 2000; Heav-
ens et al., 2000; Catelan et al., 2001; Crittenden et al., 2001). Measurements of
intrinsic alignments were found to agree well with these predictions (Lee & Pen,
2002; Brown et al., 2002). Recent numerical (Jing, 2002) and analytic studies
(Lee, 2004) claim strong intrinsic alignments of galaxy halos.

Possibilities for removing the signal contamination due to intrinsic alignments
were discussed extensively. They advocate using photometric redshifts to remove
physically close pairs of source galaxies from the analysis (King & Schneider,
2002; Heymans & Heavens, 2003). An application of this technique to the multi-
colour Combo-17 survey (Heymans et al., 2004) showed intrinsic alignments
near the lower end of the theoretical predictions and slightly lowered the value
of σ8 previously derived from these data (Brown et al., 2003) to 0.67 ± 0.1 for
Ω0 = 0.3. Hirata & Seljak (2004) point out that foreground galaxies are aligned
with the large-scale structures lensing background galaxies, thus giving rise to a
higher-order alignment between galaxies at different redshifts.

7.5.3 Perspectives

For several years now, cosmological parameters are obtained with high accu-
racy mainly from combined analyses of CMB data, large-scale galaxy surveys
and the dimming of type-Ia supernovae with redshift. What is the role of weak
gravitational lensing in this context? It should be emphasised that parameter
constraints from the CMB alone suffer from degeneracies which can only be bro-
ken using additional information. Measuring directly the dark-matter density
and the normalisation of its fluctuations, gravitational lensing adds constraints
which substantially narrow the parameter ranges allowed by the CMB, as Hu
& Tegmark (1999) pointed out. Contaldi et al. (2003) combined weak-lensing
data from the Red-sequence Cluster Survey with CMB data from the WMAP
satellite to find σ8 = 0.89 ± 0.05, Ω0 = 0.30 ± 0.03 and a Hubble constant of
H0 = (70 ± 3) km s−1 Mpc−1. Tereno et al. (2005) predicted the accuracy of
joint cosmological parameter estimates using CMB data in combination with
the weak-lensing constraints from the CFHT Legacy Survey.

The exploitation of higher than second-order statistics will become increas-
ingly important for breaking degeneracies in the weak-lensing parameter esti-
mates and the investigation of non-Gaussianity developing due to non-linear
structure growth (Zhang et al., 2003; Takada & Jain, 2003; Dolney et al., 2004).
Much valuable information must also be contained in the morphology of the
two-dimensional weak-lensing pattern.

Among the most exciting perspectives of weak lensing is its potential to
study the three-dimensional distribution of dark structures. Although lensing
observables measure the two-dimensional, projected density distribution, select-
ing sources at different distances allows structures along the line-of-sight to be
resolved. Sufficiently accurate information on the distance to the source galaxies
is provided by photometric redshifts. Simon et al. (2004) show that the accu-
racy of cosmic-shear parameter estimates can be improved by a factor of 5 . . . 10
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by splitting the source galaxies into only four redshift bins. Heavens (2003) de-
veloped an elegant formalism for extracting three-dimensional information from
weak-lensing data (see also Pen 2004a), and Taylor et al. (2004) recovered the
three-dimensional matter distribution in the field of the Combo-17 survey, using
photometric redshifts as distance indicator for the source galaxies.

The possibility to extract three-dimensional information from weak-lensing
data opens a way for studying the growth of cosmic structures along the line-
of-sight from the distant and past Universe. This, in turn, is sensitive to the
change of the dark-energy density with time. Thus, sufficiently accurate and
wide-field weak-lensing surveys will allow the dark energy to be constrained
(Huterer, 2002). The sensitivity of such experiments is very promising (Munshi
& Wang, 2003; Benabed & van Waerbeke, 2004), in particular if higher-order
statistics are considered. This is one of the strongest motivations for a weak-
lensing survey from space (Massey et al., 2004; Refregier et al., 2004).

Planned wide-area surveys of the sky in radio wavebands are expected to
yield information on both cosmology and the distribution of neutral hydrogen
during reionisation (Pen, 2004b). Weak lensing in the data of the FIRST radio
survey undertaken at 20 cm wavelength was recently detected by (Chang et al.,
2004).

7.5.4 Cosmic magnification

Magnification bias

Besides distorting the images of distant galaxies, large-scale structures also mag-
nify background sources. To linear order, the power spectrum of cosmic magni-
fication is simply four times the power spectrum of the cosmic shear, i.e. both
contain the same amount of cosmological information. Cosmic shear, however,
is much more easily measurable than cosmic magnification because it can rea-
sonably be assumed that the ellipticities of distant galaxies average to zero. The
intrinsic flux of any given source being unknown, cosmic magnification is much
harder to identify.

Currently the most promising (and perhaps the only) method for detecting
cosmic magnification is the magnification bias. If a population of distant sources,
e.g. quasars, is observed within a solid angle δΩ on the sky where the magni-
fication is µ, fainter sources become visible there, but their number density is
reduced because the solid angle is stretched by the magnification. The net effect
depends on how many more sources the magnification lifts above the flux thresh-
old of the observation. If the number-count function of the sources is sufficiently
steep, the dilution is outweighed and the magnification causes more sources to
be visible, while sources with flat number counts are diluted and appear less
numerous than without the magnification.

The spatial galaxy distribution follows the dark-matter structures which act
as lenses on background sources. Bright quasars, for example, have a steep
number-count function and thus appear more numerous behind magnifying dark-
matter overdensities. The correlation of foreground galaxies with the lensing
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matter then leads to a positive cross-correlation on angular scales of arc minutes
and larger between distant QSOs and foreground galaxies which are physically
separated by cosmological distances.

The cross-correlation function between background sources and foreground
galaxies was derived in linear approximation by Bartelmann (1995b) and Dolag
& Bartelmann (1997); see also Guimarães et al. (2001). However, magnification
is non-linear in shear and convergence. Computing the theoretical expectation of
the cosmic magnification accurately is thus considerably more complicated than
for the cosmic shear. Ménard et al. (2003b) derived second-order corrections to
the linear cosmic-magnification statistics and found that the linear approxima-
tion was systematically low by 20% . . . 30%, which was confirmed by Takada &
Hamana (2003) in a fully non-linear treatment based on the halo model of the
dark-matter distribution. The accuracy of analytic calculations can be calibrated
using numerical simulations of light propagation through large-scale structures
(e.g. Barber & Taylor 2003; Ménard et al. 2003b). Sufficiently accurate analytic
and numerical calculations of cosmic magnification yield typical magnifications
of � 10% for point sources at redhifts zs � 1. While most emphasis was put
on cross-correlations between QSOs and galaxies, cosmic magnification may also
induce detectable cross-correlations between background and foreground galax-
ies (Moessner & Jain, 1998; Moessner et al., 1998). Jain (2002) discussed survey
strategies for detecting cosmic magnification.

Observations

Bartelmann & Schneider (1993a) confirmed that the QSO-galaxy correlations de-
tected by Seldner & Peebles (1979) and Fugmann (1990) can indeed be explained
in terms of gravitational lensing by large-scale structures. Subsequent more
detailed correlation studies confirmed that the correlations showed the signifi-
cance variations expected from the lensing hypothesis (Bartelmann & Schneider,
1993b), and revealed cross-correlations of distant QSOs with infrared (Bartel-
mann & Schneider, 1994; Bartsch et al., 1997) and X-ray emission (Bartelmann et
al., 1994). While the existence of QSO-galaxy cross-correlations was thus firmly
established, their amplitude and angular scale was typically found to be substan-
tially too high (Williams & Irwin, 1998; Norman & Williams, 2000; Beńıtez et
al., 2001; Gaztañaga, 2003), although some analyses obtained the theoretically
expected results (Rodrigues-Williams & Hogan, 1994; Norman & Impey, 2001).
The observational situation was thus utterly confused. Fort et al. (1996) found
evidence for cosmic shear in the vicinity of five distant QSOs. Dust absorption in
foreground galaxies may be responsible for similar anti-correlations as expected
from weak lensing of faint background QSOs (e.g. Croom 2001), and selection
effects may cause correlations as well as anti-correlations (e.g. Ferreras et al.
1997). The detailed relation between dark-matter halos and their galaxy content
adds further uncertainty (Jain et al., 2003).

Due to the weakness of the signal and the possibility of confusing it with other
effects, large multi-colour surveys such as the SDSS were expected to be neces-
sary for an unambiguous detection of cosmic magnification and its exploitation
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in terms of cosmological parameters (Beńıtez & Sanz, 1999; Ménard & Bartel-
mann, 2002). The degeneracy between the density and bias parameters Ω0 and b
can be broken determining the three-point cross-correlation between QSOs and
galaxy pairs (Ménard et al., 2003a). Clear and unambiguous evidence for cosmic
magnification was finally detected by Scranton et al. (2005) who measured the
cross-correlation between a colour-selected sample of � 200, 000 distant QSOs
and foreground galaxies in � 3, 800 square degrees of the SDSS data and found
a signal significant at the 8-σ level and in complete agreement with theoretical
expectations.

A potentially very promising manifestation of cosmic magnification was re-
cently discussed by Ménard & Péroux (2003). Distant QSOs magnified by inter-
vening matter are more likely to show absorption features in their spectra due
to the gas associated with the lensing structures. Using the QSO sample from
the 2dF survey, Ménard & Péroux (2003) demonstrated evidence for lensing by
MgII and FeII absorbers along the lines-of-sight to the QSOs.

7.6 Summary

Many are the applications of gravitational lensing to cosmology, and the results
are numerous, as the preceding discussion has shown. A review like this must
be based on a subjective selection which is necessarily biased to some degree.
Within these limitations, I summarise the results as follows:

– Microlensing experiments in the Galaxy have shown that, although massive
compact objects exist in its halo, they insufficient to make up all the dark
matter in the Galactic halo. These studies are now being extended towards
the Andromeda galaxy, M 31 (Sect. 7.3.1).

– Central density profiles of lensing galaxies are approximately isothermal and
thus more concentrated than CDM predicts. This indicates that galaxy den-
sity profiles have been steepened by baryonic physics (Sect. 7.3.2).

– The isothermal density profiles and the characteristic velocity dispersions of
galaxies are confirmed by weak galaxy-galaxy lensing, which finds very large
halo sizes with radii of � 200 h−1 kpc. Halos of cluster galaxies seem to be
smaller, as expected (Sect. 7.3.2).

– The biasing of galaxies relative to the dark-matter distribution is found by
galaxy-galaxy lensing to be almost scale-independent, or gently increasing
with scale (Sect. 7.3.2).

– Galaxies have to be structured in order to explain multiple-image geometries
and the high fraction of quadruple compared to double images. Anomalous
flux ratios of quadruple images seem to be best explained by lensing, but it
is yet unclear whether they are caused by the galactic subhalos expected in
CDM (Sect. 7.3.2).

– Measured time delays between multiple images lead to an interesting and as
yet unresolved conflict between the lensing mass distribution and the Hubble
constant: Isothermal profiles yield Hubble constants which are substantially
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too low, and lens models giving compatible Hubble constants have too steep
mass profiles (Sect. 7.3.2).

– The statistics of distant sources multiply imaged by galaxies is sensitive to the
cosmological parameters. Recent applications of this method showed agree-
ment with a low-density universe with cosmological constant (Sect. 7.3.2).

– Galaxy clusters have to be asymmetric, and they must be dominated by dark
matter which is more broadly distributed than the cluster light. Cores in the
dark-matter distribution must be small or absent (Sect. 7.4.1, 7.4.1).

– Frequent and substantial discrepancies between lensing and X-ray mass de-
terminations are most likely signalling violent dynamical activity in clusters
(Sect. 7.4.1, 7.4.3).

– It remains unclear whether galaxy clusters in the “concordance”, low-density
spatially-flat cosmological models can explain the observed abundance of
gravitational arcs. Clusters need to be highly substructured and asymmet-
ric, and their dynamics may temporarily boost their strong-lensing efficiency
(Sect. 7.4.1).

– Although cluster density profiles inferred from strong and weak lensing do
typically not contradict expectations from CDM, isothermal density profiles
are not ruled out. Claims of flat central profiles are not supported by reason-
ably asymmetric models (Sect. 7.4.1, 7.4.3).

– Typical mass-to-light ratios derived from weak cluster lensing range around
� 200 in solar units, but very high values have been found. While this may
indicate a separation of gas from dark matter in cluster mergers, the possible
existence of dark clusters is intriguing (Sect. 7.4.3, 7.4.3).

– Surprisingly massive and compact clusters which are significant weak and
powerful strong lenses exist at redshifts z � 0.8 and above (Sect. 7.4.1, 7.4.3).

– Cosmic shear, i.e. the distortion of background-galaxy images due to weak
gravitational lensing by large-scale structures, has been detected and found
to be in remarkable agreement with theoretical expectations. It has allowed
constraints to be placed on the matter-density parameter and the amplitude
of the dark-matter fluctuations (Sect. 7.5.1).

– Systematic effects such as possible intrinsic alignments of source galaxies and
the so-called B mode which is evidently not of lensing origin now seem to be
well under control (Sect. 7.5.2).

– Joint analyses of weak lensing and CMB data allow parameter degeneracies
in both types of experiment to be lifted. When combined with photometric
redshifts of source galaxies, three-dimensional reconstructions of the large-
scale matter distribution become possible. This will also allow the dark energy
to be constrained (Sect. 7.5.3).

– Cosmic magnification, which is more complicated to measure than cosmic
shear, can be quantified by the magnification bias. It has been detected, and
most recent measurements are also in excellent agreement with theoretical
expectations (Sect. 7.5.4).
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Bergmann, A. G., Petrosian, V., & Lynds, R. 1990, ApJ, 350, 23
Bernardeau, F., Mellier, Y., & van Waerbeke, L. 2002, A&A, 389, L28
Bernardeau, F., van Waerbeke, L., & Mellier, Y. 1997, A&A, 322, 1
Blandford, R. D., Saust, A. B., Brainerd, T. G., & Villumsen, J. V. 1991, MNRAS,

251, 600
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Sheldon, E. S., Annis, J., Böhringer, H., et al. 2001, ApJ, 554, 881
Sheldon, E. S., Johnston, D. E., Frieman, J. A., et al. 2004, AJ, 127, 2544
Sheth, R. K. & Tormen, G. 2002, MNRAS, 329, 61
Simon, P., King, L. J., & Schneider, P. 2004, A&A, 417, 873
Smail, I., Hogg, D. W., Blandford, R., et al. 1995, MNRAS, 277, 1
Smith, D. R., Bernstein, G. M., Fischer, P., & Jarvis, M. 2001, ApJ, 551, 643
Soucail, G., Fort, B., Mellier, Y., & Picat, J. P. 1987, A&A, 172, L14
Soucail, G., Kneib, J.-P., & Golse, G. 2004, A&A, 417, L33
Soucail, G., Mellier, Y., Fort, B., Mathez, G., & Cailloux, M. 1988, A&A, 191, L19
Takada, M. & Hamana, T. 2003, MNRAS, 346, 949
Takada, M. & Jain, B. 2003, MNRAS, 344, 857
Taylor, A. N., Bacon, D. J., Gray, M. E., et al. 2004, MNRAS, 353, 1176
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8 The Oldest Stars

T.C. Beers

Abstract: I review the techniques used to identify the oldest “living” stars in the
Universe, concentrating on two large modern surveys: the HK survey of Beers and
colleagues and the Hamburg/ESO survey of Christlieb and collaborators. I then con-
sider the knowledge that has been gained recently concerning the the distribution of
measured stellar metallicities from these samples, the so-called Metallicity Distribution
Function of the halo of the Milky Way. A summary of some of the most exciting results
from recent high-resolution spectroscopy of very metal-poor stars identified in these
samples is provided. Special attention is given to the nature of r-process-enhanced
metal-poor stars, and what they reveal about the operation and possible astrophysical
site(s) of the r-process in the early Universe. Finally, I discuss plans for next-generation
surveys for extremely metal-poor stars.

8.1 Introduction

The oldest “living” stars in the Universe are inferred to be low-mass objects,
still shining from nuclear fusion in their interiors, that inherited their observed
low abundances of elements from the earliest generations of (presumably quite
massive) metal-producing objects. These massive progenitors, often referred to
as Population III stars, have been suggested by a number of studies (see Bromm
& Larson 2004 for a recent review) to be the first stable objects to have formed
in the early Universe, shortly after the Big Bang. The main-sequence lifetimes
of the low-mass (≤ 0.8M�) stars that may have formed at or near the time of
the Population III stars are sufficiently long (> 14 Gyrs) that they can still be
identified today. Such stars can be thought of as the “scribes” of the nucleosyn-
thesis that took place in the early Galaxy and Universe, as their atmospheres
have recorded the results of the processes involved in the production of the first
elements; they make it feasible to reconstruct a increasingly coherent picture
of the story of cosmic chemical evolution. Figure 8.1 depicts one model for the
formation of low-mass stars in the early Universe.

The great interest in the origin of the elements, and the nature of the objects
that produced them, has been fueled by the results of several modern surveys for
the lowest metallicity stars, in particular the HK objective prism survey of Beers



258 T.C. Beers

Fig. 8.1. The first generations of stars (Population III) probably included objects
that were extremely massive and short-lived. When they exploded at the end of their
lives, the elements created by Population III stars were incorporated into lower-mass
second-generation (Population II) stars that may still be detectable in the Universe
today. M� indicates the solar mass. This figure is courtesy of Preston Huey/Science
Magazine.



8 The Oldest Stars 259

and collaborators (Beers, Preston, & Shectman 1985, 1992; Beers 1999) and
the Hamburg/ESO objective-prism survey of Christlieb and colleagues (HES;
Christlieb 2003), as well as by the detailed high-resolution spectroscopic studies
that have been made possible with the current generation of 8m-10m optical
telescopes and their sensitive instruments. Important clues have also come from
spectroscopic observations in the near ultraviolet with the Hubble Space Tele-
scope. In this brief contribution we summarize the present status of the surveys
for low metallicity stars, the nature of the elemental abundance patterns that
have been revealed from high-resolution spectroscopic follow-up efforts, and de-
scribe the constraints that these observations place on early element production.
We close with a glimpse of where the field is headed in the decade to come, de-
scribing new surveys, and new survey techniques, that are just now getting un-
derway. These new surveys will enlarge the numbers of recognized low-metallicity
stars by several orders of magnitude.

Emphasis is placed on the most recent results. Readers interested in obtaining
more detailed information on a number of the topics considered herein may wish
to read the review article by Beers & Christlieb (2005).

8.2 Low-Metallicity Stars

Low-metallicity stars exhibit atmospheric abundances of their heavy elements
that are significantly below that of the Sun. For historical reasons, and due
to the large number of iron absorption lines that are found in high-resolution
stellar spectra of stars with intermediate temperatures, the nomenclature used
to quantify the metallicity of stars is usually given as a comparison of the ratio
of the number of iron atoms relative to the number of hydrogen atoms in a given
star to the same ratios measured in the Sun, i.e., [Fe/H] ≡ log10 (NFe/NH)∗ −
log10 (NFe/NH)�, where NFe and NH refer to the numbers of atoms of the
elements Fe, and H, respectively. This nomenclature is readily generalized to
refer to the abundance ratios of any two species, as compared to their observed
ratios in the Sun.

In general, the abundances of other metallic species track that of iron; as
the observed amount of iron in a stellar atmosphere declines, so do the observed
amounts of other elements, such as Ca, Mg, Co, etc., although not necessarily in
a one-to-one fashion. Indeed, the detailed behavior of elemental abundance ratios
in metal-poor stars, for instance, [Ca/Fe], [Mg/Fe], [Co/Fe], etc., provide crucial
clues as to the nucleosynthetic pathways involved in their formation. Examples
are provided below.

Stars are presently known that cover the range of observed metallicity from
somewhat above the solar iron abundance, [Fe/H] � +0.5 (sometimes referred to
as super metal-rich stars), to the lowest iron abundance record set by the recently
discovered star HE 1327−2326 (Frebel et al. 2005), with [Fe/H] = −5.6, a factor
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Table 8.1. Nomenclature for Stars of Different Metallicity

[Fe/H] Term Acronym

> +0.5 Super Metal-Rich SMR
∼ 0.0 Solar –
< −1.0 Metal-Poor MP
< −2.0 Very Metal-Poor VMP
< −3.0 Extremely Metal-Poor EMP
< −4.0 Ultra Metal-Poor UMP
< −5.0 Hyper Metal-Poor HMP
< −6.0 Mega Metal-Poor MMP

of almost 400,000 times lower than the Sun.1 For clarity of the terminology,
Beers & Christlieb (2005) have suggested that one adopt the modifiers listed in
Table 8.1 for the description of varying degrees of metal deficiency.

Although there are no MMP stars yet known, this last category is included
in anticipation of their eventual discovery.

8.3 Ongoing Surveys for Metal-Poor Stars, and the Nature
of the Halo Metallicity Distribution Function

8.3.1 The HK (and HK-II) prism surveys

The most efficient technique that has been developed to date for the identifica-
tion of low-metallicity stars is a (somewhat) modernized version of the methods
that were employed by astronomers over a century ago for the first spectral
classifications of stars. The objective-prism technique makes use of wide-field
Schmidt telescopes (which can typically cover on the order of 25 to 36 square
degrees of sky at once) to photographically image low-resolution spectra of hun-
dreds to thousands of stars at once. The spectra are formed by a prism that is
placed over the objective end of the telescope.

In the HK survey of Beers and collaborators, the spectra are “widened” at
the telescope in order to enable later visual inspection. The insertion of an inter-
ference filter at the focal plane passes only a limited amount of stellar spectrum,
centered on the absorption features of singly ionized calcium, the CaII K (3933
Å) and the CaII H (3969 Å) lines, which are the strongest metallic species in
the optical spectra of many stars. The cartoon shown in Figure 8.2 illustrates
the appearance of the HK survey spectra, as seen by a visual classifier through
a 10-X microscope. Over a number of years the classifiers (originally G. Preston,

1The abundances that are quoted here, unless otherwise noted, are those obtained
using one-dimensional, static, stellar atmosphere models, where absorption lines are
assumed to form under conditions of Local Thermodynamic Equilibrium (LTE). The
development of fully three-dimensional, convective atmosphere models, and attempts
to take into account the effects of non-LTE, is ongoing at present, and will someday
(perhaps soon) be the method of choice for abundance determinations (Asplund 2005).
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Fig. 8.2. Illustration of the appearance of the CaII K and H lines in the prism spectra
of the HK survey, as they appear to the classifier. In the left panel is shown an example
of a solar-metallicity star of intermediate temperature. The right panel shows a star of
similar temperature, but with substantially lower metallicity. At even lower metallicity,
the CaII lines disappear completely.

later T. Beers) were able to identify on the order of 10,000 metal-poor candidates
from the HK prism plates. Although the selection of candidates in this manner
is less than ideal, in particular because of the absence of color information for
the stars, the HK survey has been remarkably effective at the identification of
large numbers of the most metal-deficient stars.

One consequence of the lack of color information for the selection of the HK
survey metal-poor candidates is the introduction of a quite severe temperature
bias into the target list. The CaII K lines for warmer stars (and hence bluer col-
ors) of a given metallicity are weaker than stars of the same metallicity but with
lower temperatures (and hence redder colors). As a result, the list of candidates
is biased toward the selection of objects near the main-sequence turnoff of the
halo population, and under-represents the cooler giants. Below some metallicity,
presently estimated to be around [Fe/H] = −2.0, these biases become less im-
portant, as the CaII K lines of even the cooler stars become sufficiently weak to
be readily identified during the visual inspection.

Many of the limitations of the visual selection approach have now been over-
come. As part of his thesis work, Rhee (2000) and collaborators carried out
machine scans of the HK survey plates (using the PDS machine in Cambridge,
UK), from which one could construct quantitative estimates of the strengths of
the CaII K (and H) lines. Figure 8.3 shows examples of these scanned spectra.

Broadband near-infrared JHK photometry is now available for essentially
all of the stars on the HK survey plates from the 2MASS Point Source Catalog
(Cutri et al. 2003). This information is being used to obtain a new set of candi-
date metal-poor stars from the HK survey, which is now referred to as the HK-II
survey. Rhee et al. (in preparation) have identified numerous cool metal-poor
stars that were overlooked in the original HK survey, as confirmed by medium-
resolution spectroscopic follow-up of some 1000 HK-II candidates conducted to
date. It is expected that medium-resolution spectroscopy of several thousand ad-
ditional HK-II candidates will be completed over the course of the next few years.
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Fig. 8.3. Examples of HK-II survey scanned prism spectra. The estimated metallicity,
[Fe/H], estimated color, (B − V )o, and strength of the CaII K line in an 18 Å wide
band, K18, are listed for each star.

8.3.2 The Hamburg/ESO prism survey

The HES is now making it possible to enlarge the number of known EMP ([Fe/H]
< −3.0) stars by at least an order of magnitude over the numbers found in the
HK survey, and is finding many more VMP ([Fe/H] < −2.0) stars as well. In
part, this is because the HES reaches about two magnitudes deeper than the HK
survey (B ∼ 17.5 vs. B ∼ 15.5), and also covers regions of the sky that were not
included in the HK survey (see Fig. 8.4).



8 The Oldest Stars 263

Fig. 8.4. Comparison of the HES area (framed) with the HK survey area. The shaded
areas denote the locations of HK-survey candidates. The HK survey covers about 2800
deg2 in the northern sky and about 4100 deg2 in the south, and includes a number of
plates at lower Galactic latitude than the HES. In total, the HES covers about 8225
deg2 of southern sky at Galactic latitudes |b| > 30o.

The HES plates were taken with the ESO 1m-Schmidt telescope on La Silla,
and were machine-scanned and reduced at the Hamburger Sternwarte (Ger-
many). The spectra are not widened in the HES, as the prism plates were de-
signed to be digitally scanned. The HES covers a much wider spectral range than
the HK survey, from about 3300 Å to 5400 Å .

The digitized HES spectra were then analyzed with an automated spectral
classification approach (Christlieb, Wisotzki, & Grasshoff 2002). It was also fea-
sible to determine an approximate B − V color directly from the prism spectra,
with an accuracy on the order of ∼ 0.1 mag. The resulting list of some 10,000
VMP candidates is thus not expected to suffer from the temperature-related bi-
ases of the original HK survey; the HES should be a rich source of low-metallicity
giants as well as warmer turnoff stars.

8.3.3 The halo metallicity distribution function

Once suitable candidate low-metallicity stars are identified, medium-resolution
(1–2 Å) follow-up spectroscopy is obtained for as many candidates as possible,
using telescopes of 1.5m–4m apertures. Estimates of metallicity based on these
spectra are obtained by a variety of methods, the most important of which is the
calibration of Beers et al. (1999), which provides an measure of the metallicity
of a given star based on the strength of the CaII K line and (where available)
a broadband color, such as B − V or J − K. Such estimates of metallicity are
typically accurate to on the order of δ [Fe/H] ∼ 0.2 dex.



264 T.C. Beers

The process of acquiring the medium-resolution spectra is rather slow, as the
candidates are typically widely separated on the sky, hence the spectra must be
obtained one at a time. The HK survey spectroscopic follow-up has been under-
way for over two decades, and will likely not be finished for another few years.
To date, medium-resolution spectroscopic follow-up of over 6000 HK survey can-
didates has identified on the order of 1200 VMP stars with [Fe/H] < −2.0, and
roughly 140 EMP stars with [Fe/H] < −3.0, as well as a handful of stars near
[Fe/H] = −4.0. The HES follow-up has been underway for only the past five
years (using larger telescopes equipped with much faster spectrograph/detector
combinations than were available in the early days of the HK survey follow-up),
and has resulted in medium-resolution spectroscopic observations of over 3500
metal-poor candidates to date. Among these, the HES has identified some 1500
VMP stars, at least 200 EMP stars, a number of stars with [Fe/H] ∼ −4.0, and
signficantly, the only two HMP stars known.

The “as-observed” observed Metallicity Distribution Functions (MDFs) in
these two surveys (not to be confused with the actual MDF of the halo) are
shown in Fig. 8.5. The distinctly bi-modal appearance of these two samples is
the result of the imperfect selection of candidate low-metallicity targets; the
large number of stars with [Fe/H > −1.5 are the “mistakes”. The stars with
metallicities [Fe/H] ≤ −2.0 are the sought-after objects. Note that even though
the total number of targets in the HES follow-up to date is only slightly more
than half of the HK survey stars with available medium-resolution spectroscopy,
the HES follow-up has turned up more VMP stars than the HK survey. The far
greater efficiency of the HES in the selection stage has also greatly reduced the
number of mistakes with [Fe/H] > −1.5.

Fig. 8.5. The as-observed Metallicity Distribution Functions for the HK survey (left
panel) and the HES (right panel) candidate metal-poor stars. The numbers of stars
with [Fe/H] < −2.0 and [Fe/H] < −3.0 in these surveys are listed individually. The
selection efficiency of VMP stars in the HES is clearly higher than that of the HK
survey.
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Details of the halo MDF are clearly important to quantify. To accomplish
this, in particular for the low-metallicity tail of the MDF, it is necessary to
validate that the selection of input stars is unbiased below a given metallicity.
A set of tests to meet this objective, by comparison of the HK-survey and HES
MDFs with kinematically-selected samples of stars (e.g., Ryan & Norris 1991),
as well as through a set of complete observations of stars in the HES classified as
likely metal-poor candidates, are presently being carried out. Since the metal-
poor candidates from the HES were selected by well-understood criteria, it is
possible to investigate any selection biases quantitatively. Once these exercises
have been completed, a “true” halo MDF (at the low-metallicity end of the
function) will be extracted. Hernandez & Ferrara (2001) provide an example of
how the nature of the low-metallicity tail of the halo MDF can be used to obtain
information about the nature of the first metal-producing stars in the Galaxy.

8.4 Recent Results from High-Resolution Spectroscopic
Follow-Up

One of the primary reasons for carrying out large surveys for metal-poor stars is
to provide targets for detailed high-resolution spectroscopic studies of the most
interesting objects using 8m-10m class telescopes. Such studies are required in
order to obtain accurate estimates of the individual elemental abundances for
significant numbers of VMP stars. Over the past few years we have begun to
reap this harvest of information on the nature of the chemically most primi-
tive, and by inference, oldest stars in the Galaxy. In the published literature,
the interested reader is directed to the series of papers on the “First Stars”
Large Program conducted with the VLT (e.g., Cayrel et al. 2004), as well as
the “0Z” program being conducted with the Keck telescope (e.g., Cohen et al.
2004), and the studies being carried out with the Subaru telescope (e.g., Aoki
et al. 2002a; Honda et al. 2004). Typically, such programs obtain exquisite high
signal-to-noise spectra for on the order of 20-40 stars at a time. Most recently, a
new technique, referred to by the authors as “snapshot” spectroscopy, has been
exploited to obtain moderately high-resolution (R = 20, 000), moderate signal-
to-noise (S/N ∼ 30/1−50/1) spectra of several hundred VMP giants (Christlieb
et al. 2004; Barklem et al. 2005). This effort is described in more detail below.

8.4.1 Trends and scatter of elemental abundances

Two of the important results that are emerging from these high-resolution spec-
troscopic analyses are the identification of well-defined trends of elemental abun-
dances with [Fe/H] (or [Mg/H]), as well as quantitative determination of the
cosmic scatter of these abundances about the general trends. Although the char-
acter of the trends (at least for elements in common) has not changed much
compared to what was known a decade ago (see, e.g., McWilliam et al. 1995;
Norris, Ryan, & Beers 1996), there has recently been a rather dramatic change
in the reported scatter about these trends.
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In particular, the new studies have shown that much of the previously claimed
scatter for alpha- and iron-peak elements at low metallicities was spurious, and
due to limitations in the quality of the available data, or the addition of “observer
scatter” arising from the practice of combining small individual samples from
multiple sources (and hence importing differences in the analysis techniques used
by the various studies). The new (much higher-quality) data have revealed that
the observed scatter for many elements in VMP stars is at or near the level of the
observational error, i.e., consistent with zero. For example, the reported scatter
in [Cr/Fe] by Cayrel et al. (2004), based on a large sample of VMP giants, is
only 0.07 dex. See Fig. 8.6.

Arnone et al. (2005) report, based on high-resolution spectroscopy of a sample
of VMP main-sequence turnoff stars, a scatter in [Mg/Fe] of only 0.06 dex. This
measure of scatter is a factor of two smaller than the 0.13 dex result reported

Fig. 8.6. (Upper Panel) [Cr/Fe] as a function of [Fe/H] for 35 VMP giants from the
HK survey observed with VLT/UVES (Cayel et al. 2004). The error bars are one-
sigma estimates. Note the extremely small scatter about the trend line. (Lower Panel)
[Mg/Fe] vs. [Fe/H] for the same sample of stars.
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by Cayrel et al. (2004), and is likely due to the fact that the Arnone et al.
sample of stars were chosen (originally for the study of primordial lithium) to
be quite similar to one another in temperature and surface gravity. As a result,
the accuracy of the derived [Mg/Fe] ratios from star to star will not vary as
much as the Cayrel et al. giants, which cover a much wider range of atmospheric
properties.

The implications of these results for models of supernovae yields, early star
formation, and Galactic chemical evolution, is expected to be profound (see, e.g.,
the discussion by Prantzos 2004).

8.4.2 Carbon-enhanced metal-poor stars

Several recent papers (e.g., Norris, Ryan, & Beers 1997a; Rossi, Beers, & Sne-
den 1999) have pointed out that the frequency of carbon-enhanced stars in
the Galaxy appears to increase at the lowest metal abundances. The ongo-
ing medium-resolution spectroscopic follow-up of candidate low-metallicity stars
from the HK and HES surveys has indicated that the actual fraction of VMP
stars with carbon enhancements in excess of [C/Fe] � +1.0 may in fact be even
higher than previously suspected. It should be cautioned, however, that a quan-
titative test of the fraction of carbon-enhanced metal-poor (hereafter, CEMP)
stars as a function of [Fe/H] has not yet been carried out. Rossi et al. (2005)
describe a new set of methods for the estimation of [Fe/H] and [C/Fe], based
on a calibration of the KP and GP indices of Beers et al. (1999) with J − K
colors from the 2MASS Point Source Catalog (Cutri et al. 2003) . Application of
these methods to the large databases of spectra from the HK and HES surveys
should prove illuminating. Medium-resolution stellar spectra obtained as part
of the Sloan Digital Sky Survey (SDSS; York et al. 2000) will be another valu-
able sample for examination of this question. In addition, recent large samples
of high-resolution observations of HES stars obtained by the HERES program
(described below) can be used to provide useful constraints as well.

One current challenge is to understand the nature of the phenomena respon-
sible for the apparently high frequency of CEMP stars at low metallicity, and
to assess its impact on the early chemical evolution of the Galaxy. Lucatello et
al. (2005b), for instance, have argued that the large fraction of CEMP stars at
low metallicities provides evidence for an alteration in the Initial Mass Function
(IMF) during these epochs to include a greater number of intermediate mass
stars than are formed from the present-day IMF. The connection, if any, to the
significant amounts of ionized carbon in the intergalactic medium, detected in
observations toward distant quasars (e.g., Ellison et al 2000; Pettini et al. 2003),
may also hold important clues to the production of carbon in the early Universe.

High-resolution abundance analyses for a number of CEMP stars (Barbuy et
al. 1997; Norris, Ryan, & Beers 1997b; Bonifacio et al. 1998; Aoki et al. 2000,
2001, 2002a,b,c; Norris et al. 2002; Depagne et al. 2002; Sivarani et al. 2004; Bar-
buy et al. 2005) indicates that a variety of carbon-production mechanisms may
need to be invoked to account for the observed range of elemental abundance
patterns in these stars (e.g., mass-transfer from former asymptotic giant-branch
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(AGB) companions, self-pollution via mixing of CNO-processed material in indi-
vidual stars, the possible existence of zero-abundance “hypernovae” which may
produce large amounts of carbon, etc.). Meynet, Maeder, & Ekstrom (2005) have
produced models of low-metallicity massive (60 M�) stars which, by inclusion
of a significant initial rotation, are shown to very efficiently produce and mix
the light elements C, N, and O to the stellar surface. The addition of large
amounts of these elements dramatically increases the mass loss via stellar winds,
as compared to non-rotating models, and hence would provide a viable mecha-
nism for rapildy increasing the amount of carbon available for incorporation by
subsequent generations of stars.

Many of the CEMP stars have been shown to be members of binary systems
(Preston & Sneden 2001; Tsangarides, Ryan, & Beers 2004; Lucatello et al.
2005a). The majority, but not all, of the CEMP stars are associated with neutron-
capture-element enhancement (in particular via the s-process; see Aoki et al.
2003). At least one member of the growing class of highly r-process-enhanced,
metal-poor stars, CS 22892-052 (Sneden et al. 2003) also exhibits large C (and
N) overabundances relative to the solar ratios, although the origin of the carbon
enhancement and the r-process enhancement may well be decoupled from one
another.

Beers & Christlieb (2005) provide a table of the twelve known EMP stars with
[Fe/H] < −3.5 and with published abundance analyses based on high-resolution
spectroscopy. Five of these stars are CEMP stars (42%). It is surely not a co-
incidence that the two most iron-deficient stars yet identified, HE 0107-5240
(Christlieb et al. 2002; Christlieb et al. 2004), and HE 1327-2326 (Frebel et al.
2005) with [Fe/H] = –5.3 and –5.6, respectively, also exhibit carbon overabun-
dances that are the highest yet reported amongst extremely metal-poor stars,
on the order of [C/Fe] � +4.0. Thus, the fraction of HMP stars that are CEMP
stars is 100%. Clearly, much remains to be learned about the nature, origin, and
evolution of the many classes of CEMP stars in the Galaxy.

8.4.3 Neutron-capture-element-rich, metal-poor stars

Over the past decade, the identification and analysis of metal-poor stars that
exhibit large over-abundances of elements beyond the iron peak, species that
are almost exclusively formed as the result of neutron captures, have taken a
leading role in many investigations. Some of the most exciting new results, and
the questions raised by them, are described below.

The s-process-enhanced stars

The slow neutron-capture process (s-process) occurs in astrophysical environ-
ments where the flux of neutrons is sufficiently low to allow time for beta decays
to occur between neutron captures. One such site is thought to be associated with
the so-call “main component” of the s−process, the thermal pulsing episodes in
intermediate mass AGB stars (see Gallino et al. 1998; Busso et al. 2001; Herwig
2004a; Herwig 2004b).
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Recent large-scale abundance studies of stars have revealed the presence of
s-process patterns of elements in stars with metallicities as low as [Fe/H] = −2.6
(Simmerer et al. 2004). A handful of stars have been found to exhibit such signa-
tures at even lower metallicities, for example, CS 29497-030, a CEMP star with
[Fe/H] = −2.8 (Sivarani et al. 2004), and the current record-holder, CS 22183-
015, a CEMP star with [Fe/H] = −3.1 (Johnson & Bolte 2002). The existence
of such stars indicates that the s-process can apparently occur quite early in the
nucleosynthetic history of the Galaxy. Although previous modeling (for inter-
mediate and solar-metallicity AGB stars) indicated that one might require the
presence of iron-peak “seed” elements in order for significant s-process elements
to be produced, such low-metallicity stars with detectable s-process patterns
suggests that this requirement may not hold at all metallicities.

Models for the operation of the s-process in metal-poor stars (e.g., Gallino
et al. 1998; Goriely & Mowlavi 2000; Busso et al. 2001) have indicated that, as a
result of the high neutron-to-seed ratios in such stars, one might expect efficient
production of the heaviest elements such as Pb. Recently, Aoki et al. (2000) and
Van Eck et al. (2001) have identified VMP stars in which large amounts of Pb
are indeed present. These so-called “lead stars” now comprise more than twenty
examples, with the most extreme case, CS 29497-030, exhibiting [Pb/Fe]= +3.5,
a factor of over 3000 times greater than the solar ratio of these elements (Sivirani
et al. 2004). Very recently, observations of this same star by Ivans et al. (2005)
enabled the first detection of the heavy element Bi (only one step away from Pb
in the periodic table) in a metal-poor star .

The r-process-enhanced stars

In the rapid neutron-capture process, the flux of neutrons is so large that the
nuclei involved do not have time to undergo beta decays before additional neu-
trons are added; as a result the r-process isotopes accept neutrons until they
are quite far from the valley of stability before decaying back. See Cowan &
Thielemann (2004) for a recent review of our present knowledge of the operation
of the astrophysical r-process.

Astronomers (and their nuclear astrophysics colleagues) are fortunate that
nature has chosen to supply nearly ideal probes of the operation of the r-process
in astrophysical environments. The so-called r-process-enhanced, metal-poor
stars exhibit, in spite of their overall low values of [Fe/H], r-process elements
(such as Eu, Os, and Pt) that exhibit abundance ratios relative to Fe which are
much larger than observed in the Sun. If such stars did not exist, studies of the
operation of the r-process in the early Galaxy would be made much more diffi-
cult, since the absorption lines of r-process elements would become undetectably
weak for most species.

One such star, CS 22892-052, an HK-survey giant with [Fe/H] = −3.1, ex-
hibits a ratio of its r-process elements relative to iron [r/Fe] ≈ +1.7, a factor
of fifty times the ratio of these elements seen in the Sun (Sneden et al. 1994,
1996). This star has been studied intensively with essentially all 4m and 8m-class
telescopes (equipped with high-resolution spectrographs) in the world, as well
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as over the course of 60 orbits with the Hubble Space Telescope (Sneden et al.
2003). As a result, 57 elements (to date) have been measured for CS 22892-052,
making this object the spectroscopically best-studied star other than the Sun.

Shortly after the discovery of CS 22892-052, another HK-survey star was
found that has had equally profound impact, CS 31082-001. This star, a giant
with [Fe/H] = −2.9, exhibits a similar excess of r-process elements as CS 22892-
052, [r/Fe] ≈ +1.6 (Hill et al. 2002). Because this star exhibits a much lower
abundance of carbon (which can mask important neutron-capture species) than
CS 22892-052, this was the first VMP star with a measurable abundance of the
radioactive element uranium (Cayrel et al. 2001). Not only did CS 31082-001
establish the class of highly r-process-enhanced MP stars (referred to collectively
as r-II stars, having [r/Fe] > +1.0), it also enabled the first application of a
valuable new cosmo-chronometer, U/Th (Hill et al. 2002; Schatz et al. 2002).

However, the “uranium star” CS 31082-001 also raised a number of unre-
solved questions concerning the operation of the r-process in the early Galaxy.
Of greatest significance, the enhancement of the actinides Th and U is on the
order of +0.4 dex higher, compared to the level of enhancement of other sta-
ble r-process elements (such as Eu), than observed in CS 22892-052. Although
application of the U/Th chronometer yields age estimates of this star that are
consistent with expectation, ≈ 15.5 ± 3.2 Gyrs (Schatz et al. 2002), application
of the Th/Eu chronometer for CS 31082-001 yields ages that beg credulity (no
more than a few Gyrs). Recently, additional stars have been noted that display
the “actinide boost” phenomenon (Honda et al. 2004).

At least one additional r-II star with a clear signature of uranium has
been reported, CS 29497-004, a giant with [Fe/H] = −2.8 and [Eu/Fe] = +1.6
(Christlieb et al. 2004). This star is neither carbon-enhanced, nor does it appear
to suffer from the actinide boost phenomenon. A detailed analysis of the derived
U abundance, and application of the U/Th and Th/Eu chronometers for this
star is being carried out at present (Hill et al., in preparation).

The interest in the nature of the astrophysical r-process has also led to the
recent analysis of a larger number of metal-poor stars with moderately enhanced
r-process elements (which are referred to collectively as r-I stars, having +0.3 <
[r/Fe] < +1.0). A few particularly important examples include HD 115444
(Westin et al. 2000) and BD+17:3248 (Cowan et al. 2002), the first metal-poor
star in which gold was detected. There are on the order of ten r-I stars discussed
in the present literature. Many of them have measurable abundances of Th, and
estimates of ages based on the Th/Eu chronometer have been made that fall in
the range 9–18 Gyrs (Johnson & Bolte 2001). Cowan et al. (2002) claimed the
detection of uranium in BD+17:3248, at the ragged edge of believability, from
which an lower limit on the age of 13.4 Gyr (with a large error bar) was derived
from the U/Th chronometer.

The small number of r-I and r-II stars studied to date all exhibit a pat-
tern of “heavy” r-process elements that closely follow the scaled solar pattern
of r-process elements in the range of atomic number 56 < Z < 76 (Cowan &
Thielemann 2004). This immediately suggests the possibility that, at least for
these elements, the astrophysical conditions leading to the r-process operated
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in a consistent manner throughout the history of the Galaxy. This may indicate
that the so-called “strong” r-process is associated with a unique site (e.g., SN-II
explosions of similar-mass progenitors). This apparent regularity does not apply
to the observed patterns of the lighter r-process elements, in the range 40 < Z
< 50. These elements tend to fall below the scaled solar pattern, and may (al-
though the sample is still too small to be certain) exhibit star-to-star scatter even
for objects of identical overall metallicity. These observations support the idea
(originally indicated from meteoritic isotopic analyses; Wasserburg, Busso, &
Gallino 1996) that one may have to invoke the additional operation of a “weak”
r-process.

Finally, a handful of r-process-rich metal-poor stars have been identified that
exhibit elemental abundance patterns with apparent contributions from both the
s-process and the r-process (Hill et al. 2000; Cohen et al. 2003; Barbuy et al.
2005). Full understanding of the nucleosynthetic events that led to these stars
(referred to collectively as r/s stars) is still lacking, but interesting possibilities
have been discussed in the recent literature (Qian & Wasserburg 2003; Zijlstra
2004; Barbuy et al. 2005; Ivans et al. 2005)

Understanding the nature of the r-process

The numbers of stars in each recognized class of r-process-enhanced objects
are so few that astronomers speculate about the astrophysical origins for all
of these classes, and their possible inter-relationships. The recently completed
Hamburg/ESO R-process Enhanced Star (HERES) survey (Barklem et al. 2005),
described in detail below, has considerably enlarged the numbers of known r-II
(8 newly-discovered objects) and r-I stars (35 newly-discovered objects), and
several critical questions concerning the astrophysical processes involved in the
production of the r-process elements are now beginning to be addressed. These
questions include:

1. What is the frequency of r-process-enhanced stars as a function of [Fe/H] ?

The first two r-II stars reported in the literature both have [Fe/H] ≈ −3.0. Is
the lack of r-II stars with [Fe/H] significantly above −3.0 real, or just a result
of the small samples obtained to date? If real, it may reflect the possibility
that these large enhancements are only associated with the earliest r-process-
generating events. Similar questions must be answered about the r-I and r/s
stars, which apparently include objects of higher [Fe/H].

The HERES survey results place some interesting constraints on this ques-
tion. The frequency of r-II stars identified from HERES is 4%-5% of metal-
poor giants with [Fe/H] < −2.5, slightly higher than had been estimated
from the smaller previous samples. The r-I stars comprise at least 14% of
HERES giants with [Fe/H] < −1.5. Note that the low signal-to-noise of the
HERES spectra precludes the detection of Eu features in some stars, hence
the frequency of the r-I stars is a lower limit.
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Fig. 8.7. Stripe density plots of the distribution of [Fe/H] for HERES stars classified
as r-II (upper panel) and r-I (lower panel), respectively. Note the clear difference in
their distributions.

Figure 8.7 shows the distribution of [Fe/H] for the r-II and r-I stars that
were detected by the HERES survey. As is clear from this Figure, the r-II
stars (including the two previously known such stars) cluster quite tightly
around a mean metallicity of [Fe/H] = −2.81, with a very small scatter of
0.16 dex, while the r-I stars are found across a very wide range of metal
abundance, −3.2 ≤ [Fe/H] ≤ −1.5. This may be the first evidence that
the r-II phenomenon might be associated with progenitors of a very similar
nature, quite possibly with a narrow range of stellar masses.

2. What is the distribution of r-process enrichment for the r-process-enhanced
stars ?

Although for simplicity we have separated the classes of r-I and r-II stars,
it is possible that this distinction has no physical basis, and that there ex-
ists a continuous distribution of the level of r-process-enhancement amongst
metal-poor stars in the Galaxy. Or, could the distribution be bi-modal, as
the present data suggests? This question (combined with the one above) is
essentially the same as that put forward by Wasserburg & Qian (2000) and
Fields et al. (2002), who sought to test phenomenological models for the
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Fig. 8.8. Distribution of [Eu/Fe] for stars in the HERES sample. The dashed line is the
distribution for all stars in which Eu was detected, including the HERES pilot sample,
which incorporated several previously known r-process-enhanced stars. The solid line
includes the pure r-process stars (i.e., [Ba/Eu] < 0). Note that this distribution is
biased against stars with very weak [Eu/Fe] since Eu was not detectable in all HERES
stars.

origin of the r-process. Its resolution clearly requires much larger samples,
so that consideration of the range of r-process enhancements may be studied
in detail.

Again, HERES has produced some interesting hints. Figure 8.8 shows the
distribution of [Eu/Fe] for the HERES sample stars with detectable Eu. It
appears that this distribution includes a “heavy tail” due to the presence of
the r-II stars. Although larger samples are still required, the evidence from
HERES suggests that their may indeed be a physically meaningful separation
in the level of r-process enhancements between the r-I and r-II stars.

3. How stable is the pattern of r-process-element abundances in the range of
atomic numbers 56 < Z < 76 ?

The r-I and r-II stars exhibit abundance patterns that are well-matched
to the scaled solar r-process pattern in this range. Although this piece of
information is clearly fundamental, it would be of interest to better quantify
it by consideration of the scatter about the solar pattern on an element-
by-element basis. This would provide a testable target for models of the
astrophysical production of r-process elements. A first attempt this was made
by Johnson & Bolte (2001), albeit for a small sample of stars.

The new large samples of r-I and r-II stars from HERES will permit, once
higher signal-to-noise high-resolution spectra are obtained for them, a much
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improved estimate of the scatter (or lack thereof) in the r-process elemental
abundance patterns.

4. What is the range of abundances exhibited by r-process elements in the
range of atomic numbers 40 < Z < 50 ?

It has been suggested that a number of r-I and r-II stars exhibit different
star-to-star abundances of their light r-process elements, such as Sr, Y, Zr,
Mo, Pd, and Ag, even at similar metallicity. To better constrain the origin of
these elements, and to establish whether or not their production is consistent
with a hypothesized “weak” r-process, or other alternatives (Travaglio et al.
2004) a sufficiently large sample from which the level of variation might be
confidently established is required.

The HERES results only provide measurements for the lighter r-process
elements Sr, Y, and Zr. Amongst these, both Sr and Y exhibit a possibly real
small amount of scatter amongst the r-II stars. The scatter in Zr amongst the
r-II stars appears larger, although better-quality data should be obtained to
be certain on all of these points. Clearly, the addition of other light element
abundances would be useful as well.

5. What is the range of r-process-enhancement for the third r-process-peak
elements, Z > 76, and for the actinides Th and U ?

This question goes to the very heart of the application of cosmo-chronometers
involving the actinides, as well as their decay products. None of the eight
newly discovered r-II stars from HERES have significant carbon enhance-
ment, hence with suitably high-quality spectra, a determination of the frac-
tion of these objects that exhibit the actinide boost phenomenon should be
feasible in the near future.

8.4.4 The lowest metallicity stars

As noted above, Beers & Christlieb (2005) have compiled a list of the twelve stars
in the published literature that have [Fe/H] < −3.5, based on high-resolution
abundance analyses. These stars exhibit a number of interesting similarities.
For example, forty percent of this sample (5 of 12) are strongly enhanced in
carbon ([C/Fe] > +1.0), including the two known HMP stars, HE 0107-5240
and HE 1327-2326. One of the lowest [Fe/H] stars, the dwarf carbon star G 77-
61, which was once claimed to have [Fe/H] = −5.6 (Gass, Wehrse, & Liebert
1988), has been recently shown by Plez & Cohen (2005) to have [Fe/H] = −4.0.

Two of the most Fe-poor stars, CS 22949-037 and CS 28948-043, exhibit
strong overabundances, not only of C, N, and O, but also of the elements Mg and
Si (e.g., Aoki et al. 2004; Israelian et al. 2004). The astrophysical scenarios that
produced these patterns are still the subject of debate, but possibilities include
the explosion of massive Population III stars (Fryer, Woosly, & Heger 2001), the
partial ejection of supernova mantles (Woosley & Weaver 1995; Norris, Ryan, &
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Fig. 8.9. Observed distributions of elemental abundances in the two known HMP stars
(taken from Frebel et al. 2005). These distributions are unlike those found in other halo
stars of higher [Fe/H].

Beers 2001), and models of low explosion energy Type II SN, with mixing and
fallback onto a compact object (Umeda & Nomoto 2003, 2005)

The two HMP stars exhibit rather similar abundance patterns of their lighter
elements, as well as a number of remarkable differences (see Fig. 8.9). Of partic-
ular interest is the detection of the neutron-capture element Sr in HE 1327-2326
(but not in HE 0107-5240), and the non-detection of Li in this same star, which
would be expected to yield a measurable line if the lithium content were com-
parable to the primordial level. Details of the numerous models put forth to
account for the origin of the observed abundance patterns are discussed in detail
in Beers & Christlieb (2005).

8.5 Next Generation Surveys for Low-Metallicity Stars

Detailed investigations of the nature of low-metallicity stars, although pursued
for many years, have only recently achieved the stage where sufficiently large
samples of objects have begun to be assembled. The advent of 8m–10m class
telescopes, and their sensitive spectrographs, along with the large catalogs of
candidate low-metallicity stars obtained from the HK and HES survey efforts,
are the prime reason for the progress obtained over the past few years. However,
some of the most interesting objects, such as the carbon-enhanced stars, the
neutron-capture-enhanced stars, and the lowest metallicity stars are sufficiently
rare that efforts to obtain larger numbers of stars with well-measured elemental
abundances is of increasing importance. Below we describe two recent projects,
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one just completed (HERES), and one just starting (SEGUE), as examples of
the directions we believe the field is quickly heading.

8.5.1 HERES – The Hamburg/ESO r-process enhanced star survey

The HERES survey was initiated in order to quickly identify new examples of
r-process-enhanced metal-poor stars. A detailed description of this approach is
provided by Christlieb et al. (2004). The HERES survey adopts a two-stage
approach. The first step consists of the identification of a large sample of metal-
poor giants with [Fe/H] < −2.0 in the HES, by means of moderate-resolution
(∼ 2 Å ) follow-up spectroscopy of several thousand cool (0.5 < B − V < 1.2)
metal-poor candidates selected in that survey. In the second step, “snapshot”
spectra (S/N > 30/1 per pixel at 4100 Å ; R ≈ 20, 000) of confirmed metal-poor
stars are obtained with UVES on the VLT. Such spectra can be secured for a
B = 15.0 star with a 8m-class telescope in exposure times of only 900 seconds,
during unfavorable observing conditions in terms of seeing, bright moonlight,
cloud coverage, and airmass.

During the HERES program a total of 373 candidate low-metallicity giants
were observed. Given the large number of spectra to be processed, it was manda-
tory that automated techniques for abundance analysis be employed, as de-
scribed in detail by Barklem et al. (2005). The snapshot spectra allow one to
readily identify stars with enhancements of r-process elements, using the Eu II
4129.73 Å line as an indicator.

As a by-product of the search for r-process enhanced stars, HERES has ob-
tained abundance measurements of light elements, such as C, the alpha-elements,
such as Mg, Ca, and Ti, and of iron-peak elements such as Cr, Mn, Fe, Co, Ni,
and Zn, as well as other species, for the entire set of low-metallicity giants. Fig-
ure 8.10 shows some examples of the trends of elemental abundance ratios with
[Fe/H] from HERES.

The importance of the snapshot approach is that very large samples can
be assembled within a relatively short time (HERES consumed a total of 350
hours of VLT time, roughly 40 nights). It goes further than this. Another great
advantage is that such samples can be analysed in a homogeneous fashion, which
avoids the potential problems that ensue when observers attempt to construct
large samples from the assembly of results from different (and often differently
analysed) samples from multiple sources. That is to say, the information content
of the resulting abundance determinations is much higher. Furthermore, since
the majority of the HERES sample assembly was blind to any other criterion
other than low [Fe/H], the relative frequencies of the abundance patterns from
star to star are preserved in an unbiased fashion. This is extremely important
for placing constraints on models Galactic chemical evolution. Not only must
one seek models that are able to reproduce the general trends and scatter, but
also the frequencies of the “unusual” objects that are identified along the way,
such as the CEMP stars, the neutron-capture-enhanced stars, and the lowest
metallicity stars.
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Fig. 8.10. (Top Panel) [C/Fe] as a function of [Fe/H] for 253 metal-poor stars from
the HERES survey (Barklem et al. 2005). (Middle Panel) [Mg/Fe] vs. [Fe/H] for the
same sample. (Bottom Panel) [Eu/Fe] vs. [Fe/H] for the same sample. Note that Eu is
not detected for many of the HERES stars due to the low S/N of the snapshot spectra.
The solid lines indicate the estimated one-sigma scatter in the observed distributions.
The average relative error bars are shown in the lower left corner of each panel.
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For all of the above reasons it is expected that snapshot surveys like HERES
will become part of the arsenal of techniques used over the course of the next
decades.

8.5.2 SDSS-II: SEGUE

The SDSS was originally conceived as an extragalactic survey, and it has cer-
tainly proven successful in meeting many of its original goals. Nevertheless, sev-
eral of the most important insights from SDSS have come from studies of the
“foregound” objects, i.e., the stars of the Milky Way galaxy. Among these are
the identification of large numbers of horizontal-branch and other A-type stars
(such as blue stragglers) associated with the Sagittarius stream (Newberg et al.
2002), the discovery of the Monoceros stream (Yanny et al. 2003), which is quite
likely the debris from an ongoing interaction with the Canis Major dwarf (e.g.,
Martin et al. 2004).

However, the SDSS ended in July 2005. Members of the extended SDSS com-
munity (including original consortium members as well as newly participating
external partners) have designed, and are now funded to execute, a three-year
extension of SDSS, referred to as SDSS-II, to be carried out through July 2008. A
major part of this extension is SEGUE, the Sloan Extension for Galactic Under-
standing and Exploration. SEGUE will obtain additional low-Galactic-latitude
ugriz imaging for some 3500 square degrees of sky at lower Galactic latitudes
than the original SDSS, and in directions of particular interest, such as along the
Sagittarius debris trail. In addition, SEGUE will carry out dedicated spectro-
scopic follow-up of stellar targets over a well-sampled region of the sky accessible
from Apache Point Observatory, with the goal of unraveling the structure, for-
mation history, kinematical and dynamical evolution, chemical evolution, and
dark matter distribution of the Milky Way. These results underpin our knowl-
edge of the formation and evolution of the Milky Way galaxy, and will provide
the cornerstone of our understanding of galaxy formation processes in general.

SEGUE will obtain some 250,000 medium-resolution (R = 2000) spectra dis-
tributed over 200 individual directions, spaced roughly 20 degrees apart on the
northern sky (including the original SDSS footprint). The SEGUE target selec-
tion algorithm has been designed to obtain spectra for stars in the magnitude
range 14 ≤ g ≤ 21 and with different luminosities (F turnoff stars, G dwarfs,
G and K giants, and horizontal-branch stars) so as to populate samples of the
stellar populations of the Galaxy from a few kpc out to on the order of 100 kpc.
Additional observations will be obtained in locations of star formation, globular
and open clusters, Galactic satellites, and other regions of high interest. Many
thousands of high proper-motion stars chosen from the LSPM catalogs (e.g.,
Lepine & Shara 2004) will also be targeted. Accurate proper motions for all
SEGUE stars within ∼ 5 − 10 kpc will be available from astrometric compar-
isons of the new imaging with previous photographic surveys (e.g., Munn et al.
2004).

As part of the preparation for SEGUE, a substantial amount of test data have
already obtained. These observations are being used to verify the SEGUE target-
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selection algorithm, and to optimize a color-based selection of low-metallicity
stars (see, e.g., Lenz et al. 1998; Helmi et al. 2003) that enables efficient identi-
fication of stars with [Fe/H] < −1.0. Depending on the shape of the metallicity
distribution function of the halo, it is expected that SEGUE will obtain on the
order of 20,000 stars VMP stars with [Fe/H] < −2.0, 2000 EMP stars with
[Fe/H] < −3.0, 200 UMP stars with [Fe/H] < −4.0, etc. By the time it is com-
pleted, the SEGUE sample of low-metallicity stars will be ten times the size of
the cumulative number of such stars identified during the previous half century
of dedicated efforts (primarily from the HK survey and the HES).

The brighter VMP stars (g < 17.5) discovered during SEGUE will form the
input sample for a “HERES-like” snapshot high-resolution spectroscopic survey
to be carried out with the Hobby Eberly Telescope. This effort, tests of which
have already started, should produce data of similar quality to HERES for on
the order of 3000 VMP giants. Extrapolating from the known frequencies of
the r-process-enhanced obtained by HERES, the Hobby Eberly Telescope R-
process Enhanced Star (HETRES) survey should be able to identify a minimum
of 100-150 r-II stars, and 300-500 r-I stars, as well as numerous other r/s-
and s-process-enhanced stars. The elemental abundance determinations (for N
∼ 15 − 20 elements, as was achieved with HERES) of the complete sample will
provide unprecedented knowledge of trends and scatter of these patterns, as a
function of metallicity, in the early Galaxy.
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9 Ultraluminous Infrared Galaxies

C.J. Lonsdale, D. Farrah & H.E. Smith

Abstract: Ever since their discovery in the 1970’s, UltraLuminous InfraRed Galaxies
(ULIRGs; classically Lir > 1012L�) have fascinated astronomers with their immense
luminosities, and frustrated them due to their singularly opaque nature, almost in
equal measure. Over the last decade, however, comprehensive observations from the
X-ray through to the radio have produced a consensus picture of local ULIRGs, show-
ing that they are mergers between gas rich galaxies, where the interaction triggers
some combination of dust-enshrouded starburst and AGN activity, with the starburst
usually dominating. Very recent results have thrown ULIRGs even further to the fore.
Originally they were thought of as little more than a local oddity, but the latest IR
surveys have shown that ULIRGs are vastly more numerous at high redshift, and tan-
talizing suggestions of physical differences between high and low redshift ULIRGs hint
at differences in their formation modes and local environment. In this review we look
at recent progress on understanding the physics and evolution of local ULIRGs, the
contribution of high redshift ULIRGs to the cosmic infrared background and the global
history of star formation, and the role of ULIRGs as diagnostics of the formation of
massive galaxies and large-scale structures.

9.1 Introduction

9.1.1 The biggest and the brightest

In human endeavour there’s a fascination with the “biggest and the best”, or the
“best and the brightest”. It’s a matter for the social and psychological sciences
to speculate on the reasons we feel driven to give Oscars to the best movies and
to climb the highest mountains, but being human (well, most of them anyway),
astrophysicists are not immune to the desire to search for the Universe’s own
brand of the biggest and the brightest. We tend to give them extreme names
such as ultra-this or hyper-that. In their rarity however, unusual objects and en-
vironments teach us about the most extreme physical processes in the Universe.

Which brings us to ULIRGs (or ULIGs to some) - Ultra Luminous InfraRed
Galaxies. There are also HLIRGs (or HiLIRGs or HyLIRGs, or indeed HyLIGs):
Hyper Luminous InfraRed Galaxies. These Oscar contenders have historically
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been defined simply in terms of luminosity: L8−1000µm between 1012 and 1013L�
for the ULIRGs and > 1013 L� for HLIRGs 1. What are these dramatic objects,
and why are they among the brightest objects in the Universe? Does this also
imply they are the biggest in term of mass or size, or are they just superficial
fireworks that leave little lasting impression? What can understanding these
enigmatic objects teach us about the evolution of galaxies and how the the
Universe came to look as it now does?

The last few years have seen a dramatic shift in our perceptions of ULIRGs.
Once believed by many to be a rare curiosity – certainly interesting, yes, but
perhaps no more than a local oddity – they’re beginning to see center stage
much more frequently. Ironically, this increased interest in these rare objects has
arisen because we now realize that ULIRGs were once not nearly so rare as we
find them to be in the local Universe: pioneering submillimeter and millimeter
surveys have demonstrated that ULIRGs are many hundreds of times more nu-
merous at z>1 than they are locally. This in turn suggests that they played a
much more important role in galaxy formation and evolution than we imagined,
and so understanding them becomes of prime importance. Fortunately, this rise
in the fortunes of the ULIRG has occurred in an era when many new observ-
ing capabilities are coming on line. Foremost among these is the Spitzer Space
Telescope, with its suite of deep imaging infrared cameras and its sensitive in-
frared spectrograph. Spitzer’s extensive first results on ULIRGs are just now
beginning to be published. Submillimeter and millimeter cameras are also im-
proving dramatically; upcoming facilities include AzTEC, SCUBA-2, Herschel,
and ALMA. We can also look forward to major new insights from mid- and near-
IR facilities such as ASTRO-F, WISE, and JWST, as well as radio facilities such
as the Square Kilometer Array, and new X-ray facilities with high hard X-ray
sensitivities such as Con-X and XEUS. The timeliness of this subject is exempli-
fied by recent reviews of The Cosmic InfraRed Background (Lagache, Puget &
Dole, 2005), Interacting Galaxies (van Gorkum & Hibbard, 2005), Megamasers
(Lo, 2005), Galactic Winds (Veilleux, Cecil & Bland-Hawthorn, 2005), and High
Redshift Molecular Gas (Vandem Bout & Solomon, 2005), all of relevance to
ULIRGs.

9.1.2 Overview

ULIRGs were first discovered in large numbers by the Infrared Astronomical
Satellite in 1983, and were found to be comparatively rare locally, with a space
density several orders of magnitude lower than that of normal galaxies, and pos-
sibly a factor of a few higher than QSOs. Followup observations show that most,
if not all ULIRGs are found in major disk mergers, and that the central few
hundred pc of their nuclear regions harbour very large masses of gas and dust.
The power source behind the IR emission is some combination of a large popu-

1The supporting cast consists of LIRGs (or LIGs), the much more common lower
luminosity understudies of the prima donnas, with L8−1000µm between 1011 and 1012L�
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lation of hot young stars (a ‘starburst’2) or a very massive black hole accreting
matter at a rapid rate (which for the remainder of this review we refer to as an
‘AGN’). Though distinguishing between the two initially (and even now) proved
to be very difficult, it is now thought that, at least locally, ULIRGs are mainly
powered by a starburst, but frequently with a significant AGN contribution.
Local ULIRGs reside in relatively low-density environments (not unexpectedly,
since relative velocities are thought to be too high for mergers to occur in rich,
virialized environments), and are expected to evolve into spheroidal systems as
the galaxy mergers that appear to trigger ULIRG activity progresses.

Even IRAS was sensitive enough to determine that there has been very strong
evolution in the ULIRG (and LIRG) population with redshift out to at least
z ∼ 0.5, with approximate form (1 + z)4. IRAS also found ULIRGs out to ex-
tremely high redshifts, including the famous, lensed, F10214+4724 at z=2.286.
This strong evolution was confirmed with results from the Infrared Space Ob-
servatory which, although covering much smaller areas than IRAS, could probe
this evolution out to z ∼ 1 due to its greater sensitivity (Fig. 9.1). This evolution
was later recast as the now ubiquitous ‘star formation history of the Universe’
figures, which show that LIRGs rather than ULIRGs are responsible for the bulk
of the evolution seen since z∼1 in IR galaxies. ULIRGs, however, did not slink
into the shadows; on the contrary they returned triumphant with the advent of
submillimeter imaging surveys, which came shortly after ISO and can in prin-
ciple probe IR-luminous galaxies up to z ∼ 7. These sub-mm surveys showed
that ULIRGs are orders of magnitude more numerous at z > 1 than locally, out-
numbering optically bright QSOs at those redshifts by a large margin. Followup
observations showed that these distant ULIRGs bear many similarities to their
local cousins, but also exhibit some key differences, and that they may signpost
the obscured phases of the very dramatic events suspected of building the most
massive galaxies seen in the local Universe.

When considered within the framework of modern theories for the formation
of galaxies and large-scale structure, it seems initially surprising that there are
many more ULIRGs at high redshift than locally, because in early implementa-
tions of the ‘hierarchical buildup’ paradigm, large galaxies build up slowly from
the mergers of smaller systems. This is in contrast to the early ‘monolithic col-
lapse’ models (Eggen, Lynden-Bell & Sandage, 1962), where ellipticals formed
early in a dramatic burst of star formation, which had been largely supplanted
in favour of hierarchical models. The discovery of so many ULIRGs at high red-
shifts caused hierarchical models of the time major difficulties in making enough
distant systems with such high star formation rates. The basic dark matter halo
growth theory, described by an extended/modified Press-Schechter formalism,
does however allow for rapid baryon accumulation in very massive dark matter
halos, and recent galaxy formation models are having greater success in pro-
ducing the observed number of ULIRGs in sub-mm surveys, albeit with some
stringent assumptions.

2For our purposes defined as a star forming event with a gas exhaustion timescale
very short compared to the Hubble time
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Fig. 9.1. Simulation of the ability of recent infrared surveys to discover ULIRGs, with
shorter wavelength (λ < 25µm) surveys plotted in the upper panel and longer wave-
length surveys below. The band in the upper figure at z ∼ 1.5 is produced by the
the 10µm silicate absorption feature which falls in the Spitzer 24µm band at that red-
shift. Wide shallow surveys have the largest volume for discovering the most luminous
ULIRGs, while narrow deep surveys can of course find the most distant ones, though in
much smaller number. Tiered (’wedding cake’) surveys are thus required to construct
complete luminosity functions within a given redshift interval (vertical slices). Based
on the simulations of Xu et al. (2003), these simulations can fit IRAS, ISO, Spitzer and
submillimeter counts and redshift distributions. We plot 1/5 of the objects expected
within the area and depth of each survey: ISO ELAIS 15µm (Vaccari et al., 2005);
SWIRE 24 & 70µm (Surace et al., 2005); Spitzer Guaranteed Time Observer deep
24µm (Pérez-González et al., 2005); GOODS 24µm (Chary et al., 2004); IRAS 60µm
(Lonsdale et al., 1990); SCUBA 850µm (Scott et al. 2002); GOODS 70µm (D. Frayer,
priv. comm.); Spitzer GTO deep 160µm (Dole et al., 2004).
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In this review, we will therefore focus on selected key topics: (1) our un-
derstanding of the astrophysics of local ULIRGs, and in particular the relative
importance of star formation versus AGN in powering ULIRGs, (2) similarities
and differences between local and high-redshift ULIRGs, and (3) the relation-
ship between ULIRGs and the formation of large-scale structure and of galaxies
as a function of redshift. Since the study of ULIRGs clearly connects to many
major disciplines of observational and theoretical extragalactic astronomy we
cannot hope to cover all topics of relevance to them in this review. Nor can
we completely review all recent published studies of ULIRGs; excellent ULIRG
papers simply abound. We therefore highlight the most recent advances and our
perspective on the most important questions concerning their study within the
framework of galaxy and structure formation.

In Sect. 9.2 we provide brief historical context to the discovery of ULIRGs
and their evolutionary role. In Sect. 9.3 we review current understanding of the
astrophysics of local ULIRGs by wavelength, and in Sect. 9.4 we summarize local
studies into a picture of ULIRG nature and evolution in the local Universe. In
Sect. 9.5 we review observations of ULIRGs at higher redshifts, based primarily
on data from ISO, SCUBA, HST and Spitzer. Section 9.6 places these studies
into the context of structure formation and reviews their role within galaxy
formation scenarios. Finally, Sect. 9.7 highlights the key open questions and our
perspectives of where the answers are likely to come from.

For the remainder of this review we usually refer to ULIRGs and HLIRGs
combined as ULIRGs, because many of the earlier works used the term “ULIRG”
to refer to all objects above 1012 in L� and the term HLIRG has been in only
recent and inconsistent use. We assume H0 = 70 km s−1 Mpc−1, Ω = 1, and
ΩΛ = 0.7. Luminosities are quoted in units of bolometric solar luminosities,
where L� = 3.826 × 1026 Watts. Unless otherwise stated, the term ‘IR’ or ‘in-
frared’ luminosity refers to the integrated rest-frame luminosity over 1–1000 or
8–1000µm (which differ very little for most SEDs).

9.2 The Discovery of ULIRGs

It is often stated that UltraLuminous InfraRed Galaxies were discovered by
the InfraRed Astronomy Satellite (IRAS), which was launched in 1983. Strictly
speaking this may be true since the first objects to meet the now generally ac-
knowledged criteria which define a ULIRG – L8−1000µm > 1012 L� and, option-
ally, exceptionally large ratios of Linfrared/Loptical – can indeed be considered
to have been discovered with the publication by Houck et al. (1985) of a sample
of 9 IRAS sources invisible or exceptionally faint on the Palomar Sky Survey
plates, and exhibiting Lir/Lopt ratios over 50. We must go back further, how-
ever, to appreciate the origins of the ULIRG phenomenon. Galaxies with an
unusually high amount of mid- or far-infrared emission compared to their op-
tical output had been discovered by the pioneers of infrared astronomy in the
10 to 15 years preceding IRAS, and had been recognised to represent luminous,
probably short-lived, active events of some sort within a galaxy.
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Several excellent reviews have described the IRAS and pre-IRAS legacy,
including Rieke and Lebofsky (1979), Soifer et al. (1987), Sanders & Mirabel
(1996), and Mirabel (2002) so we present here only the brief highlights relevant
to ULIRG discovery and ULIRG samples.

The first infrared observations of galaxies were undertaken in the late sixties
(Low & Kleinmann, 1968; Kleinmann & Low, 1970), and a population of galaxies
with infrared-dominant emission from the nuclear regions was discussed by Rieke
& Low (1972). The well known radio-infared relation (de Jong et al., 1985; Helou
et al., 1985) was originally suggested by van der Kruit (1971). An early debate
ensued as to the thermal vs non-thermal origin of the infrared emission from
galaxies (Rees et al., 1969; Burbidge & Stein, 1970) with the conclusion that
most systems are powered by re-radiation of starlight by dust (Rieke & Lebofsky
1979 and references therein). The other key contribution of the pre-IRAS days
was the role of interactions in triggering nuclear and starburst activity (Toomre
& Toomre, 1972; Larson & Tinsley, 1978), which was confirmed for the strongly
interacting system Arp 299 by Gehrz et al. (1983), and several other interacting
and merging systems by Lonsdale, Persson & Matthews (1984); Joseph & Wright
(1985).

IRAS scanned almost the entire sky in the thermal infrared3, observing in
four bands centered at 12, 25, 60 and 100µm and opening up an unprecedented
volume of space to study in this wavelength regime. This allowed IRAS to find
exceedingly rare objects and to demonstrate the importance of this new class
of exceptionally infrared-luminous objects (Fig. 9.1). One of the most exciting
early discoveries was that IRAS would not be limited to exploring only the very
local Universe due to its relatively bright flux limits, but it could reach out to
significant distances thanks to the existence of large numbers of exceptionally
infrared-luminous sources. Strong evolution was demonstrated for the IRAS deep
north ecliptic hole field by Hacking, Houck & Condon (1987) and confirmed over
the sky by Lonsdale et al. (1990) and Saunders et al. (1990). Extensive redshift
surveys (Oliver et al., 1996) led to the discovery of the first z>2 IRAS HLIRG,
IRAS FSC 10214+4724 at z=2.86 (Rowan-Robinson et al., 1991) which is a
lensed system. The extremely high evolution rates, modeled, for example, as
LIR∼(1+z)∼4, were actually anticipated, based on the previously known strong
evolution of starburst-related sub-mJy radio sources (Hacking, Houck & Condon,
1987).

ULIRGs were found to have comparable space densities to those of PG QSOs
of similar luminosity by Soifer et al. (1987); however, significant incompleteness
in the PG QSO sample has since been demonstrated (Wisotzki et al., 2000) so
this result needs re-visiting. The best known samples of IRAS luminous and
ultraluminous galaxies, all selected at 60µm, are the Bright Galaxy Sample of
Soifer et al. (1987), recently significantly updated into the Revised Bright Galaxy

3Defined as the wavelength region over which dust grains can thermally re-radiate
emission, ranging from the dust sublimation temperature on the short wavelength side
(∼ 1µm) to ∼ 1000µm on the long wavelength side where non-thermal processes often
begin to dominate
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Sample (RBGS; Sanders et al. 2005), and the complete flux-limited IRAS 1 Jy
sample (Kim & Sanders, 1998). Also notable are the 2Jy sample of Strauss et
al. (1990) and the FIRST/IRAS sample of Standford et al. (2000). The RBGS
contains 629 IRAS 60µm galaxies brighter than 5.24 Jy and Galactic latitude
>5 degrees and contains 20 ULIRGs; the most luminous being Mrk 231 with
Lir = 3.2×1012L�, the highest redshift being IRAS 07251-0248 at z=0.0876, and
the closest being Arp 220 at z=0.018. The 1 Jy sample consists of 118 ULIRGs
drawn from the IRAS Faint Source Catalog, with declination >-40 degrees and
Galactic latitude |b| >30 degrees. This sample also has a warm 60/100µm>0.3
colour selection, which introduces a bias against cooler objects.

Whilst dramatic in nature, LIRGs and ULIRGs in the local Universe are
rare, and they contribute only ∼6% of the total infrared luminous energy den-
sity (Soifer & Neugebauer, 1991), and about ∼3% of the total energy density.
It was found that both the IRAS 60/100µm colour and the LIR/Lopt ratio in-
creased with luminosity (Soifer et al., 1987), reaching ∼ 100 in the most extreme
systems. This indicates that the more luminous systems must have an increas-
ing contribution from an additional warm source compared to the relatively cool
emission from modest levels of star formation seen in spiral disks (de Jong et
al., 1985). IRAS ULIRGs have been separated into warm and cool subsamples
based on the 25/60 and 60/100µm IRAS colours (Sanders et al., 1988b; Surace
et al., 1998), with the warmer objects more likely to host an AGN (de Grijp et
al., 1985). The spectral energy distributions of IRAS ULIRGS were reviewed by
Sanders and Mirabel (1996), illustrating these trends with colour and luminos-
ity. These reviewers also compared the SEDs of QSOs and Blazars with those of
ULIRGs.

It should be remembered that although the IRAS datasets are now nearly a
quarter of a century old, they are very under-explored. As of publication date
there are >37,000 infrared-bright galaxies in the IRAS Faint Source Catalog
(FSC) that have never been observed with any other instrument and reported
in any journal article. Only 43% of the 64,606 IRAS extragalactic FSC sources4

have been included in any sort of publication (J. Mazzarella, priv. comm.).

9.3 The Physics of Local ULIRGs

The complexity of the ULIRG phenomenon requires a multi-wavelength ap-
proach and we have learned an enormous amount from detailed studies at many
wavelengths. For this review we focus on those observational areas which we
believe are key to understanding the ULIRG phenomenon, in part because they
represent the spectral regions of lowest optical depth, and in which key advances
have been made in the years since the Sanders & Mirabel review. We stress, how-
ever, that even the relatively low-optical depth radio, mid-infrared, and X-ray
regimes may still show substantial obscuration due to starburst-related free-free
absorption (Condon et al., 1991), compact nuclear molecular clouds or molecular

4As reported by NED, the NASA/IPAC Extragalactic Database
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tori, which may be optically thick at wavelengths as long as 30µm, or Compton-
thick absorbing columns with NH

>
∼ 1024 cm−2.

The compactness of the IR-emitting regions in luminous IR galaxies (c.f. Con-
don et al. 1991) suggests two possible origins for the high ULIRG luminosities:
compact nuclear starbursts and/or highly obscured AGN activity. Much early
effort was given to determining which phenomenon powers ULIRGs; with the
understanding that starburst and AGN emission are frequently found together
in luminous galaxies, the emphasis has shifted to determining which mechanism
is dominant and to understanding the relationship between co-existing AGN &
starburst emission.

9.3.1 Optical to mid-IR imaging

Early imaging surveys of IR-luminous sources spanned a wide range in luminosity
(from < 109L� up to ∼ 1012L�, and revealed an interesting picture (Soifer
et al., 1984; Rieke & Lebofsky, 1986). Sources with Lir < 109L� are almost
exclusively confined to undisturbed E and S0 systems, with few spirals. The
fraction of spirals increases sharply with increasing IR luminosity however, with
most systems in the range 1010L� < Lir < 1011L� being Sb or Sc type systems.
At luminosities above about 1011L�, the majority of systems are still spirals,
but an increasing fraction (up to ∼ 25%) appear to be involved in interactions,
or to show signs of morphological disturbance.

This apparent increase in the number of interacting IRAS systems was thrown
into sharp relief by early ULIRG imaging studies, showing that interactions and
mergers are much more common amongst ULIRGs than in lower luminosity sys-
tems, though the exact fraction in ongoing interactions remained contentious for
some years. The first imaging surveys (Armus, Heckman & Miley, 1987) showed
that at least 70% of systems with ULIRG or near-ULIRG luminosities are inter-
acting, with morphologies expected from the collision of two disk galaxies. Later
optical and near-IR studies of ULIRGs (Melnick & Mirabel, 1990; Hutchings &
Neff, 1991; Clements et al., 1996) found a higher fraction of ULIRGs involved
in interactions, at least 90%, and that there are a wide range of merger stages
present in the ULIRG population, from widely separated systems to advanced
mergers (Murphy et al., 1996). Other studies, however, found a much lower frac-
tion of ULIRGs involved in interactions, fewer than 70% (Lawrence et al., 1989;
Zou et al., 1991; Leech et al., 1994).

These results demonstrate that interactions and mergers play an important
role in the ULIRG population. This provided a plausible trigger for the immense
IR luminosities seen in ULIRGs. In order to both fuel and enshroud the power
sources in ULIRGs (irrespective of whether they are starbursts, AGN, or both),
a large quantity of gas and dust needs to be channeled into a small volume, most
plausibly sited in the nucleus of the host galaxy. Results from N-body model-
ing of galaxy collisions (see Barnes & Hernquist 1992 for a review) suggest that
this is readily achieved during the course of a merger (Barnes, 1989; Barnes &
Hernquist, 1996; Mihos & Hernquist, 1996; Dubinski, Mihos & Hernquist, 1999),
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though details depend on many variables (e.g. angle of approach, relative veloc-
ity, disc inclinations, bulge size and gas and dark matter masses). The majority
of mergers involve an initial close approach, followed by a maximum separation
of up to ∼ 50kpc, reached after ∼ 2.5×108 years, then a second close approach a
few tens of millions of years later, which is rapidly followed by coalescence, and
relaxation towards an elliptical profile. Total times scales to coalescence range
from ∼ 7 × 108 years to ∼ 2 × 109 years, depending on the parameters of the
encounter. Gas and dust can be channeled into the nuclear regions of the pro-
genitors in one of two ways; either before coalescence, when tidal forces during
the first close approach form bars in one or both progenitors (particularly if the
progenitors have small bulge components) which are very efficient at channeling
material into the central regions of a galaxy, or during coalescence, when shocks
drive very large quantities of gas and dust into the nuclear regions. More recent
N-body simulations have in general supported these conclusions, but added an
intriguing possibility; under certain conditions (particularly if the progenitors
are gas dominated), a merger between two disk galaxies can result in a disklike
remnant, rather than an elliptical (Naab & Burkert, 2003; Springel & Hernquist,
2005; Robertson et al., 2005). It seemed therefore that galaxy mergers could pro-
vide all the necessary physical conditions for triggering a ULIRG, and that this
implicated ULIRGs in the formation of elliptical galaxies. Furthermore, these
simulations could explain a result that had been puzzling; that ULIRG activity
could apparently be triggered in mergers when the progenitors are still physically
separate.

Optical imaging from the Hubble Space Telescope (HST) offered enhanced
resolution and sensitivity over ground based facilities. An early HST study of
ULIRGs using WFPC2 (Surace et al., 1998) focused on a small sample with
‘warm’ infrared colours5, which biases towards systems likely to contain an ob-
scured AGN. All of the sample were found to be interacting, with complex
structures in their nuclear regions. Several systems showed a large number of
compact bright ‘knots’ a few hundred pc in diameter, whose ages suggest they
result from the merger. A complementary ground-based survey of ULIRGs with
‘cool’ IR colours (Surace et al., 2000) found a similar picture; all the galaxies
show signs of interactions, from early to late stage, and many systems harbour
‘knots’ similar to those seen in the warm sample. The optical magnitudes are in
most cases relatively modest (at least compared to the enormous IR luminosi-
ties); most systems have ∼ L∗ luminosities, with very few being substantially
brighter. A later HST survey of a larger, unbiased ULIRG sample (Farrah et al.,
2001) found similar results; nearly all of the sample are interacting, with a wide
range of merger stages. A small number host optical QSOs whose host galaxies
are either interacting, or elliptical-like. Other authors have, on the basis of HST
data, suggested that some ULIRGs show evidence for mergers between more
than two galaxies, suggesting that ULIRGs may be the remnants of compact
galaxy groups (Borne et al., 2000) HST imaging of ULIRGs in the near-infrared

5i.e. systems with f25/f60 > 0.2, where f25 and f60 are the 25µm and 60µm IRAS
fluxes respectively
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with NICMOS (Colina et al., 2001; Bushouse et al., 2002) has produced very
similar results to those from optical imaging, with at least 90% being interac-
tions between two or (possibly) more progenitors over a wide range of merger
stages, and that very few are much brighter than L∗.

To date however, the largest optical/NIR imaging survey of ULIRGs has
been done from the ground; Veilleux, Kim & Sanders (2002) present R and K
images for 118 ULIRGs from the IRAS 1Jy spectroscopic survey, and find that
virtually all show signs of interactions, though very few showed definite signs
of interactions between more than two progenitors. Most of the systems appear
to be late-stage mergers, especially for the more luminous systems and/or those
with spectroscopic signatures of an AGN, and typically have luminosities (in
the K band) of L∗ or greater. The most advanced mergers show evidence for
emerging elliptical profiles.

Near diffraction-limited Keck mid-infrared imaging of ULIRGs has been ob-
tained by Soifer et al. (1999; 2000) who find extremely compact structures, with
spatial scales smaller than 0′′.3 in six of the seven ULIRGs observed. These
compact sources emit between 30% – 100% of the mid-infrared energy from
these galaxies. In Mrk 231, IRAS 05189-2524 and IRAS 08572+3915 there is
strong evidence that the source size increases with increasing wavelength, sug-
gesting heating by a central rather than extended source, consistent with the
optical classification as an AGN. Spitzer mid-IR imaging programs of over 200
nearby ULIRGs (ongoing programs of J. Surace (Fig. 9.2) and J. Mazzarella) will
provide great sensitivity in this important wavelength region, if limited spatial
resolution.

9.3.2 Optical & near-IR spectroscopy

It might be suspected that spectroscopy at wavelengths shortward of a few mi-
crons would be useful mainly for redshift surveys, given the dust-enshrouded
nature of ULIRGs. This, however, is a misconception; optical spectroscopic sig-
natures of starburst and AGN activity are still apparent even when such activity
is moderately obscured (up to and surpassing AV ∼10 depending on the obser-
vations), and starbursts and AGN can be detected in polarized light even when
the direct line of sight is completely hidden. Furthermore, spectroscopic diag-
nostics from the UV through to the near-IR are, on the whole, more mature
than those at longer wavelengths (Baldwin, Phillips & Terlevich, 1981; Veilleux
& Osterbrock, 1987; Osterbrock, Tran & Veilleux, 1992; Dopita et al., 2000),
and line strengths, ratios and profile shapes can provide powerful constraints on
the nature of the source of excitation. Recent advanced spectral synthesis codes
(e.g. Leitherer et al., 1999; Kewley et al., 2001) allow for insightful diagnostics
of starburst events, particularly in the UV where direct emission from hot young
star photospheres, rather than reprocessed light from dust, is being sampled.

Early optical spectroscopic surveys of ULIRGs generally showed that they
were mostly starburst-like in the optical (Elston, Cornell & Lebofsky, 1985),
while samples with ‘warmer’ infrared colours appeared more biased towards
Seyferts or LINERS (de Grijp et al., 1985; Osterbrock & de Robertis, 1985),
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Fig. 9.2. IRAS 08572+3915, as seen at many wavelengths. The colour composite at
the center encodes wavelengths from the far-UV to the near-IR as blue-to-red, and
illustrates the complex composite nature of ULIRG systems. The ultraviolet emission
is dominated by one of the two merger nuclei and by young super-star clusters along
the leading edge of one of the tidal tails. Almost no ultraviolet or blue emission is seen
from the NW nucleus. At optical wavelengths, increasingly dominated by old stars, we
see the merger galaxy body, which appears to be two spirals, accompanied by tidal
tails. The NW nucleus has a complex structure of dust lanes. As we proceed into the
thermal infrared, all emission sources other than a single compact emission source in
the NW nucleus fade away. The images from 0.16-2.2µm are from STIS, WFPC2, and
NICMOS (Goldader et al., 2002; Surace et al., 1998, 2000; Scoville et al., 2000). The
8µm image is from Spitzer (Surace et al, in prep), and has a beam size ∼ 5 times
greater than the HST data, but is sensitive enough to exclude much emission from the
SE nucleus. Keck observations (Soifer et al., 2000) at similar wavelengths constrain the
size of the nucleus to < 0.3 arcseconds, or 300 pc. (J. Surace, priv. comm.).
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or even optical QSOs (Beichman et al., 1986). Conversely, studies of ULIRGs
with ‘cool’ IR colours generally indicated the presence of starbursts (Heckman,
Armus & Miley, 1987; Armus, Heckman & Miley, 1988), sometimes accompa-
nied by spectral signatures of Wolf-Rayet stars, indicating that the starburst
was likely only a few Myr old. Also noted at this time was a tendency for more
IR-luminous objects to exhibit Seyfert spectra, with narrow lines in direct light
(Cutri et al., 1994) and broad lines in polarized light (e.g. Hines et al., 1995).

To gain a complete picture of the spectroscopic properties of ULIRGs, how-
ever, requires large-scale surveys, which were soon forthcoming as part of IRAS
followup. One of the largest to date is the IRAS 1Jy survey (Kim, Veilleux &
Sanders, 1998; Veilleux, Kim & Sanders, 1999a), which showed that the majority
of ULIRGs have optical spectra reminiscent of starbursts, but with a systematic
increase in the fraction of ULIRGs with Seyfert (1 or 2) spectra with increasing
IR luminosity. Most of the ULIRGs with Seyfert spectra however also show evi-
dence for ongoing or recent star formation. Approximately 30% of the Seyferts
are Sy1’s, with a systematic increase compared to Sy2’s with IR luminosity.
Other notable findings included that optical reddening generally decreases with
increasing distance from the nuclear regions and that the optically derived star
formation rates are in most cases many times lower than those derived from mid-
/far-IR data. Followup spectroscopy in the near-IR (Veilleux, Sanders & Kim,
1997, 1999b) refined and extended this picture, showing that, overall, around
25% of ULIRGs show evidence for an AGN and that this fraction increases with
increasing IR luminosity (reaching ∼ 50% at Lir > 1012.3L�). Those ULIRGs
with ‘warm’ IR colours are more likely to show broad lines in the near-IR than
‘cool’ ULIRGs, and there is no observed correlation between extinction in the
NLR and the presence of broad lines in the near-IR, suggesting that the NLR
and BLR do not lie along the same line of sight. An intriguing further result is
that, of all the objects that show broad lines in the near-IR, all are Sy2’s in the
optical, with no LINERs or HII’s. Furthermore, most (∼ 70%) of the ULIRGs
that show a Sy2 spectrum in the optical show broad lines in the near-IR.

Very recent spectroscopy of ULIRGs from the UV through to the near-IR
has revealed some further important details. High spatial resolution UV and
optical spectroscopy using the Space Telescope Imaging Spectrograph onboard
HST of four ‘warm’ ULIRGs (Farrah et al., 2005) has shown that the ‘knots’ seen
in optical imaging in many cases harbour very luminous starbursts and AGN,
implying that these optically bright knots may also be the sites of the heavily
obscured power sources behind the IR emission. The spectral properties of some
of these knots also suggest further links between ULIRGs and (low ionization)
broad absorption line (BAL) QSOs, and the forming cores of elliptical galaxies.
The starbursts in these knots were all observed to be young, with ages of 4Myr-
20Myr, supersolar metallicities, and an IMF (Salpeter) slope of less than about
3.3. Near-IR spectroscopy with the Very Large Telescope (VLT) in Chile, and
with Keck (Genzel et al., 2001; Tacconi et al., 2002) has shown that the host
galaxy kinematics of ULIRGs resemble those of ellipticals with luminosities of
∼ L∗ (but with a large scatter), and that the host galaxy properties of those
ULIRGs that contain an AGN and those without are very similar.
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Finally, there is strengthening evidence that nuclear and galactic scale out-
flows may be common in ULIRGs (Heckman, Armus & Miley, 1987; Wilman,
Crawford & Abraham, 1999), and high resolution spectroscopy has discovered
galactic-scale outflows with high ejection efficiencies in many ULIRGs that are
dominated by star formation (Rupke, Veilleux & Sanders, 2002). Lipari et al.
(2003) noted that relatively low velocity outflows are present in starburst domi-
nated ULIRGs, but that higher velocity outflows are present in systems that show
evidence for both a starburst and an AGN, though even in composite systems,
the starburst is still probably the dominant mechanism behind galactic-scale
outflows (Rupke, Veilleux & Sanders, 2005).

9.3.3 Mid-infrared spectroscopy

An area where the Infrared Space Observatory, ISO (Kessler et al., 1996), ex-
celled in the study of ULIRGs was in spectroscopy of nearby systems using
SWS (de Graauw et al., 1996), LWS (Clegg et al., 1996), ISOCAM (Cesarsky
et al., 1996) and ISOPHOT-S (Lemke et al., 1996), because for the first time
high-sensitivity and high-resolution spectroscopy could be obtained in a wave-
length region with minimal effects of dust extinction, at least compared to the
optical. Moreover the mid-infrared region holds several diagnostic lines which
are very useful for characterization of the major power source for ULIRGs. The
mid-infrared continuum shape can be a powerful diagnostic itself, betraying the
existence of warm dust in the close vicinity of an AGN. We refer the reader
to several previous reviews on ISO’s legacy on star forming galaxies, AGN and
ULIRGs (Genzel & Cesarsky, 2000; Elbaz, 2005; Verma et al., 2005; Oliver &
Pozzi, 2005) for more details.

Genzel et al. (1998) demonstrated the power of SWS spectroscopy to separate
AGN from starbursts by comparing the strength of the 7.7µm PAH equivalent
width to high/low excitation line ratios, such as [OIV]25.9µm/[NeII]12.8µm;
PAH molecules will be destroyed by high-intensity AGN radiation fields so low
PAH/continuum ratios should correlate with strong [OIV]/[NeII] ratios. They
concluded that at leat half of their sample of 15 local ULIRGs have simultaneous
starburst and AGN activity, but 70–80% of the sample is predominantly pow-
ered by star formation (a result mirrored by mid/far-IR SED fitting, Farrah et
al. (2003)). The method requires high sensitivity to determine the fine structure
line ratios, and the PAH emission can also be contaminated by strong silicate
absorption at 9.7µm. Moreover dense nuclear environments can hide AGN activ-
ity even at mid-IR wavelengths, as discovered by Clavel et al. (2000) in Seyfert
2 nuclei in which the the mid-infrared continuum from the AGN is sufficiently
absorbed to allow extranuclear PAH emission to dominate the spectrum. Lau-
rent et al. (2000) developed a diagnostic diagram based on the 6.2µm PAH
feature relative to continuum strength versus mid-IR continuum colour, which
could be used for systems lacking fine-structure line spectroscopy, and Peeters
et al. (2004) extended this approach to include far-infrared continuum colours.
Lutz et al. (1998); Rigopoulou et al. (1999) and Tran et al. (2001) applied these
techniques to large ULIRG samples studied with ISOPHOT-S, concluding, in
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agreement with Genzel et al. (1998), that starbursts predominantly power these
systems, though the presence of heavily obscured AGN cannot be ruled out.

Soifer et al. (2002) obtained low spectral resolution, but high angular res-
olution, Keck mid-IR spectra of five LIRGs–ULIRGs demonstrating that PAH
emission, when present, generally is circumnuclear in origin, extended over scales
of 100-500pc. The silicate optical depths in these sources can be as high as 15,
suggesting that even mid-IR spectroscopy may not be probing the true nuclei in
the most compact sources.

Mid-IR spectral classifications, however, generally agree with optical line
classifications of AGN vs star formation power, although some ULIRGs with
LINER-like optical spectra were interpreted as starburst dominated in the mid-
IR, attributed to starburst wind-driven ionising shocks (Lutz, Veilleux & Genzel,
1999; Sugai & Malkan, 2000) instead of to low-level AGN. However, the LINER
situation is complex as demonstrated by subsequent comparison of ISO-SWS fine
structure line spectroscopy with Chandra X-ray imaging of a sample of LINERs.
(Satyapal et al., 2004) has shown that LINERs are intermediate between star-
bursts and AGN in mid-infrared line excitation, and that most LINERs contain
a compact hard X-ray source characteristic of an AGN. They also found some
anti-correlations between mid-IR fine structure line diagnostics and hard X-ray
AGN diagnostics: their highest excitation mid-IR spectrum source NGC 404
shows only weak soft X-ray emission while the low mid-IR excitation LINER
NGC 6240 shows an extremely luminous binary X-ray AGN (Komossa et al.,
2003). The most likely explanation for objects of this kind are extremely high
optical depths even at mid-infrared and X-ray wavelengths, and potentially dif-
ferent lines-of-sight to the AGN core at different wavelengths (Risaliti et al.,
2000), and/or unusual ratios of gas-to-dust optical depths.

Sturm et al. (2002) have developed diagnostic diagrams using [OIV]25.9µm,
[SiII]34µm, [NeVI]7.65µm and [NeII]12.8µm and other fine structure lines, cou-
pled with Brackett β at 2.63µm, to separate high from low excitation systems and
estimate the fractional contribution of star formation and AGN to the integrated
light using mixture lines, in analogy to the well-known optical line diagnostic
diagrams (Veilleux & Osterbrock, 1987). Most ULIRGs were not detectable by
ISO in these lines, though Arp 220 was shown to exhibit low excitation in these
diagrams.

Spinoglio, Andreani & Malkan (2002) proposed an analogous far-infrared
approach using [CII]158µm, [OI]63µm and [OII]88µm, though again very few
ULIRGs were detectable in these lines by ISO. Arp 220 has been observed ex-
tensively by ISO, as the nearest and brightest ULIRG. Arp 220’s FIR spectrum
is dominated by molecular absorption from species common to Galactic photo-
dissociation regions (PDR): OH, H2O, CH, NH, NH3 (Fischer et al., 1999) and
is very weak in the fine structure emission lines, with [OI] 63µm in absorption.
The [CII]158µm fine structure transition decreases with increasing IR luminos-
ity (and more strongly with FIR colour – S60µm/S100µm) in infrared galaxies
(Malhotra et al., 1997), and in ULIRGs is only 10% of that measured in less
luminous starbursts (Fischer et al. 1999; Luhman et al., 2003). Since [CII] is the
primary coolant in the ISM of normal galaxies it was expected to be strong in
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high-star formation systems, and its apparent lack is interpreted to indicate a
stronger radiation field in luminous starbursts producing charged grains which
result in a lower heating rate in PDRs (Malhotra et al., 2001). González et al.
(2004) have modeled the FIR spectrum of Arp 220 over the spectral range 40–
200µm. Their model requires three components: the compact nuclei, modeled
as a unit, with T = 106K which are optically-thick throughout the infrared, an
extended region which is dominated by PDR emission at T ∼ 40–90K, and a
halo which produces absorption from the low-lying levels of OH and H2O plus
the CH. Given that the two nuclei show distinct mid-IR spectra (Soifer et al.,
1999) it is unclear what effect modeling the nuclei as a single source may have.
In this model the [CII] emission is produced in the extended (PDR) region with
little [CII] emission from the nucleus, which has distinctly non-PDR conditions.

For the majority of ULIRGs for which spectroscopy is not available broad-
band colours have been used to characterize the broad spectral type and major
infrared energy source, following the early IRAS schemes (Klaas et al., 2001;
Spinoglio, Andreani & Malkan, 2002; Farrah et al., 2003). ULIRGs are found
to fall into two general classes by these methods: “cool” systems dominated by
star formation, which show a relatively flat mid-infrared spectral shape and a
steep rise towards longer wavelengths, and “warm” systems with a red power-
law-like SED through the mid-infrared, usually assumed to be AGN-dominated,
although compact HII regions can also show a warm mid-IR SED (Dopita et
al., 2005). Warm ULIRGs tend to have Seyfert 1 like optical spectral features
while cool ones have starburst or Seyfert 2 optical spectra. The two clases were
found to be indistinguishable in the far-infrared (Klaas et al., 2001), suggesting
that at these wavelengths the emission may not be dominated by an AGN in
either class, however Peeters et al. (2004) find ULIRGs to have more prominent
far-infrared emission than AGN or lower luminosity starbursts such as M82.

Several lines of evidence indicate that AGN become more bolometrically
significant with increasing IR luminosity in ULIRGs. The incidence of both AGN
optical line indicators and mid-infrared continuum and line AGN diagnostics
were found to increase with increasing infrared luminosity (Shier, Rieke & Rieke,
1996; Genzel et al., 1998; Lutz et al., 1998; Rigopoulou et al., 1999; Tran et al.,
2001). However, these ISO HLIRG samples are biased towards previously known
AGN so Spitzer confirmation of these result is important, using unbiased samples
of infrared-selected HLIRGs.

Observations with the ISO satellite greatly expanded our understanding of
the mid-infrared spectra of ULIRGs, however, many ULIRGs were beyond the
reach of many of the diagnostic methods until the advent of Spitzer. Several
extensive Spitzer programs are underway to adequately sample the local ULIRG
population, the most comprehensive being a study of the mid-infrared spectra
of a large number (> 100) of ULIRGs having 0.02 < z < 0.93 with the Infrared
Spectrograph (IRS), as part of the IRS guaranteed time program. These sources
are chosen primarily from the IRAS 1-Jy (Kim & Sanders 1998), 2-Jy (Strauss et
al., 1992), and the FIRST/IRAS radio-far-IR sample of Stanford et al. (2000).
In Fig. 9.3 we show IRS spectra for three nearby ULIRGs (Mrk 1014, UGC
5101, and NGC 6240) whose spectra serve to highlight the range in properties
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Fig. 9.3. IRS low-resolution spectra of Mrk 1014, UGC 5101 and NGC 6240. The
positions of prominent emission features and absorption bands (the latter indicated by
horizontal bars) are marked on the UGC 5101 spectrum. Figure courtesy of L. Armus
and J. Houck.

seen throughout much of the sample, and the power of the IRS in wavelength
coverage and sensitivity for studies of the nuclei and interstellar media in dusty
galaxies (Armus et al., 2004; 2005).

Mrk 1014 (z = 0.1631) is a radio-quiet, infrared luminous QSO with broad op-
tical emission lines and twin tidal tails indicative of a recent interaction (MacK-
enty & Stockton 1984). UGC 5101 (z = 0.039) has a single, very red nucleus
within a disturbed morphology suggestive of a recent interaction. Optically, UGC
5101 is classified as a LINER (Veilleux et al., 1995). It has a high brightness
temperature (T > 107K) radio nucleus at 1.6 GHz which is resolved with the
VLBA (Lonsdale et al., 1995). ISO SWS and PHT-S spectroscopy (Genzel el al.,
1998) indicate a powerful, circumnuclear starburst. Based upon its IRAS colours,
UGC 5101 is classified as a cold, starburst-dominated, far-infrared source. How-
ever, XMM data indicate an obscured, but luminous, hard X-ray source with
Lx(2–10 keV)∼ 5 × 1042 erg s−1 and Lx(2–10 keV)/LIR ∼ 0.002 suggestive of
a buried AGN (Imanishi et al., 2003). NGC 6240 (z = 0.0245), is a double-
nucleus, merging galaxy (Fosbury & Wall 1979), with an 8–1000µm luminosity
of ∼ 7 × 1011L�. The optical nuclear spectrum of NGC 6240 is classified as a
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LINER (Armus, Heckman & Miley 1987), and the extended optical nebula re-
veals the presence of a starburst-driven superwind (Heckman, Armus & Miley
1987). X-ray observations with ASCA (Turner et al., 1998), Beppo-Sax (Vignati
et al., 1999), Chandra (Komossa et al., 2003; Ptak et al., 2003), XMM-Newton
(Netzer et al., 2005) provide clear evidence for the presence of one (or two) AGN
behind significant columns of absorbing material (NH = 1–2 × 1024 cm−2). Rel-
atively strong [OIV] 25.89µm line emission in the ISO SWS spectrum of NGC
6240 led Lutz et al. (2003) to suggest that up to 50% of the infrared energy
emitted by NGC 6240 could be powered by a buried AGN.

The spectra of Mrk 1014, UGC 5101, and NGC 6240 are strikingly different.
Mrk 1014 has a steeply rising mid-infrared spectrum with weak emission features
and little or no silicate absorption. The spectra of UGC 5101 and NGC 6240, on
the other hand, are dominated by strong silicate absorption at 9.7µm and 18µm,
and PAH emission at 6.2, 7.7, 11.3, and 12.7µm (Armus et al. 2004, 2005). The
extinctions toward the nuclei in UGC 5101 and NGC 6240, as estimated from the
depths of the silicate absorption, are at least AV = 15–35 and AV = 60 mag,
respectively. UGC 5101 also shows strong absorption between 5–7.5µm from
water ice and hydrocarbons. As suggested by Spoon et al. (2002), the water ice
features may indicate the presence of shielded molecular clouds along the line of
sight to the nucleus. NGC 6240 has little or no water ice absorption, but very
strong emission lines from warm (T ∼ 300–400K) H2. The mass of this warm gas
is estimated to be approximately 1.4× 108M� – about 1% of the cold molecular
gas mass derived from single-dish millimeter CO line measurements (Solomon
et al. 1997), but up to 3–7% of the cold molecular gas within the central 1 kpc
measured by Tacconi et al. (1999).

The IRS high-resolution (R=650) spectra (not shown) provide important
diagnostic measures of the dominant ionizing sources in the ULIRGs because
it is possible to accurately measure unresolved atomic, fine-structure lines of
Ne, O, Si, and S, covering a large range in ionization potential. The [NeV] 14.3
/ [NeII] 12.8 and [OIV] 25.9 / [NeII] 12.8 line flux ratios in Mrk 1014 (0.9
and 1.7, respectively) suggests that nearly all the ionizing flux comes from the
central AGN, although the obvious presence of PAH emission suggests some
extranuclear star formation. In UGC 5101 and NGC 6240 weak [NeV] emission
has been detected, with 14.3µm line fluxes of 5–6 × 10−21W cm−2, indicating
buried AGN. While the [NeV] / [NeII] and the [OIV] / [NeII] line flux ratios
imply an AGN contribution of < 10% to the total luminosity in both sources
(Armus et al. 2004, 2005), the large optical depth to the nuclei, as evidenced
by the deep silicate absorption and X-ray columns, leaves open the possibility
that the true contribution of the AGN to the bolometric power output in UGC
5101 and NGC 6240 may be much larger than revealed by the mid-IR emission
lines. In NGC 6240, the extinction-corrected hard X-ray data are consistent with
the buried AGN producing 50–100% of the luminosity. An inclined, dusty torus,
patchy extinction, and/or a low covering factor for the [NeV]-emitting clouds,
could reconcile these apparently discrepant estimates – an explanation often
evoked to explain observations of other type-2 AGN.
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Spoon et al. (2004) observed the more distant ULIRG IRAS F00183-7111 at
z=0.327, detecting strong absorption from CO2 & CO gas, water ice, hydrocar-
bons and silicates, indicating high obscuration, a complex line of sight, and the
presence of very warm, dense gas (720K). Direct signs of an obscured AGN are
not found but Spoon et al. conclude that an obscured AGN probably accounts
for most of the luminosity based on similarities to other systems with highly
obscured AGN.

9.3.4 Radio continuum studies: AGN vs luminous radio supernovae

The existence of a tight correlation between integrated far-infrared flux-density
and radio continuum emission – the ”Radio-FIR Relation” (Helou et al., 1985;
Yun, Reddy & Condon, 2001) – over four orders of magnitude in IR luminosity,
allows the use of high-resolution radio interferometric techniques to study the
compact nuclei of luminous IR galaxies in one of the few spectral regions with
relatively low optical depth. The Radio-FIR relation is not well understood, but
is believed to be produced by nonthermal radiation from relativistic electrons
in, or leaking out of, starburst-related supernova remnants. The seminal study
of a complete sample of luminous IR galaxies by Condon et al. (1991) with the
VLA at 1.49 and 8.44GHz demonstrated the extreme compactness of luminous
IR nuclei and concluded that most of their 40 galaxies – 6 of which are ULIRGs
– are consistent with a starburst-related origin for the radio emission.

Lonsdale et al. (1993) used a global VLBI array to detect 18cm high bright-
ness temperature, Tb ≥ 106K, emission cores from 17 of 31 luminous (log
LFIR

>
∼ 11.25(L�)) infrared galaxies, consistent with such cores existing in all

such LIRGs at ∼10% of the total 18cm flux density. This result indicates either
obscured radio-quiet AGN in most LIRGs and ULIRGs, possibly energetically
dominant (Lonsdale et al., 1995), or clumps of starburst-related luminous ra-
dio supernovae (LRSN) and remnants (Smith et al., 1998). Similar studies in
the South (Norris et al., 1990; Kewley et al., 2000) detected compact nuclear
radio cores with lower frequency, but their results are consistent, allowing for
differences in sample selection and sensitivity.

Subsequent VLBI imaging dramatically revealed a cluster of luminous RSN in
the nearest ULIRG, Arp 220 (Smith et al., 1998) – clear evidence for a high star
formation rate, estimated at that time as ∼100M�, yr−1 by Smith, Lonsdale &
Lonsdale (1998), which would be enough to power the infrared luminosity by star
formation without resorting to an obscured AGN. Momjian et al. (2003); Neff,
Ulvestad & Teng (2004); Bondi et al. (2005) have reported possible “supernova
factories” in IRAS 17208-0014, Mrk 299 and Mrk 273. respectively. The original
dozen LRSN in Arp 220 have been monitored with VLBI (Rovilos et al., 2005)
and more sensitive VLBI imaging studies (LOnsdale et al., 2006a) have revealed a
number of new and fainter LRSN. These Luminous RSN were originally modeled
after RSN1986J in NGC 891 (Weiler et al., 1990), which exhibited a maximum
radio power, log P 1986J

1.5GHz = 21.15. The LRSN in Arp 220, however, exhibit much
slower decay in their radio light curves (Rovilos et al., 2005) than RSN 1986J;
longer RSN lifetimes reduce the inferred star formation rate, therefore it is not



9 Ultraluminous Infrared Galaxies 303

clear from the VLBI imaging whether a starburst is the chief power source for
Arp 220.

On the other hand (Lonsdale et al., 2003a) demonstrated that the radio
emission in UGC 5101, Mrk 231 and NGC 7469 is AGN dominated. Mrk 231, in
some senses the classical “infrared quasar”, has been studied with the VLBI by
Ulvestad et al. (1999). Their images (see also Lonsdale et al. 2003a) show a triple
structure, with a core and two lobes which classify it as a Compact Symmetric
Object (CSO). It has been suggested that CSOs are young, τ � 106yr, with the
hot spots representing the working surface of a relativistic jet upon the ambient
medium (Readhead et al., 1996). If the southern (primary) lobe/hot-spot in Mrk
231 is confined by ram pressure, (Lonsdale et al., 2003a) estimate a lobe advance
speed, va ∼ 10−4c and an age for the jet/compact source, τ < 106 yr. Despite
the clear evidence for AGN domination of the radio structure in these systems,
the radio power is small compared to the infrared/bolometric emission, which
may still therefore be starburst dominated. In Mrk 231, for example, several
studies (Carilli et al., 1998; Lonsdale et al., 2003a; Farrah et al., 2003) suggest
that more than half of the total luminosity comes from a circumnuclear starburst
in a molecular ring rather than from the AGN.

9.3.5 Molecular gas: CO & HCN observations

The interpretation of Luminous Infrared Galaxies as starburst systems was
strengthened soon after their identification with IRAS by studies of neutral
hydrogen (Mirabel & Sanders, 1988) molecular gas, principally CO (Sanders et
al., 1986, 1991) but more recently HCN (Gao & Solomon, 2004) and OH maser
emission (Baan et al., 1982; Baan, 1989). These early studies demonstrated that
ULIRGs as a class exhibit compact nuclear reservoirs of high-density gas, and,
with mass estimates of order 109–1010M� in HI and in H2, are consistent with
the interpretation that star formation accounts for a substantial fraction of the
FIR luminosity in Luminous IR Galaxies.

Millimeter-wave interferometer measurements of CO emission (e.g. Scoville et
al. 1991; Solomon et al. 1997; Downes & Solomon 1998; Bryant & Scoville 1999)
have demonstrated that nearly half of the CO mass in Luminous IR Galaxies is
contained within the central regions, r < 0.5 − 1 kpc, with as much as 1010 M�
of molecular gas distributed in nuclear disks of radius a few hundred pc, but
thicknesses of one-tenth the radius and densities over 104 cm−3 (Bryant & Scov-
ille, 1999). The mean molecular surface densities in these structures may exceed
104M� pc−2 with the molecular gas providing a large fraction of the dynam-
ical mass. The picture of molecular gas in ULIRGs is very different from that
in the Galaxy, with much higher surface densities and inferred optical depths
(Av

>
∼ 102 − 103). Early CO studies assumed a Galactic conversion ratio between

CO Luminosity and H2 mass, MH2/L′
CO = 4.6 M� (K km s−1 pc−2), however,

recent analyses suggest that this may overestimate the molecular mass, either
owing to high-brightness temperatures in the CO emission (e.g. Mrk 231; Bryant
& Scoville 1999) or because the line width/velocity dispersion reflects the total



304 C.J. Lonsdale, D. Farrah & H.E. Smith

dynamical mass in the central nuclear region, rather than that within virialized
molecular clouds (Solomon et al., 1997).

Again, Arp 220 provides a convenient laboratory to study molecular gas,
if not always in a typical ULIRG environment. Sakamoto et al. (1999) have
studied the Arp 220 nuclei in the CO(2-1) transition and accompanying 1mm
continuum. Steep velocity gradients are found in the CO associated with each
of the two nuclei, which are misaligned with each other and with the outer
CO disk. Sakamoto et al. interpret these as molecular disks associated with the
merging nuclei, counter-rotating with respect to each other and with respect
to the outer disk. The dynamical masses inferred from CO kinematics are of
the order of 2 × 109M�. The central molecular gas is inferred to have high
filling factor, more like a uniform disk than individual clouds, which will have
an inward accretion rate of approximately 100M� yr−1 (Scoville, Yun & Bryant,
1997) which is similar to the star formation rate of Arp 220 inferred from the
FIR Luminosity (Smith, Lonsdale & Lonsdale, 1998; Farrah et al., 2003).

Early studies placed considerable emphasis on the ratio of FIR Luminosity to
CO Luminosity – often called the Star Formation Efficiency – demonstrating that
the ratio of FIR/CO increases at higher LFIR. This is interpreted as either an
increase in Star-Formation Rate per unit molecular gas mass, i.e. more efficient
star formation, or as possible evidence for an alternative, AGN, contribution to
the FIR luminosity (Sanders & Mirabel 1996). More recently, studies of HCN,
which, owing to the higher dipole-moment of the HCN molecule is a tracer of
warmer (Tkin ∼ 60 − 90K), higher-density (nH2 ∼ 105 − 107 cm−3) gas, shows
a much higher ratio of HCN/CO luminosity in Luminous IR Galaxies than in
quiescent spirals like the Milky Way (Solomon, Downes & Radford, 1992). Fur-
thermore the FIR/HCN luminosity (HCN Star Formation Efficiency, as above)
shows an approximately linear relationship in Luminous IR Galaxies with Lfir

from 1010 – 1013 L� indicating the presence of an abundant warm, high-density
molecular environment within ULIRGs (Gao & Solomon, 2004). ULIRGs thus
have a much greater dense, warm medium like that of the star-forming cores of
Galactic molecular clouds – perhaps the central regions of the molecular disks,
although little spatial information is available about the HCN distribution in
ULIRGs. Since there is little doubt that the lower luminosity systems amongst
this sample are dominated by star formation, the continuity of this relation up
to luminosities characteristic of HLIRGs is one of the most compelling pieces of
evidence, albeit statistical, that most ULIRGs are dominated by starburst power
rather than AGN power.

9.3.6 Maser emission

Luminous IR Galaxies have been known to be strong emitters of OH maser
emission since the discovery of OH 1667MHz emission in Arp 220 by Baan et
al. (1982), who dubbed it a “megamaser”, having an OH luminosity roughly 106

times that of masers in the Galaxy. H2O maser emission, which has been used to
map torus/disklike structures around compact supermassive AGN nuclei such as
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NGC 4258 (Miyoshi et al., 1996) is not generally detected in classical Luminous
IR Galaxies (see Lo 2005 for a review).

OH megamasers are found preferentially in the most luminous IR galaxies
(Baan, 1989), and a rough dependence of the OH luminosity on the square
of the FIR luminosity was originally found, suggesting that the FIR emission
provided the pumping mechanism to provide the necessary population inversion
(e.g. Henkel & Wilson 1990) within a foreground molecular screen amplifying
the diffuse radio continuum, which is in turn correlated with the FIR emission.
The OH gas may trace very high density regions (nH2 = 105−7cm−3), although
an apparently separate component of the OH megamasers is associated with a
much lower-density high-velocity outflow (Baan, Haschick & Henkel, 1989).

The initial interpretation of the maser phenomenon of a foreground, low-gain
molecular screen amplifying the diffuse radio continuum in Luminous IR Galax-
ies, however, has been questioned by the VLBI observations of Arp 220 (Diamond
et al., 1989; Lonsdale et al., 1994, 1998; Rovilos et al., 2003) demonstrating that
over two-thirds of the masing gas in Arp 220 is compact, produced in struc-
tures a few pc3 in volume with amplification ratios of order 103 or higher. These
compact masers have complex spatial and velocity structure arising in clouds
generally within the Arp 220 nuclei, but not coincident with nuclear radio con-
tinuum (or any other detectable radio continuum). The southern component
within the western nucleus (the one with the majority of LRSN) shows a veloc-
ity gradient in excess of 18,000 km s−1 (Rovilos et al., 2003), which, interpreted
as rotation, implies a mass of order 2 × 107M�.

Similar compact maser emission has been detected with Global VLBI in
IIIZw35 and IRAS17208-0014 (Diamond et al., 1999), and in 12032+1707
(Pihlstrom et al., 2005). On the other hand Mrk 231 (Lonsdale et al., 2003a;
Klöckner et al., 2003), Mrk 273 (Klöckner & Baan, 2004) and 14070+0525
(Pihlstrom et al., 2005) show more extended emission in a circumnuclear disk
with conditions more like the classical maser model. IIIZw35 also shows dif-
fuse ring of maser emission with radius ∼ 20pc and central mass ∼ 7 × 106M�
(Pihlstrom et al., 2001). In this case the compact emission occurs at the tan-
gent points of the ring, and the maser structure has been modeled by multiple
high density clouds within the diffuse ring. Such a structure does not, however,
appear to be able to explain the complex, compact maser emission in Arp 220.

In the case of Mrk 231, the OH emission appears to be the central portion of a
circumnuclear HI disk detected in absorption by Carilli et al. (1998), though it is
misaligned with the central CO distribution (Klöckner & Baan, 2004). Lonsdale
et al. (2003a) speculate that the ignition of Mrk 231’s Seyfert nucleus may have
disrupted compact maser emission in the nucleus itself.

An extensive survey for OH maser emission in over 300 IRAS galaxies from
the PSCz Survey (Saunders et al., 1990) with z > 0.1 has been carried out with
the upgraded Arecibo Telescope by Darling & Giovanelli (2002 and references
therein). This survey has expanded the sample of known megamasers in lumi-
nous infrared galaxies to over 100 with detections in nearly 20% of the galaxies
surveyed. Their analysis suggests few correlations between OH and FIR proper-
ties. A re-analysis of the LOH −LFIR relationship in their data suggests a much
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flatter relation LOH ∝ L1.2
FIR consistent with other recent analyses (Kandalian,

1996) which finds a slope of approximately 1.4, suggesting a mixture of extended,
unsaturated emission plus compact, saturated clouds. One source in the Darling
& Giovanelli (2002) sample, IRAS 21272+2514, shows apparent variability which
the authors interpret as due to interstellar scintillation. This interpretation re-
quires ∼ 30–60% of the OH maser emission to originate in saturated clouds of
dimension smaller than ∼ 2pc.

A satisfactory model for the complexities of OH masers in ULIRGs has yet
to be proposed. Almost certainly the diffuse emission follows the classical model
with largely unsaturated OH maser clouds, pumped by the strong FIR radiation
field, amplifying the nuclear 1.6GHz radio continuum. The compact, pc-scale
structures in Arp 220 and other galaxies, coupled with the lack of detectable
associated 1.6GHz continuum emission, requires a substantial saturated maser
component. These structures subtend solid-angles too small to intercept suffi-
cient FIR photons to excite the OH molecules, suggesting that collisional excita-
tion must be important (Lonsdale et al., 1998). A tentative correlation between
OH line-width and X-ray luminosity (Kandalyan, 2003) may indicate that X-ray
heating of the molecular gas plays a role in collisional excitation.The possible
roles of shocks and/or AGN activity remain to be explored.

9.3.7 X-ray emission

The importance of X-rays has been recognized not only because of the diagnostic
ability of the X-ray to discriminate between AGN and Starburst emission (Rieke,
1988), but also because models of the X-ray background (XRB) require substan-
tial populations of highly-obscured AGN at redshifts, z ∼ 0.5–1.5, to reproduce
the observed XRB spectrum (Worsley et al. 2005). Rieke’s early analysis from
HEAO A-1 demonstrated that ULIRGs are underluminous in the 2-10keV band
compared to classical Seyfert galaxies or QSOs. It has only been recently with
the Chandra and XMM-Newton X-ray observatories that the implications of this
early discovery could be investigated in significant ULIRG samples with suffi-
cient resolution and signal-to-noise to provide reliable diagnostics of the nature
of the nuclear X-ray sources.

Further evidence of the weakness of X-ray emission in ULIRGs comes from
a ROSAT survey (Boller et al., 1998) of 323 ULIRGs which detected fewer than
10%. Probably the most significant starburst-related discovery of the ROSAT
soft X-ray satellite is the detection of extended thermal outflows, first in nearer,
lower-luminosity starbursts, and then in Arp 220, dubbed “superwinds” (Heck-
man et al., 1996). Similar thermal components appear to be common in ULIRGs
and they are described as “ubiquitous” in starbursts with star formation rates
> 10−1M� yr−1 kpc−2 in Heckman’s (2001) review; see also the recent review
by Veilleux, Cecil & Bland-Hawthorn (2005). The superwinds are believed to
be driven by supernova supplied kinetic energy with outflow rates comparable
to the star formation rates in these galaxies. Heckman speculates that these
superwinds may be the principal “polluters” of metals and dust into the IGM.
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Further Chandra studies (McDowell et al., 2003) of the Arp 220 superwind re-
veal extended, faint, edge-brightened, soft X-ray lobes outside the optical galaxy
out to a distance of 10–15 kpc. Bright plumes inside the optical isophotes coin-
cide with the optical line emission (Colina et al., 2004) and extend 11 kpc from
end to end across the nucleus. The data for the plumes cannot be fitted by a
single-temperature plasma and display a range of temperatures from 0.2 to 1
keV. There is a close morphological correspondence between the Hα and soft
X-ray emission on all spatial scales.

There have been three recent ULIRG X-Ray surveys with XMM-Newton
(Franceschini et al., 2003a) which observed 10 ULIRGs, and with Chandra
(Ptak et al., 2003; Teng et al., 2005) which observed 8 and 14 respectively.
All of the ULIRGs surveyed were detected, with X-ray luminosities typically
L2−10keV < 1042–1043 erg s−1. These luminosities represent < 1% of the infrared
luminosities in these systems, confirming that ULIRGs are much less luminous
in the X-ray than classical AGN. Furthermore, the soft X-ray emission from all
systems is dominated by extended, thermal emission with kT ∼ 0.7keV, and
is uncorrelated with IR luminosity. In at least two XMM-Newton systems the
emission is extended on scales of 10s of kpc, suggesting a superwind origin. In
at least 5 galaxies a hard X-ray (2–10keV) component and/or the presence of
6.4keV Fe K-line emission suggests the presence of an AGN which is not ener-
getically dominant (Franceschini et al., 2003a). Similarly, in the nearer Chandra
sample of Ptak et al. (2003) all galaxies exhibit hard components which are in-
terpreted as AGN sources. 5 galaxies in the Chandra samples which are classed
as AGN (including IRAS 05189-2524, Mrk 231, Mrk 273) show order of magni-
tude greater X-ray luminosities than the Starburst ULIRGs (UGC 5101, IRAS
17208-0014, IRAS 20551-4250, IRAS 23128-5919) with NGC 6240 being an inter-
mediate case6. As already noted UGC 5101 and Mrk231 are believed to harbor
obscured AGN based on their Spitzer spectra. Mrk 273, NGC 6240 and UGC
5101 exhibit Fe K-line emission, but sufficiently weak that the authors argue
against X-rays reflected from a Compton-thick (NH > 1024 cm−2) absorber as
the origin of the observed X-ray emission. Teng et al. (2005) use hardness ratios
to estimate the X-Ray spectral properties of their fainter galaxies. The photon
indices for the combined Chandra samples peak in the range 1 < Γ < 1.5, with
a tendency for Seyfert ULIRGs to have steeper spectra, Γ > 2. Although the
X-ray properties of this fainter sample are consistent with a Starburst origin,
the presence of Compton-thick AGN cannot be ruled out and may be expected
in many cases given the results discussed above.

Although the situation is complicated, certainly some ULIRGs must harbor
luminous X-ray AGN, though perhaps behind large absorbing columns and thus
only visible in hard X-rays. In Mrk 231 BeppoSAX revealed a highly absorbed
(NH ∼ 2 × 1024 cm−2) power-law component (Braito et al., 2004) and analysis
of XMM-Newton data indicates that below 10 keV only scattered or reflected
X-rays escape. In a 40ks observation of of Mrk 231, Gallagher et al. (2002)

6Mrk 231, IRAS 17208-0014 and IRAS 23128-5919 are included in both the Ptak
et al. (2003) and Franceschini et al. (2003a) samples
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find the majority of the X-ray luminosity is emitted from an unresolved nuclear
point source with a very hard spectrum, the majority of the flux emitted above
2 keV. The source is also variable on a timescale of a few hours. They argue
against a Compton-thick reflection model of Mrk 231 (Maloney & Reynolds,
2000), proposing a Compton-thick absorber which allows scattered light from
multiple lines of sight to be detected. Highly absorbed AGN power-law hard
X-ray sources are also reported in Mrk 273 (Xia et al., 2002; Balestra et al.,
2005), NGC 6240 (Iwasawa & Comastri, 1998; Vignati et al., 1999; Netzer et
al., 2005), and Mrk 1014 (Boller et al., 2002) although the starbursts in these
galaxies dominate in softer X-rays, and possibly also bolometrically.

Again the nearby system, Arp 220, provides more details, as well as unan-
swered questions. BeppoSAX observations (Iwasawa et al., 2001) placed severe
constraints on an energetically significant AGN in Arp 220, requiring an absorb-
ing column, NH > 1025 cm−2 to hide an X-ray AGN. They suggested X-ray
binaries as the source of Arp 220’s hard X-rays. Clements et al. (2002) detected
several sources near Arp 220’s nucleus, including a mildly absorbed point source
with a hard spectrum coincident with the western radio nucleus, plus a fainter
source which may coincide with the eastern nucleus. A classical X-ray AGN
cannot be ruled out, but again, columns greater that 5 × 1024 cm−2 would be
required to hide it. Iwasawa et al. (2005) have reported the detection of Fe K
emission in the XMM-Newton spectrum of Arp 220. A supernova shocked bub-
ble as suggested by the VLBI observations of radio supernovae could provide
an explanation. However, the apparent lack of emission from X-ray binaries is
incompatible with the high supernova rate (∼2 SNe yr−1) required.

9.4 The Emerging Picture of ULIRGs: Local Universe

Taken as a whole, the observations of local Luminous Infrared Galaxies suggest
that, at lower luminosities at least, they are dominated by starburst emission.
The continuity of the LHCN vs LFIR relation (Gao & Solomon, 2004) provides
circumstantial evidence that most, if not all, Luminous IR Galaxies are star-
burst powered. Their sample, however, as well as many others quoted above,
suffers from the low space density of ULIRGs, with only 6 classical ULIRGs
(LIR > 1012 L�) and only two with LIR > 1012.2 L�). The LRSN discovered in
compact ULIRGs would seem to indicate starburst dominance in these systems,
however we do not understand enough about these LRSN to establish a star-
formation rate or a starburst bolometric luminosity, leaving open the possibility
of significant if not dominant AGN power even in the best studied source Arp
220. ULIRGs are generally under-luminous in the X-rays compared to classical
AGN, requiring sensitive, high energy, observations to detect them. Evidence
for very high X-ray obscuring columns is mounting, which could explain the
low observed flux levels, and estimates of the importance of the X-ray-detected,
obscuration-corrected AGN power to ULIRG energetics range from minor to
dominant. Spectroscopy from the optical through mid-infrared suggests that the
incidence of AGN and their strength relative to the ubiquitous starbursts in-
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creases with FIR Luminosity and that AGN may dominate for LIR > 1012.5 L�,
but there are very few such ULIRGs in most local samples. Mid-infrared high
excitation diagnostic lines are a very promising line of investigation, however
very deep silicate and ice absorptions are also detected in some ULIRGs, so even
these mid-IR diagnostics may severely under-estimate AGN energetic contribu-
tions due to extinction.

And so the debate continues, and the very fact that it continues two decades
after IRAS highlights that most ULIRGs almost certainly contain both a star-
burst and a monster, and that the key question really concerns the connection
between the two, be it evolutionary (one evolves into the other), causal (one trig-
gers the other somehow) or coincidental (another influence triggers both). We
cannot address the wealth of literature on this topic here, involving as it does
evolutionary schemes of all kinds and their implications, and extensive compara-
tive AGN and starburst population studies and demographics, and so we outline
here only a few key points. One popular scenario is an evolutionary sequence
in which major gas rich galaxy mergers first result in a massive cool starburst-
dominated ULIRG, followed by a warm ULIRG as a QSO turns on inside the
dust cocoon and heats the surrounding dust, and then finally the QSO emerges
in an optically bright phase when it blows away the surrounding dust cocoon,
and the resulting stellar system resembles a spheroid (Sanders et al. 1988a; Kor-
mendy and Sanders 1992; Joseph 1999; Fabian 1999; Lipari et al. 2003). Another
important scenario is unification-by-orientation of AGN, in which a broad-line
(type I) active nucleus is highly obscured by a dusty molecular torus (or other
non-symmetrical geometry) when viewed off-axis, so that an optically bright
QSO viewed off-axis would appear as a ULIRG. Both of these scenarios predict
close relationships between starbursts and AGN.

The evolutionary scenarios have recently received a boost from a sequence
of papers reporting high resolution hydrodynamic simulations of gas rich major
mergers (Di Matteo et al., 2005; Springel et al., 2005; Hopkins et al., 2005a,b,c,d),
motivated by linking the growth of spheroid masses and supermassive black hole
(SMBH) masses in order to explain the the observed correlations between SMBH
mass and bulge mass (Magorrian et al. 1998) or velocity dispersion (Ferrarese and
Merritt 2000, Gebhardt et al. 2000) of local spheroids. Accretion rates are pre-
dicted to be highest at late merger stages, when the SMBH grows exponentially,
followed by the most luminous optically-visible QSO phase when the active QSO
essentially explosively drives out all remaining material in the system (Hopkins
et al. 2005a). The period of high obscuration during the high accretion rate phase
would correspond to an obscured QSO, ie an AGN-powered ULIRG. Starburst
events occur earlier in the lifetime of the merger when gas is still plentiful, and a
starburst-ULIRG phase could occur when the gas is centrally concentrated into
a dense compact region at relatively late stages.

Hopkins et al. (2005e) have made approximate predictions of ULIRG space
densities based on these simulations, estimating at z=0.15, 3×10−7 and 9×10−8

Mpc−3 at infrared luminosities of 1.6 and 2.5 × 1012L�, respectively, which is
in good agreement with the 1Jy survey of Kim and Sanders (1998). Hopkins
et al. also predict a decrease by a factor of 1.5 to the lower redshift, z=0.04,
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which also agrees well with the Kim and Sanders work, and an increase to z∼1–
3 of Φ(L > 1011L�) of 1–3 × 10−5 Mpc−3, which they compare to the sub-mm
number counts of Barger et al. (2005). Chapman et al. (2005) have derived
the first estimate of ULIRG luminosity functions in this redshift range, though
sensitive only to systems above about 1012.3L�. They find space densities >6
×10−6 Mpc−3 in their luminosity range, which could be significantly higher
than the Hopkins et al. predictions, depending on the unmeasured break of the
IR ULIRG luminosity function at these redshifts. Deep Spitzer surveys should
help extend the ULIRG luminosity function to lower luminosities in this redshift
range.

These ULIRG-QSO evolutionary sequences are appealing and seem likely to
be correct for at least a fraction of the ULIRG population. Many predictions
remain to be verified, however, and alternative scenarios are also popular. A
key test is the host morphology of ULIRGs and optically-bright QSOs. As we
have described in Sect. 9.3, not all ULIRGs are found at late stages of a merger,
although most are indeed found to be associated with the merger process. Farrah
et al. (2001) have proposed an alternative merger-evolution scheme in which the
stage at which a ULIRG occurs depends chiefly on the morphological type of
the two interacting systems. Deep HST imaging of QSO hosts is now revealing
that significant numbers also appear to inhabit disturbed systems (Lim & Ho,
1999; Percival et al., 2001; Sánchez et al., 2004), supporting an evolutionary
connection between starbursts and QSOs, although some QSOs appear to occur
in spiral hosts with very little evidence of recent disturbance. This latter result
has been taken to indicate that they could not have been triggered by a recent
major merger, however recent simulations have demonstrated that major gas-
rich mergers can result in disk systems under certain circumstances (Springel &
Hernquist, 2005; Robertson et al., 2005).

Genzel et al. (2001) and Tacconi et al. (2002) observed NIR structural prop-
erties and stellar dynamics of 18 z<0.18 ULIRGs, showing that ULIRG hosts
lie on the fundamental plane of elliptical galaxies and thus are very likely to
evolve into ellipticals, but that they have significantly lower mass hosts than a
luminosity-matched sample of radio-loud and radio-quiet QSOs from Dunlop et
al. (2003). A difficulty with this approach is that both starbursts and QSOs are
expected to have rapidly varying luminosity during the merger sequence, so it
is not clear that samples should be luminosity matched to compare their host
masses. These authors also reviewed the cluster environment of local ULIRGs,
QSOs (from the study of McLure & Dunlop 2002) and ellipticals, finding that
while the ellipticals and quasars are found in all environments, none of the 117
ULIRGs that were investigated are located in an environment richer than a small
group, which provides some statistical evidence that at least those quasars found
locally in rich environments may not have evolved via a ULIRG phase.

Haas et al. (2003) searched for a red transition population between ob-
scured and unobscured QSO populations amongst Palomar-Green (PG) QSOs.
Optically-selected QSOs as a class have a very high incidence rate of luminous
FIR and submm emission, consistent with most of them qualifying as ULIRGs
by IR luminosity level (Haas et al., 2003; Polletta et al., 2000; Hatziminaoglou
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et al., 2005). Haas et al. suggested a sequence of near-, mid- and far-infrared
SEDs for their PG QSO sample which could plausibly represent the transition
from a young dust-obscured QSO through the stages of re-distribution of the
dust and settling of the dust into a torus, and which is less well explained by
simple orientation effects alone. Late evolution-stage systems may be expected
to have low fuel supplies, perhaps as seen some moderate redshift HLIRGs with
low CO masses and LIR/Mgas ratios or which lack cool dust components (eg.
Yun & Scoville 1998; Verma et al., 2002). Another suggested young QSO tran-
sitory class are the broad absorption line (BAL) QSOs, especially those with
strong FeII and weak [OIII] emission, which are preferentially found to be in-
frared luminous and which could therefore be young dusty QSOs (Voit et al.,
1993; Lipari, 1994; Egami et al., 1996; Canalizo & Stockton 2001, Lipari et al.,
2003). FeLoBAL QSOs could alternatively be older QSOs viewed preferentially
along the radial surface of the torus (Elvis 2000).

Another class of potentially young broad-line QSOs are the red 2MASS
QSOs, selected to have J-K>2 and expected to be significantly dust-obscured
(Cutri et al. 2002). These objects tend to be type-1 AGN with moderate lu-
minosities and z<0.8, the relatively low luminosities and redshifts being due to
a selection bias due to the near-infrared k-correction. Leipski et al. (2005) ex-
tended this red 2MASS QSO search using ISO 6.7µm data, and found a surface
density of 1.5 times that of SDSS QSOs to the same optical magnitude depths,
and also that the 2MASS-ISO QSOs are significantly redder than SDSS QSOs,
and that SDSS QSO colour selection criteria would have missed about 1/3 of
these red QSOs.

Most detailed imaging and morphological studies so far have focused on rela-
tively low redshift systems. At higher redshifts we might expect different trigger-
ing mechanisms under different environmental circumstances, which we discuss
further in Sect. 9.5.

9.5 ULIRGs at High Redshift

9.5.1 The cosmic infrared background

The existence of a significant population of IR-luminous galaxies at high red-
shift, though hinted at in followup of IRAS, was thrown to the fore of astronom-
ical debate by results from the Cosmic Background Explorer (COBE) satellite.
Launched on November 18, 1989, COBE was responsible for two of the most
significant astronomical results in the 20th century. The first was measuring
the spectral shape and level of anisotropy in the Cosmic Microwave Background
(CMB, peaking at ∼ 2000µm), providing overwhelming evidence for the Hot Big
Bang model and giving a glimpse at the early structures that would eventually
evolve into todays galaxies and clusters. The second result, more relevant for this
review, was the discovery of a Cosmic Infrared Background (CIB) with FIRAS
at 240µm (Puget et al., 1996), and at 140µm and 240µm with DIRBE (Schlegel,
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Finkbeiner & Davis, 1998; Hauser et al., 1998; Fixsen et al., 1998) (later de-
tections with DIRBE of the CIB at 2.4µm and 3.5µm have been published, see
Hauser & Dwek, 2001; and Kashlinsky, 2005 for reviews). Such an infrared back-
ground had been predicted many years previously (Partridge & Peebles, 1967),
but had proven fiendishly difficult to detect, remaining invisible both to rocket-
borne IR observatories (Kawada et al., 1994), and to IRAS (Rowan-Robinson et
al., 1990; Oliver, Rowan-Robinson & Saunders, 1992). COBE was the first ob-
servatory with both the right instrumentation and sufficient sensitivity to detect
the CIB.

The cosmological implications from the discovery of the CIB were profound
(Dwek et al., 1998). The total background detected by COBE between 140 and
5000 µm is ∼ 16 nW m−2 sr−1, or 20%–50% of the total background light
expected from energy release by nucleosynthesis over the entire history of the
Universe, implying that 5%–15% of all baryons are or have been parts of stars.
And while the CIB itself amounts to less than about 2% of the CMB, the intensity
of the CIB is still surprisingly high, comparable to, or exceeding, the integrated
optical light from the galaxies in the Hubble Deep Field (Hauser et al., 1998).

When compared to the cosmic history of star formation derived from optical
and UV surveys (Madau et al., 1996) a serious discrepancy became apparent;
the CIB detected by COBE requires at least a factor of two more star formation
than was apparent in optical and UV surveys, meaning that the integrated star
formation rate at z ∼ 1.5 must be higher than that implied from UV/optical
observations by a comparable factor, and that this star formation must be largely
surrounded by dust. COBE however could provide little further constraint on
the form of the star formation history implied by the CIB; in principle there
could be large numbers of galaxies at high redshift that are faint in the IR, or a
few extremely IR-luminous sources7. Further progress required that the CIB be
resolved into its constituent sources.

9.5.2 Resolving the CIB: LIRGs and ULIRGs at 0 < z < 1.5

The first major steps in resolving the CIB came from extragalactic surveys car-
ried out by ISO at 7µm and 15µm with ISOCAM, and at 90µm and 170µm with
ISOPHOT, most notably observations of the HDF (Oliver et al., 1997; Rowan-
Robinson et al., 1997), the European Large Area ISO Survey (ELAIS; Oliver
et al., 2000; Rowan-Robinson et al., 2004), and the FIRBACK survey (Puget
et al., 1999; Dole et al., 2001) (see also reviews in Elbaz, 2005; Verma et al.,
2005; Oliver & Pozzi, 2005). The 15µm surveys (Elbaz et al., 2002) were par-
ticularly successful; the sources seen in these surveys could, with considerable
extrapolation of the SED shape at longer wavelengths, account for around 80%
of the CIB. Followup observations showed these sources have 〈z〉∼0.8, and that
the comoving density of infrared light due to these 15µm sources is at least 40

7Though even at this stage source count models that could explain the CIB all
invoked a population of high-redshift IR-luminous starbursts (Guiderdoni et al., 1998;
Blain et al., 1999a; Rowan-Robinson, 2001; Xu et al., 2001)
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times greater at z ∼ 1 than in the local Universe (compare this to the B band
luminosity density, which is only about three times the local value at z ∼ 1).
Not to be outdone, the FIRBACK survey found that the 170µm source counts
show very strong evolution with redshift (reaching z∼1), directly resolve 5% of
the CIB (Dole et al., 2001), and are responsible for a dramatic rise in the in-
tegrated star formation rate, with a value at least ten times that seen locally
at z ∼ 1 (Rowan-Robinson et al., 1997; Flores et al., 1999; Pozzi et al., 2004).
Overall, therefore, the ISO deep surveys put the IRAS discovery of strong IR
galaxy evolution onto a very firm footing. Out to z∼1 the ISO sources are chiefly
LIRGs, not ULIRGs, and they are generally similar in many ways to lower red-
shift LIRGs, although possibly with lower average metallicity (Franceschini et
al., 2003b; Elbaz, 2005; Liang et al., 2004).

The 170µm surveys also resulted in another interesting discovery; a large
number of the 170µm-selected objects have cooler dust temperatures and larger
dust masses than those seen in starburst galaxies selected at mid-IR wave-
lengths. This is not unexpected for a long wavelength-selected survey, since a
large luminosity from a cool dust component requires a larger dust mass than a
warmer source. ISO however was the first observatory to show conclusively that
large masses of ’cool’ dust existed in many galaxies, from local spirals to distant
ULIRGs. In local spirals this cold “cirrus” component is expected to be diffuse
dust heated by the interstellar radiation field from later type stars. In ULIRGs
however this cold component could alternatively be a compact dusty starburst
with colder than average dust. This discovery has interesting implications for
studies of ULIRGs at higher redshifts, as we will discuss in Sect. 9.5.3.

Focusing on ULIRGs; the largest ISO survey, and therefore the one most
likely to discover ULIRGs in any number, was ELAIS (see Fig. 9.1). The most
sensitive ELAIS band for LIRGs and ULIRGs was 15µm, resulting in the detec-
tion of just under 100 ULIRGs, comprising >10% of the 15µm sample. Around
10 of these are HLIRGs; the first of these to be identified being a QSO at z=1.01
(Morel et al., 2001). These ULIRGs range in redshift up to z >

∼ 3 and many are
fit well in colour by an Arp 220-like SED. The longer wavelength ELAIS surveys
result in many fewer sources due to decreased sensitivities; (Taylor et al., 2005)
have identified 4 likely ULIRGs in the FIRBACK-ELAIS N2 (FN2) 170µm pop-
ulation, while (Dennefeld et al., 2005) identify 1 or 2 in the FIRBACK-ELAIS
N1 (FN1) field. (Sajina et al., 2003) identified a population of z∼0.5–1 ULIRGs,
representing ∼ 1/6 of the total 170µm FN1 sample, and Chapman et al. (2002)
identified two of these at z=0.5 and 0.9 to be unusually cold systems with merger
morphologies. Several sources in each field remained optically unidentified and
are likely to be ULIRGs at moderate redshifts (0.5–1). Several ULIRGs and
HLIRGs have been discovered in other ISO surveys, including a z=1.7 FeLoBAL
QSO behind the z=0.56 cluster J1888.16CL (Duc et al., 2002), and a radio de-
tected ERO at z=1.5 (Pierre et al., 2001), probably a QSO with very hot dust.

Follow-up of z >
∼ 0.5 ULIRGs revealed that many are involved in ongoing

interactions, but that interestingly a significant number are QSOs with very
massive (> 2L∗) elliptical host galaxies (Farrah et al., 2002a). Detailed SED
modeling (Rowan-Robinson & Crawford, 1989; Rowan-Robinson, 2000; Verma
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et al., 2002; Farrah et al., 2002b) showed evidence for both starburst and AGN
activity in most sources, with colossal implied star formation rates of up to
∼ 1000M� yr−1. X-ray observations however found unexpectedly weak X-ray
emission, implying either no obscured AGN or extremely high obscuration levels
(Wilman et al., 1998); the latter interpretation is favored by deeper observations
which found evidence for Compton thick AGN in some (but not all) of these
systems (Wilman et al., 2003). Very recently, Iwasawa et al. (2005) have used
XMM to detect faint X-ray emission with a hint of the 6.4 keV Fe Kα line
from F15307+3252, which they attribute to a Compton thick AGN with L(2–
10kev)> 1045 erg/s, which can account for a significant fraction of the infrared
luminosity.

The picture that emerged from ISO, therefore, was one where very IR-
luminous galaxies become substantially more numerous with increasing redshift,
making z ∼ 1 LIRGs and ULIRGs a cosmologically significant population. The
0.5 < z < 1.0 LIRG population seems quite similar to LIRGs at lower redshift,
but also revealed a population of moderate redshift LIRGs with relatively cool
dust emission. The higher redshift ULIRG population exhibits a more prevalent
level of QSO activity than found in their local cousins, a result that could be
either luminosity or redshift related since the most luminous ULIRGs are found
at the higher redshifts.

9.5.3 Resolving the CIB: ULIRGs at z > 1.5

The CIB had another startling surprise in store. Though ISO had proven itself
remarkably adept at resolving much of the CIB, there remained a significant
shortfall between the CIB as measured by COBE, and the sources detected
by ISO. The background levels at λ > 200µm determined by FIRAS onboard
COBE (Fixsen et al., 1998) implied a population of “colder” sources, probably
z >

∼ 1 systems with IR emission redshifted to longer wavelengths than the sources
detectable in shallower, λ < 200µm, ISO surveys.

Fortunately, the perfect instrument to search for just this kind of source
had just been commissioned at the James Clerk Maxwell Telescope, namely the
Sub-millimetre Common User Bolometer Array (SCUBA, Holland et al. 1999).
SCUBA heralded the advent of bolometer arrays for sub-mm observations, and
was one of the first sub-mm instruments that could map large areas of sky rela-
tively quickly in the sub-mm; operating at substantially longer wavelengths than
ISO, namely 850µm and 450µm, SCUBA had the sensitivity to detect these dis-
tant ‘cold’ ULIRGs. Furthermore, the strongly negative k-correction at sub-mm
wavelengths (Blain & Longaie, 1993) meant that a ULIRG at z = 5 is (depending
on the choice of cosmology) almost as easy to detect as a ULIRG of compara-
ble luminosity at z = 1. Other important sub-mm bolometer arrays include the
350µm optimized SHARC-II camera and the 1.1mm Bolocam instrument, both
at the Caltech Sub-mm Observatory, and the MAx-Planck Millimetre Bolome-
ter (MAMBO) at the Institut de Radioastronomie Millimetrique (IRAM) 30m
telescope, which operates at 1.2mm.
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The advent of sub-mm array instruments therefore prompted a plethora of
surveys try to find these distant “cold” sources, ranging from ultra-deep surveys
of lensing cluster fields (Smail, Ivison & Blain, 1997; Smail et al., 2002; Ivison et
al., 2000) through deep blank-field surveys of small areas (Hughes et al., 1998;
Barger et al., 1998), to wider area blank-field surveys to shallower depths (Eales
et al., 2000; Scott et al., 2002; Borys et al., 2003; Greve et al., 2004; Laurent et
al., 2005). These surveys found a huge population of sub-mm bright, optically
faint sources, with source counts of 320+80

−100 and 180 ± 60 per square degree at
S850 > 10mJy (Scott et al., 2002). Taken together, the sources found in the
various sub-mm & mm surveys can directly account for around 50% of the CIB
detected by FIRAS, and with reasonable extrapolation, can account for all of it
(Barger et al., 1999b, Blain et al., 1999b).

The first step was to determine whether these sub-mm sources really are
distant ULIRGs, or some other class of object. If, as is very plausible, the sub-mm
emission from distant galaxies can be modeled with a simple modified blackbody,
where the dust temperature distribution is characterised by T , then the flux at
frequency ν, F (ν), is given by F (ν) ∝ νβB(ν, T ), where β is the spectral index
(also referred to as the emissivity), and B(ν, T ) is the Planck function. As a
virtue of the shape of this function, sources with a redshift of z >

∼ 1, a dust
temperature of >

∼ 25K, an 850µm flux of S850 > 1mJy, and a reasonable choice
of emissivity will, under most circumstances, be ULIRGs. Simple photometric
redshift estimates (Bertoldi et al., 2000; Fox et al., 2002; Borys et al., 2004;
Webb et al., 2003) place virtually all the sources from sub-mm surveys at z > 1,
and most at z > 2, meaning that the sub-mm sources are likely to be extremely
luminous ULIRGs, with star formation rates substantially exceeding 1000M�
yr−1. This implies that there are of order a few hundred ULIRGs per square
degree at z > 1, compared to about one ULIRG every four square degrees
locally; though contributing less than 1% of the total extragalactic background
light locally, ULIRGs were therefore shown to be a major, perhaps even dominant
contributor at z > 1.

Before proceeding further, there is an important cautionary note. A single
sub-mm flux cannot be used to infer dust mass or source luminosity without as-
suming a dust grain size and temperature distribution (Hildebrand, 1983), thus,
for example, large cold disks can be confused with compact warmer starbursts
of very different bolometric luminosity (Kaviani, Haehnelt & Kauffmann, 2003;
Efstathiou & Rowan-Robinson, 2003; Farrah et al., 2004a; Almaini et al., 2005).
If the redshift is also unknown, a much lower luminosity foreground cold disk or
even a Galactic dust cloud could easily mimic a high-redshift ULIRG (Lawrence,
2001). As we describe below, however, there is now good evidence that at least
∼70% of sub-mm sources are indeed z > 1 ULIRGs, but within the remaining
30% there remains the possibility of significant sample contamination. Moreover,
a strong temperature selection bias does exist in these very long-wavelength sur-
veys; for example, a ULIRG at 2 < z < 3 with Lir ∼ 1013L� and a dust
temperature of 60K would not be detected in the wide, shallow surveys with
SCUBA (Blain et al., 2004b). Such “hot” sources do appear to exist (Chapman
et al., 2004b; Lutz et al., 2005), and could be responsible for up to 1/3 of the
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Fig. 9.4. An example of a recent submm survey; in this case the HDF-N SCUBA
“Supermap” (Borys et al., 2003). circles = > 4σ, squares = 3.5 − 4Dσ. The white line
encompasses the Hughes et al. (1998) SCUBA-HDF observations.

DIRBE detected CIB. Therefore, sub-mm surveys alone do not necessarily pro-
vide a hyaline view of dust-shrouded star formation, or even of ULIRG activity,
at high redshift. Spitzer is proving to be extremely important for discovering the
warmest high-redshift ULIRGs (see Fig. 9.1), as we shall describe further below.

Due to the coarse angular resolution of SCUBA (and indeed most sub-mm &
mm observatories up to now) and the optical faintness of most of these sources,
determining reliable ID’s for follow-up proved to be extremely difficult (see Dun-
lop et al. 2004, for a perfect example). Nevertheless, since 1997, progress has
slowly but surely been made in following up Sub-mm Galaxies (SMGs), and a
clear picture of their nature has now started to emerge. A prime question is:
how well do these distant systems resemble local ULIRGs? We would not nec-
essarily expect them to be closely similar in nature because conditions are very
different at high redshift, notably an earlier stage in the clustering evolution of
the underlying dark matter, and larger gas fractions.

Optical and near-IR imaging (Smail et al., 1999; Webb et al., 2003; Smail
et al., 2004; Pope et al., 2005) has shown that SMGs have a diverse range in
optical properties, ranging from optically bright sources, to sources undetected
in even the deepest optical imaging. Radio observations, particularly with the
VLA, provided a major step forward in followup of SMGs (Ivison et al., 2002),
detecting around 70% of the SMGs found in wide-field surveys with sufficiently
high spatial resolution to allow reliable identification of optical/near-IR counter-
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parts. Later, very high resolution radio studies have shown, intriguingly, that the
radio emission in a surprisingly high fraction of SMGs, around 70%, is spatially
extended on scales of ∼ 10 kpc (Chapman et al., 2004a), significantly larger than
the dust emission seen in most local ULIRGs, which are generally less than a
kpc across (Downes & Solomon, 1998). The beam shape, especially when beam
smearing is accounted for, is probably not well enough known to provide much
evidence on the intrinsic shape of these radio sources, so possible explanations
include large scale star formation over large disks, multiple compact starburst
sites in a large disk or a coalescing group, or to AGN jet-induced star formation
as seen in some distant radio galaxies (van Breugel et al., 2004). Another class
of z>2 large scale systems inferred to have ULIRG-level luminosities are the
so-called Lyα blobs (Geach et al., 2005).

Early efforts to obtain spectroscopic redshifts for SMGs had been mostly
stymied (but not entirely, see Barger et al., 1999a), not only by uncertain IDs
and extreme optical faintness, but also because many SMGs lie within the so-
called redshift ‘desert’, 1 < z < 2, within which the bandpasses of most optical
spectrographs could only sample weak absorption features, from which redshifts
are hard to determine. But with high resolution radio ID’s in hand, and signif-
icant tenacity, spectroscopic redshifts for SMGs were soon forthcoming (Chap-
man et al., 2005; Simpson et al., 2004). These surveys showed that SMGs have
a median redshift of 2.4, removing any last lingering doubts that the (radio de-
tected) SMGs were indeed high-redshift ULIRGs. The optical spectra themselves
show evidence for both starbursts and AGN in most sources, high unobscured
star formation rates, and that SMGs are generally metal rich (Swinbank et al.,
2004). Very recent optical spectroscopic studies have focused on integral field
spectroscopy, though instrumentation is only now becoming capable of integral
field studies of distant SMGs. Early results however look very promising; the
host galaxies of SMGs are metal rich, and appear to contain surprisingly large
numbers of evolved stars and show evidence for ongoing interactions (Tecza et
al., 2004; Swinbank et al., 2005).

With accurate redshifts it was possible to use heterodyne instruments (which
generally have a very narrow bandpass, making spectroscopic redshifts essential
for meaningful observations) to look at far-IR fine structure lines, particularly
those of CO. CO surveys of SMGs (Genzel et al., 2003; Neri et al., 2003; Greve
et al., 2005) revealed that they have enormous masses (often exceeding ∼ 1 ×
1011M�) of molecular gas, usually unresolved but in some cases extended over 3–
5kpc (Genzel et al., 2003), much greater than those masses seen in local ULIRGs
and comparable to those seen in high-redshift radio galaxies. HST imaging shows
that SMGs often possess disturbed morphologies, consistent with (but not solely
supportive of) ongoing major mergers, similar to the local ULIRG population
(Smail et al., 1998; Conselice et al., 2003). Very recent results based on deep
X-ray observations have provided convincing evidence that the bulk of SMGs
harbour a Compton thick AGN in addition to a starburst, implying that a sub-
mm galaxy signposts a major period of growth of the central supermassive black
hole in these systems, as well as an intense starburst (Alexander et al., 2005).
There is some evidence that the periods of black hole growth and stellar mass
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buildup in these systems may not be coeval (Borys et al., 2005), although there
are uncertainties in the derivation of the X-ray obscuring columns, and therefore
of the black hole mass (Polletta et al., 2006).

Further results have come from the first observations of SMGs with Spitzer.
Results from IRAC and 24µm imaging (Egami et al., 2004; Frayer et al., 2004)
have shown that SMGs have a wide range of observed mid-IR colours, and that
their rest-frame mid-IR SEDs can in most cases be fitted with a starburst SED
template, with the remainder being well fitted by a power-law AGN-dominated
template. Photometric redshifts estimated from the near-infrared hump peaking
at rest-frame 1.6µm and detected in the Spitzer IRAC bands (3.6–8.0µm) span
1 < z < 3.5. Ivison et al. (2004) observed 9 MAMBO 1200µm sources in the same
region, finding 75% of them to be starburst-dominated using Spitzer mid-infrared
spectral shapes (assuming redshifts ∼2.5), and concluding that the more AGN-
like SEDs are consistent with AGN indications in these objects from UV/optical
spectroscopy and X-ray imaging.

Spitzer will be a very powerful tool for finding large populations of ULIRGs
at z > 1.5, with many hundreds of candidates appearing in the Spitzer surveys
such as SWIRE (Lonsdale et al. 2006), the Bootes Shallow field, the First Look
Survey, the GTO deep surveys and GOODS (see Fig. 9.1). Moreover Spitzer
complements the cold dust selection function of the sub-mm and mm surveys
with its mid-IR selection function and enhanced sensitivity to warm systems.

The first source counts and luminosity functions at 24µm, 70µm and 160µm
from Spitzer extend the results seen by ISO. Spitzer is revealing large numbers of
systems with significantly more extreme infrared/optical luminosity ratio than
seen in the local Universe (Rowan-Robinson et al. 2005), a result also known
from moderate redshift ISO surveys (Rowan-Robinson et al. 2004; Oliver & Pozzi
2005). Rowan-Robinson et al. (2005) also find a significant population of very
cool luminous Spitzer systems, which could be very large disks with quiescent
star formation rates rather than starbursts. The 24µm counts in the GOODS
fields (Papovich et al., 2004) show evidence for strong evolution, exceeding the
‘no evolution’ counts predictions by a factor of at least 10, and implying evolution
in the comoving IR energy density of the form (1 + z)3.9±0.4 up to z ∼ 1 (Le
Flóch et al., 2005). The Spitzer counts at 70µm and 160µm (Dole et al., 2004)
directly resolve 20% and 7% of the CIB at these wavelengths, respectively, and
also show strong evolution, by a factor of ∼ 3 over no evolution models, implying
that the galaxies responsible for this background mostly lie in the redshift range
0.7 < z < 0.9. Pérez-González et al. (2005) used find that LIRGs and ULIRGs
are increasingly important contributors to the infrared energy density as redshift
increases to z∼3, being responsible for half of all star formation by z∼1.5. The
characteristic luminosity of the luminosity function, L∗, increases steadily with
z, consistent with the cosmic star formation rate density going as (1 + z)4 to
z= 0.8, then flattening somewhat, and with ULIRGs playing a rapidly increasing
role above z=1.3. Le Flóch et al. (2005) came to similar conclusions out to z∼1,
and also compared the UV and IR star formation history since z=1 using deep
observations from Spitzer and GALEX, finding that the SFH has evolved much
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more strongly in the IR than in the UV, thus confirming the ISO-based results
of Rowan-Robinson et al. (1997); Flores et al. (1999); Pozzi et al. (2004).

Yan et al. (2005) and Houck et al. (2005) have reported the first Spitzer
low resolution IRS spectroscopy for extreme IR/optical z∼2 ULIRG candidates,
demonstrating that Spitzer is capable of determining mid-infrared redshifts for
the brightest mid-infrared galaxies (f24 > 0.75mJy). The space density of Lir >
1012.3L� z∼2 Spitzer mid-infrared-selected ULIRGs may be similar to that of
SMGs (Yan et al.) at this redshift, though, the sample sizes are as yet small and
incomplete. Yan et al. infer a higher fraction of starburst-dominated ULIRGs in
their sample than Houck et al., which is probably due to the additional selection
criterion on high 24/8µm colour (ie a rejection of mid-IR warm sources). Lutz et
al. (2006) report a low 1.2mm detection rate these systems using MAMBO, and
suggest that their mid-infrared-selected sample may have significantly warmer
dust than submm-selected samples. Franceschini et al. (2004), Martinez-Sansigre
et al. (2005), Donley et al. (2005) and Polletta et al. (2006) have used Spitzer
surveys to discover extensive populations of heavily obscured AGN populations
that can have very high X-ray obscuring columns, including two z>2, Compton-
thick SWIRE HLIRGs with AGN torus-dominated mid-IR SEDs (Polletta et al.,
2006). These new Spitzer results indicate that in many ULIRGs highly obscured
QSOs are extremely difficult to detect at any wavelength, including hard X-ray
and mid-infrared, due to extreme optical depths.

Daddi et al. (2005) have reported the first Spitzer results from the Great
Observatories Origins Deep Survey (GOODS) for z∼2 ULIRGs, finding that
typical massive (Mstellar∼1011M�) star forming galaxies at this redshift are
ULIRGs, based on 24µm and radio detections, with a co-moving space density
of ULIRGs at z=2 at least 3 orders of magnitude greater than the local one.

In summary it would be fair to say that surveys with SCUBA and other
sub-mm/mm observatories, and their followup, have revolutionized our percep-
tions of ULIRGs, while Spitzer stands poised to contribute its own revolution of
knowledge about them. From being little more than an interesting oddity in the
local Universe, ULIRGs have become a crucially important population at z > 1.
Furthermore, whilst z > 1 ULIRGs are similar in many ways to their local coun-
terparts - both populations apparently being heavily dust-obscured starbursts
and/or AGN triggered by interactions between large, evolved systems - there
are important differences. High-redshift ULIRGs are substantially more gas rich
than their local counterparts, and some may have extended rather than compact
starbursts. Moreover the star formation rates implied (if AGN do not strongly
dominate the energetics) are enormous, pushing the limits on theoretical ideas
for a “maximal” starburst in a massive galaxy: Mgas/tdyn = 1011 M� / 108

yrs ∼1000 M�/yr (Eggen, Lynden-Bell & Sandage, 1962). To understand these
differences, and place these high-redshift ULIRGs into a cosmological context,
we must turn to theories of galaxy and large-scale structure formation.
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9.6 ULIRGs and Large-Scale Structure

The observation that these distant ULIRGs appear to be very massive systems
means that large amounts of raw material are needed to make one, implying that
ULIRGs are likely to be found in regions with large concentrations of baryons.
Therefore, in order to understand when, where and why ULIRGs exist, we must
turn to galaxy and large-scale structure formation models to see where such
large concentrations of baryons are predicted to be found. Modern structure for-
mation models describe the evolution of the total mass distribution (comprising
both non-baryonic and baryonic ‘cold’ dark matter) via the evolution of ini-
tially Gaussian density fluctuations, which means that the evolution of the total
mass distribution should be traced by the formation and evolution of galaxies
in some determinable way. Density fluctuations in the dark matter distribution,
commonly referred to as ‘halos’, are predicted to undergo successive mergers
over time to build halos of steadily increasing mass. Galaxies are predicted to
form from the baryonic matter in these halos, driven either by inter- or intra-
halo mergers, or passive collapse of baryons to the halo central regions, or some
combination of all three mechanisms (Meza et al., 2003; Kobayashi, 2004). This
framework of ‘biased’ hierarchical buildup (Cole et al., 2000; Granato et al.,
2000; Hatton et al. 2003), coupled with a Λ cosmology (Spergel et al., 2003), has
proven to be remarkably successful in explaining many aspects of galaxy and
large-scale structure formation.

Within this framework, the largest concentrations of baryons are expected to
be found within the most massive dark matter halos. A basic verification of this
idea can be seen in the local Universe, where the most massive elliptical galaxies
are almost invariably found within very rich galaxy clusters; which presumably
correspond to large overdensities of baryons in the local Universe. The formation
history of these very massive galaxies, even before the advent of sub-mm surveys,
was controversial. The ‘naive’ expectation from hierarchical theory would be that
massive galaxies form relatively late and over a long period of time, representing
successive mergers between dark matter halos, building up the required large
baryon reservoirs (Baugh et al., 1998), and indeed some massive galaxies do
appear to form in this way (van Dokkum et al., 1999; Tamura & Ohta, 2003;
Bell et al., 2004). There is however observational evidence that many massive
galaxies may form at high redshift and on short timescales, for example from
the discovery of evolved systems at high redshift (Dunlop et al., 1996; Martini,
2001; Blakeslee et al., 2003), the extremely tight K-band Hubble relation for
radio galaxies (De Breuck et al., 2002) implying a very rapid early formation of
the most massive galaxies (Rocca-Volmerange et al., 2004), and an inferred early
star formation epoch from the colour-magnitude diagram in clusters at z = 0.5
(Ellis et al., 1997), implying that the stars in very massive local galaxies formed
within a few Gyr of each other at z > 1.

The SMGs and Spitzer high z ULIRG samples appear to be perfect candi-
dates for the formation events for those local massive ellipticals that appeared to
form very early and very fast; they lie at z � 2.5 (Simpson et al., 2004; Chapman
et al., 2005), which is a high enough redshift to make stars with the ages seen
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locally, their star formation rates are high enough to make all the stars in a local
massive elliptical fast enough to satisfy the observed colour-scaling relationships,
and their comoving number density is comparable to that of local >

∼ 3L∗ ellipti-
cals (Scott et al., 2002; Chapman et al., 2004b). Serious theoretical difficulties
remain however. Early CDM-based galaxy formation models lacked the detailed
astrophysics to explain the number of observed SMGs and their star formation
rates (Granato et al., 2000; Somerville, Primack & Faber, 2001; Guiderdoni et
al., 1998). Later models included improved treatments of starbursts, but still had
to include further modifications to explain the observed sub-mm counts. These
include a top-heavy initial mass function for the stars formed in bursts, so that
the same sub-mm flux can be produced with lower star formation rates (Baugh
et al., 2005)8, modified treatments of virialization and the survival of subhalos to
solve the ‘overmerging’ problem in the standard Press-Schechter formalism and
make the SFRs high enough (van Kampen et al., 1999, 2005), and modifications
to gas cooling and supernova feedback (Granato et al., 2004).

Fundamentally, there are two testable basic predictions of these hierarchical
models for high-redshift ULIRGs. Firstly, these ULIRGs should reside within rich
environments, that is to say we should see clustering of other galaxies around the
ULIRGs on length scales of < 5Mpc, representing galaxy overdensities resulting
from the local overdensity of baryons. Testing this observationally is, however,
difficult. At z < 1 there have been numerous successful measurements of galaxy
overdensities around AGN using deep optical/near-IR imaging to find evolved
systems (Wold et al., 2001, 2003), but at the mean redshift of high-redshift
ULIRGs it is certainly not clear whether their local environments have built
up overdensities of evolved galaxies, even if they are overdense in baryons. Sec-
ondly, we should observe the high-redshift ULIRGs themselves to cluster together
strongly on the sky, or in other words clustering of just the high-redshift ULIRGs
on length scales >

∼ 25Mpc. This prediction is a consequence of the assumed form
of the evolution of density fluctuations with redshift; rare fluctuations in the
underlying mass distribution are predicted to cluster together on the sky, with
the strength of clustering depending on the degree of rarity (Bardeen et al.,
1986). Very massive halos (those with masses >

∼ 1014M�), which are universally
predicted to be extremely rare at high redshift, are therefore predicted to cluster
together very strongly (e.g. Moscardini et al. 1998; Kauffmann et al. 1999; Mo &
White 2002). This clustering should be traced by very massive galaxies, as only
the most massive halos contain sufficient baryon reservoirs to form these galaxies.
This also means that the clustering strength of massive galaxies should translate
straightforwardly to measure of halo mass (Percival et al., 2003). Strong cluster-
ing among high-redshift ULIRGs is also predicted if, as some suspect, they are
part of a population uniting QSOs and spheroids (Magliocchetti et al., 2001).
Measuring this form of clustering observationally is however also difficult, re-

8An interesting conundrum from this model is that while the sub-mm counts are
predicted to be dominated by bursts, these bursts would be responsible for making
only a small fraction of the stellar mass in evolved ellipticals in the local Universe if
their IMFs are top heavy.
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Fig. 9.5. An example of the cosmological hydrodynamic ΛCDM simulation (SPH G6
run) described in Nagamine et al. (2005a,b). Each panel has a comoving size of 143Mpc
on a side, and the starforming galaxies with instantaneous SFR > 100 M�/yr at each
epoch are indicated by the circles (K. Nagamine, priv. comm.)

quiring either >
∼ 50 sources with spectroscopic redshifts so that ‘associations’ in

redshift space between different sources can be searched for, or a minimum of
several hundred sources with a reasonably well constrained redshift distribution,
and found over a large enough area of sky such that the length scales of interest
can be examined.

Despite these difficulties, numerous studies of both the environments of high-
redshift ULIRGs, and their clustering, have taken place, and while these stud-
ies are not (yet) conclusive, they do generally lend support to the idea that
high-redshift ULIRGs form within massive dark matter halos. Considering envi-
ronment studies first; near-IR imaging studies of the environmental richness of
ULIRGs over 0.5 < z < 1.5 (Farrah et al., 2004b) have shown that these sys-
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tems reside in richer environments than their local counterparts on average, and
that some reside in moderate rich clusters even at z >

∼ 1, though it is not clear
whether this represents a genuine increase in environmental richness for ULIRGs,
or whether this just reflects the global increase in ‘bias’ over 0 < z < 1. At lower
redshifts, LIRGs and ULIRGs have also been found in clusters (Duc et al., 2004;
Lemonon et al., 1998; Kleinmann et al., 1988). Turning to higher redshifts, then
several authors have noted overdensities of sub-mm sources around high-redshift
systems that are thought to reside within mass overdensities, including z ∼ 4
radio galaxies (Stevens et al., 2003; De Breuck et al., 2004) (several of these sub-
mm sources are also detected in the X-ray, suggesting the presence of obscured
AGN (Smail et al., 2003) and seen as z ∼ 3 Lyman Break galaxies (Chapman
et al., 2001; Geach et al., 2005).

Turning to high-z ULIRG clustering; early efforts to measure angular clus-
tering on the sky came up against the limitations of available instrumentation;
at the time of writing there exists no sub-mm array instrument that can map
large enough areas of the sky to the required depths (though SCUBA2, APEX
and Herschel, are coming soon). No clear picture has therefore emerged; some
sub-mm surveys have uncovered tentative hints of clustering on scales of a few
arcminutes (Scoville et al., 2000), whereas others show no signs of clustering
whatsoever (Borys et al., 2003). An intriguing result from these wide field sur-
veys is that the high-redshift ULIRGs appear to trace moderately bright X-ray
survey sources on the sky, even though the direct overlap between the two popu-
lations is minimal (Almaini et al., 2003). This could suggest that the high-redshift
sub-mm and X-ray populations are tracing the same, overdense dark matter ha-
los. More recent efforts to measure SMG clustering using spectroscopic redshifts
have met with greater success, resulting in a reliable detection of clustering for
the first time (Blain et al., 2004a). The strength of the clustering, while signif-
icant, is not particularly strong, at r0 = 6.9 ± 2.2 (comoving). This clustering
strength is consistent with high-redshift ULIRGs residing in ∼ 1013M� halos
which will eventually become the cores of rich clusters in the local Universe, but
the relatively high redshift of the sources in this sample, coupled with the sig-
nificant error on their clustering and the unknown growth modes of dark matter
overdensities (see e.g. Matarrese et al. 1997; Moscardini et al. 1998) leaves other
possible interpretations open. More precise measurements of both high-redshift
ULIRGs, and other ULIRGs at lower (and higher) redshifts are needed to resolve
this issue. The new Spitzer ULIRG surveys, sampling much larger volumes and
linear dimensions than current submm/mm surveys, can be expected open up
this field of enquiry dramatically.

9.7 Open Questions and New Directions

An incredible amount of energy has been spent trying to understand ULIRGs
in the decade since the Sanders & Mirabel (1996) review, and this review has
not been able to do adequate justice to all this effort. To summarize the current
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state of knowledge we address the a few of the most pressing questions from our
own perspective.

In the relatively local Universe, ULIRGs are almost all associated with major
mergers of gas rich systems. Evolutionary schemes whereby ULIRGs transition
into optical QSOs at the end stages of a merger, with an elliptical as the end
result, are highly attractive and well supported by simulations. The reality is
obviously complex, however, depending strongly on the details of the merger
encounter, in particular bulge mass. Observationally it is not necessarily the
case that all ULIRGs represent late stages in the merger sequence, however the
most luminous systems do seem to represent the late stages, implying that it
requires the extraordinary high density conditions of the final merger stages to
produce these tremendous levels of power. Evidence that some optical QSOs may
have more massive hosts than ULIRGs, or inhabit richer environments, would
indicate that the true situation is more complex, but matching AGN/ULIRG
samples for such studies is very challenging.

Merger sequences connect starbursts and AGN tightly together via the avail-
ability of fuel to build the stellar and SMBH masses, and to fuel the AGN. AGN
orientation schemes also tie ULIRGs and QSOs tightly together since off-axis
QSOs will be obscured and may appear as ULIRGs. Therefore the empirical
determination of the relative power of AGN and starbursts for both infrared-
selected ULIRGs and optically-selected ULIRG QSOs is a paramount question.
Most ULIRGs are thought to be powered mostly by starbursts however indicators
of AGN activity increase with luminosity, recognised from near- and mid-infrared
spectroscopy, X-ray detections or VLBI radio imaging. All of these indicators
are tricky however and, because nuclear (Starburst) and gravitational accretion
(AGN) power often compete for dominance we need more robust estimators of
the SFR and AGN activity to compare with merger stage, morphology, mass,
etc. to disentangle an evolutionary sequence from other effects. For example,
low/high-resolution mid-IR spectroscopic indicators can be obscured; Spitzer
will do an excellent job of measuring diagnostic features from 5–40µm, but inter-
pretation will require an understanding of extinction as a function of wavelength
throughout the spectrum as well as modeling with full radiative transfer treat-
ment. X-ray columns can be high enough to severely limit AGN detection; sepa-
rating soft (starburst or reflected AGN) vs hard (AGN or X-ray binary) emission
will require sensitivity at higher energies with Con-X and XEUS. High-resolution
radio imaging has to be capable of mapping at brightness temperatures above
106K to distinguish jet structures from RSN complexes, because starburst and
radio-quiet AGN emission cannot be distinguished on the basis of power alone.
But we do not yet even understand the complex radio supernovae in the one,
closest, well studied system, Arp 220, where questions remain about the nature
of the LRSN, the IMF in the luminous starburst, etc. Such imaging observations
are time consuming, but need to be expanded to much larger samples. One pos-
sible line of inquiry may be to obtain BH mass estimates from the molecular
gas kinematics with ALMA (r ∼ 20pc) as has been done for NGC 4258 in H2O.
Other questions remain, eg.: What are the compact masers telling us? Are they
pointers to AGN/mass concentrations?
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ULIRGs increase dramatically in importance with redshift, from being a
very minor component at z∼0 to possibly dominating the energy density at
z>2, and ULIRG populations at z>2 are much more extreme beasts than at low
redshift, with larger IR luminosities, gas masses and, in some cases, larger ratios
of infrared-to-optical luminosity than local ULIRGs, by factors of 10 to 100.
They also show an increase in space density of a factor of 100–1000 (Chapman
et al., 2005; Le Flóch et al., 2005; Pérez-González et al., 2005), though this
number is very uncertain because the low and high redshift LFs barely overlap
in luminosity range; at low redshift the number density of HLIRGs is intrinsically
extremely small, while at high redshifts, submm surveys are only sensitive only
to systems above a few ×1012L�. Wide area Spitzer luminosity functions can be
expected to bridge this gap (Lonsdale et al. 2006b, Babbedge et al. 2006). There
is clear evidence that at high redshift many ULIRGs are triggered by mergers of
gas rich systems, but there are also some striking differences from local systems:
extended radio emission and some evidence for very large cool disk systems,
which may not even qualify as starbursts, but rather star formation ocurring in
a more-or-less quiescent fashion in these very large disks.

As noted above, the incidence of AGN seems to increase with luminosity,
and this is also a strong redshift effect since the most luminous systems are
only known at higher redshifts. As also noted above, it remains remarkably dif-
ficult to determine the relative power contribution from star formation vs. AGN
activity in many ULIRGs. Many lines of argument are used to conclude that
star formation powers most ULIRGs at all redshifts. These include the energy
reservoir available from nucleosynthesis relative to SMBH accretion; low AGN
power deduced from absorption-corrected hard X-ray detections; the number of
obscured AGN required to explain the XRB and the correlation between bulge
and SMBH masses which suggest bulge growth events must accompany SMBH
growth. Arguments for a stronger importance for AGN power include that lu-
minosities above 1013L� are very extreme for a starburst event while many
high-redshift QSOs are known with such luminosities; a large number of QSO-
powered ULIRGs is expected in AGN unification-by-orientation schemes; hard
X-ray absorption correction is difficult, and Compton thick AGN such as Mrk
231 are very difficult to detect at high redshift.

Perhaps one of the strongest lines of evidence one way or the other comes
from the impressive correlation between warm dense molecular gas traced by
the HCN molecule with infrared luminosity (Gao & Solomon, 2004), which ex-
tends across 4 orders of magnitude in luminosity from 109 to 1013. There’s little
doubt that low luminosity systems are powered by disk star formation, so this
relation provides support for the picture that even HLIRGs can be powered by
star formation. HCN ULIRG detections are limited at high luminosity/redshift,
however, and they tend to be displaced above the lower luminosity redshift re-
lation towards excess LIR/MHCN (Carilli et al., 2005), which is consistent with
the presence of an an additional, AGN, power source but is also within the scat-
ter of the lower redshift starburst relation. Spitzer will be able to provide deep
insights into this debate because the presence of a significant AGN power source
will be evident the mid-infrared spectral shape, as demonstrated by the recent
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flurry of papers reporting the discovery of large populations of highly obscured
QSO/ULIRGs (Martinez-Sansigre et al., 2005; Polletta et al., 2006; Yan et al.,
2005; Houck et al., 2005; Donley et al., 2005).

The causes for the dramatic differences in ULIRG number density and nature
since z∼3 must lie with the evolving matter density field and galaxy formation
processes. Since interactions and mergers are clearly implicated in most ULIRG
activity, the most natural assumption to make is that these objects follow ’the
action’. They are, after all, the most dramatic active events that occur in the
Universe, the prima donnas of the show. At a given epoch they are likely to occur
where the most dramatic gas rich mergers are happening, as illustrated in the
simulation of K. Nagamine (private communication) in Fig. 9.5. At the earliest
epochs of galaxy formation the action is at the sites of future rich clusters, while
at current times loose groups are ideal future ULIRG sites since there are a few
close galaxies with moderate relative velocity, and gas has not been exhausted
yet. At intermediate redshifts, the best ULIRG sites may be the interaction zones
in cluster-cluster mergers. These ideas are consistent with the sparse currently
available observations of ULIRG environments at various redshifts.

So what are the key unanswered questions and where do we go from here
to answer them? So far ULIRG samples are quite sparse - numbering in the
hundreds over a huge redshift range. We clearly need much larger, volume-limited
samples. Moreover there are serious selection biases since high-redshift systems
have been selected at sub-mm wavelengths by their cool dust, and substantially
warmer systems will have been missed. Therefore we need to understand the full
range of ULIRG SEDs and obtain complete samples with well measured SEDs
via selection from the mid-IR to the sub-mm. Spitzer will clearly revolutionize
this field, bringing in the warm-samples to complement the sub-mm ones, but
also selecting PAH-dominated objects as the mid-IR PAH features redshift into
the 24µm band. Larger, deeper sub-mm & mm surveys are also required to reach
down the luminosity function at z>1 and combat the effects of cosmic variance.

To complement the ULIRG samples it’s obviously important to study com-
plete QSO samples in the same volumes of space and to determine the lifetimes
of both types of object, to directly investigate their evolutionary relationships.
A tricky aspect to this work will be the fact that ULIRG and QSO luminosities
are predicted by the most recent simulations to vary very dramatically on short
timescales (as are SMBH and stellar masses), especially as the SMBH building
and AGN accretion phase accelerates, so matching samples by luminosity or
mass is probably going to match apples and oranges.

Key to understanding the role of ULIRGs in galaxy formation - their con-
nections to other kinds of systems, their progenitors and their descendents, the
connections between bulge and SMBH building and the relative importance of
starburst vs quiescent star formation modes – is to determine the host galaxy
properties of ULIRGs and QSOs, especially stellar masses and morphologies, and
to determine the richness of their environments and their clustering properties
as a function of redshift.

The future holds great promise for answering these questions. Measuring the
clustering of ULIRGs requires wide area far-IR/sub-mm surveys, which are or
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will be forthcoming from Spitzer, SCUBA-2, APEX, ASTRO-F, Herschel and
WISE. These surveys will also provide the large samples of ULIRGs needed
to measure the range in dust temperatures in the distant ULIRG populations,
with detailed followup provided by other groundbased facilities. Measuring sizes,
morphologies, and stellar masses, assessing the impact of gravitational lensing
and determining environmental richness, on the other hand, require deep pointed
observations in the near-IR to radio. Here the key facilities are Spitzer, JWST,
ALMA, the EVLA and SKA. Imaging in molecular and other submm/mm lines
will also be possible with ALMA.
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10 The Role of Galactic Winds
in Galaxy Formation

C.L. Martin

Abstract: Astrophysical processes such as gas cooling and feedback, i.e. gas reheat-
ing from stars and quasars, render galaxy formation quite complicated compared to
large-scale structure formation. Empirical calibrations of the star formation rate and
supernova-feedback efficiency have proven critical for simulating the formation and evo-
lution of galaxies in cosmological models. The measured properties of galactic winds,
relevant to these recipes, are reviewed here. Observations from X-ray, ultraviolet, op-
tical, and infrared observatories yield important information due to the complex, mul-
tiphase nature of galactic outflows. This contribution also examines how these mea-
surements constrain dynamical models of outflows. Possible implications of this, still
evolving, dynamical understanding of galactic winds are discussed with regard to shap-
ing the galaxy luminosity function and polluting the intergalactic medium with heavy
elements.

10.1 The Astrophysics of Galaxy Formation

Gravity defines the landscape for structure formation in the Universe. By re-
tarding the expansion of overdense regions, gravity amplifies the tiny inhomoge-
nieties present in the early Universe creating sheets and filaments of overdense
regions that wrap around the more rapidly expanding voids. The distribution of
intergalactic gas clouds (Croft et al. 2002), the galaxy-galaxy correlation func-
tion (Percival et al. 2002), and the power spectrum of the microwave background
(Spergel et al. 2003) reveal how mass clusters over a range of length and red-
shift scales. The ΛCDM cosmogony is consistent with the measured spectrum
of mass fluctuations and predicts that galaxy halos assemble hierarchically –
massive halos assemble at lower redshift than do low mass halos (Lacey & Cole
1993).

These cosmological aspects of structure formation do not, however, describe
the colors, sizes, shapes, or even luminosities of galaxies. These artifacts of a
galaxy’s past star formation history and merger history offer important clues to
how galaxies were assembled. Galaxies turn out to present a broad range of star
formation histories that depend on both environment and mass. Evolution is
accelerated in rich environments where galaxies contain old stellar populations
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dominated by low mass, and therefore red, stars (Dressler 1980). Many stars in
local spiral galaxies formed 6-10 Gyr ago, but the consumption of interstellar
gas was slow enough that significant star formation continues today (Kennicutt
1983). In poor environments, the baryons in many dwarf galaxies are still com-
posed primarily of gas, and the star formation rate has probably been fairly
constant over cosmic time. Look-back studies show that both star formation
and nuclear activity were stronger at z ∼ 1 − 2 than today and took place in
higher mass objects (Cowie et al. 1996; Heckman et al. 2004). This dependence
on galactic mass appears, at first sight, orthogonal to the hierarchical assembly
picture and is often called downsizing.

This absence of late-forming, massive galaxies in the centers of galaxy groups
and clusters is only part of the problem encountered by simple models of star
formation in a ΛCDM universe. Figure 10.1 illustrates the number density dis-
crepancy. The data points for the shape of the galaxy luminosity function do not
match the shape to the halo mass distribution denoted by the dashed line. The
density of galaxies drops off exponentially for luminosities larger than the Milky
Way, while the halo abundance falls off more slowly (Somerville et al. 2002; Ben-
son et al. 2003; Croton et al. 2005). And, although more galaxies are found at
lower luminosities, the number of dwarf galaxies does not increase as rapidly as

Fig. 10.1. K-band luminosity function of galaxies. Model 1 (dashed line) shows the re-
sult of converting the dark matter halo mass function into a galaxy luminosity function
by assuming a fixed mass-to-light ratio chosen to match the knee of the luminosity func-
tion. Model 2 (dotted line) shows the effect of gas cooling but no feedback or merging.
Models 3 and 4 (long-dashed and solid lines, respectively) show the effects of adding
photoionization and then galaxy merging. Reproduced from Benson et al. (2003).
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the density of low-mass halos in ΛCDM. Choosing an appropriate stellar light
to dark matter ratio makes the number of galaxies and halos agree at, and only
at, a mass scale typical of the Milky Way. The characteristic cut-off luminosity
is called L∗, where dN = N0(L/L∗)−αe−L/L∗

dL and dN is the number density
of galaxies per luminosity interval dL.

Taking into account the long cooling time of gas in the most massive halos
lessens the discrepancy at high luminosities but does not explain the sharp cut-off
in the galaxy luminosity function (Thoul & Weinberg 1995; Benson et al. 2003;
Croton et al. 2005). Models that fit the luminosity function include additional
gas reheating processes in massive systems (Benson et al. 2003; Croton et al.
2005). In theory, the discrepancy at luminosities below L∗ can be rectified by
removing a significant amount of gas from the smaller galaxies (Dekel & Silk
1986). Feedback refers to physical processes like gas reheating and gas removal
that prevent, or at least delay, additional star formation.

In starburst galaxies, the temporal and spatial correlation of supernovae from
massive stars is expected to produce more efficient feedback than do lower con-
centrations of star formation in normal galaxies. As much as 30–50% of the star
formation in the Universe occurs in starburst events – thought to be triggered
by galaxy interactions. Feedback can have a particularly large effect on galaxy
evolution during their assembly phase. Energy sources for this feedback include
accretion onto supermassive black holes, supernova explosions, and even ultra-
violet radiation from galaxies. This review focuses on how much of the feedback
problem is solved by supernova. It examines mass scales from dwarf starbursts
to ultraluminous infrared selected galaxies. The recent review by Veilleux et al.
(2005) consider AGN feedback in more detail.

10.2 Basic Feedback Physics

The basic unit of feedback in starburst galaxies is the kinetic energy of a super-
nova explosion from a massive star, or 1051 ergs. (The energy carried away by
the neutrinos is ignored since it does not couple to the surrounding gas.) The
clustering of Type II supernova in time and space leads to a high porosity of hot
gas with a long cooling time. Stellar winds make an important contribution to
this mechanical power on the timescale of O-star lifetimes – i.e. a few Myr.

Population synthesis models sum the number of supernova per unit time over
the stellar mass function. The stellar mass cut-off for supernova is much lower
(∼ 10 M�) than that for hot-star winds (∼ 20 M�), however, so the supernova
completely dominate the total energy injection on the ∼ 10 Myr timescale of
galactic outflows. It follows that the mechanical feedback on timescales of 10 Myr
or more is not predicted to vary strongly with metallicity. For an instantaneous
burst of star formation, the increasing number of stars at lower masses is almost
exactly canceled by their increasing lifetime leading to a fairly constant Lw(t)
for
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10.2.1 Feedback from massive stars & population synthesis models

To illustrate the amount of feedback from massive stars, the mechanical power
predicted by a population synthesis model is compared to the stellar luminosity
and ionizing luminosity – i.e. photons with hν > 13.6 eV. The results clearly
depend on the relative distribution of stellar masses. The low mass stars, say
M < 8 M�, can be ignored for estimating ionizing luminosity and supernova
rate. The low mass cut-off does, however, significantly affect the normalization
since most of the mass is in low mass stars. Figure 10.2 shows a model for
a Salpeter initial mass function, slope d log N/dM = −2.35, that covers the
mass range 1.0 M� to 100 M�. These curves were computed with Starburst 99
(Leitherer et al. 1999) for a constant star formation rate. Equilibrium values
are reached after about 40 Myr when the death rate of the least massive stars
that undergo core-collapse supernova reach their birth rate. The mechanical
power available is only about 1% of the bolometric luminosity. One challenge is
to determine what fraction of it is radiated away and unavailable to drive an
outflow. Notice that more energy is available in the ionizing continuum, which
reaches about 10% of the bolometric luminosity.

Momentum-driven outflows have received attention for just this reason. The
momentum supplied from supernova and stellar winds can be estimated from
population synthesis models like Starburst 99. The mass flux of stellar debris

Fig. 10.2. Luminosity, ionizing luminosity, and mechanical power generated by a star
formation rate of 1 M� yr−1. The stellar initial mass function has slope d log N/dM =
−2.35 and covers the mass range 1.0 M�to 100 M�. Model is from Starburst 99 (Lei-
therer et al. 99). The metallicity is solar.
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and the mechanical power determine the ejecta velocity, v2
w = 2Lw/Ṁej . The

total momentum is then ṗej = Ṁejvw. For the fiducial SB99 model above, this
quantity reaches a maximum at 100 Myr which is about 2.5 times the momentum
flux at an age of 10 myr. For reference, this value is

ṗ = 5 × 1033 dyne(SFR/1 M� yr−1). (10.1)

The momentum in the radiation field is similar (Murray et al. 2005).

10.2.2 Hydrodynamics

Weaver et al. 1977 described the basic onion-skin structure of a wind-powered
bubble. The supersonic outflow from a stellar wind or ensemble of supernova
generates a shock wave about the time it sweeps up its own mass in ambient
gas. This ambient gas will be compressed into a thin outer shell if it radiates. The
hot, shocked supernova/wind ejecta fills most of the volume within this shell.
The pressure of this bubble drives the shell outward. Expressing the solutions
to this equation of motion in useful units, we have

R = 104 pc L
1/5
40 n−1/5t

3/5
6 (10.2)

and
v = 61 kms−1L

1/5
40 n−1/5t

−2/5
6 (10.3)

for the shell radius and velocity, where the mechanical power is in units of
1040 ergs s−1; and the age is in units of 1 Myr. An excellent review of more
general solutions for blastwaves with power law luminosity L(t) and density
n(r) functions can be found in Ostriker & McKee (Rev mod physics).

The mechanics of superbubbles rest on the idea that above a critical star for-
mation rate, supernova remnants will overlap. The combined hot cavity drives
an outflow much as an indvidual stellar wind bubble (Tenorio-Tagle & Boden-
heimer 1989). The porosity of hot gas can be estimated from the supernova rate
per unit volume (S), the lifetime of the SNR before merging with the general
ISM (τ), and the size of the SNR at confinement (V ), fHot = 1 − e−Q, and
Q = V Sτ (McKee & Ostriker 1977). Empirically, outflows are seen when the
local density exceeds about 0.1 M� yr−1per square kpc.

The nature of the problem changes when the size of the bubble grows to
a scale height (MacLow et al. 1989; de Young & Heckman 1994). This symme-
try breaking is quite important. That the shock stalls in the plane of the disk
prevents total disruption of the galaxy in many cases where it is energetically
feasible (MacLow & Ferrara 1999; Martin 1998). Only after blow-out does a free-
flowing wind develop (Chevailer and Clegg 1985). Hydrodynamic instabilities
along the wind/disk interface, and at the accelerating shell, generate fragments
of interstellar gas that are entrained in the hot wind (Heckman et al. 2000).
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10.2.3 Outflows from active galactic nuclei

The properties of the gas accreted by galaxy groups and clusters are well-defined
by the standard framework for hierarchical structure formation, but the mea-
sured relations reveal excess entropy compared to predictions (Babul et al. 2002).
Scannapieco & Oh (2004) point out that the total energy available from all
Type II supernovae is not sufficient to explain this cluster reheating – approx-
imately 1 keV per baryon; but the bolometric luminosities of quasars are far
above the levels necessary to preheat the ICM. Quasar outflows are potentially
more important for structure formation than supernova-driven winds.

The ionizing radiation from quasars clearly has a critical impact on the phys-
ical state of the IGM. The prevalence of additional feedback in the form of jets
and radiatively-driven winds is complicated by the complex relationships be-
tween the numerous classes of AGN; see Antonucci (1993) for a review. Roughly
3-10% of quasars exhibit strong, broad absorption in UV resonance lines, which
are blueshifted relative to the center of the broad emission lines (Begelman et al.
1991). These statistics can be interpreted as all radio-quiet quasars hosting out-
flows with a 10% covering factor. Estimates of their mechanical power vary by
a factor of 10 in either direction from Lbol. AGN-driven ouflows are common in
Sey 1 galaxies, but outflows from the more common Sey 2 galaxies appear to be
driven largely by the starburst in many cases (Levenson et al. 2001a,b; Rupke
et al. 2005c). It remains uncertain on what spatial scale the AGN energy is de-
posited in the surrounding gas, something which has a large effect on radiative
losses. AGN feedback of this type may be closely associated with starbursts.

Optical AGN and radio-galaxies may be independent phenomenon, triggered
by different physical mechanisms (Croton et al. 2005, Best et al. 2005). The out-
flows from radio-loud quasars form collimated jets, which deposit particles into
a cocoon that expands into the surrounding medium. The mechanical power
can reach LBol. The fraction of galaxies that host radio-loud AGN, L(1.4 GHz)
greater than 1023 WHz−1, rises from nearly zero below a stellar mass of 1010 M�
to more than 30% at 5 × 1011 M�(Best et al. 2005). Considering this strong de-
pendence on black hole mass, it is not surprising that these jets tend to be found
in rich clusters. Best et al. (2005) argue that the relation of black hole mass to
the radio-loud AGN fraction reflects the gas cooling rate in elliptical galaxies.

10.3 Measured Properties of Galactic Outflows

In a little over a decade, our knowledge of galactic winds has grown from a
tunable parameter to a phenomenon highly constrained by observations. The
development of high-resolution X-ray spectral imaging has made it possible to
constrain the metal content of hot galactic winds, or at least the interfaces
between the wind fluid and cooler gas. Much remains to be learned, however,
about the relationship between cold, warm, and hot gas in galactic outflows.
This knowledge would constrain dynamical models thereby determining how
far winds travel. Ideally, the kinematics, composition, density, and temperature
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would be measured for each phase – something not currently possible. I describe
here how a subset of these quantities have been measured using observations
from X-ray to radio wavelengths.

One key challenge is to understand how feedback varies with galactic mass.
The images in Fig. 10.3 show outflows from the galaxy NGC 1569, ∼ 108 M�
of gas, and a lower mass dwarf NGC 3077 (∼ 107 M� of gas). The ambient
gas disks are more effective at restricting the outflow in the larger systems.
The trend is even stronger moving up another dex in mass to M82 (see Figure
4 of Veilleux, Cecil, & Bland-Hawthorn 2005). The extended X-ray emission
from ultraluminous starbursts is more complicated as shown, for example, in
the Chandra images of Arp 220 in (McDowell et al. 2003). The ambient medium
that the starburst wind encounters is considerably more complicated than that
encountered by the M82 or NGC 1569 winds because the tidal interaction propels
streams of material outward and generates regions of inflow (Hibbard et al. 2000)

10.3.1 Optical emission lines

Starburst galaxies generally present moderately-bright optical emission-line fil-
aments which extend up to ∼ 10 kpc out of the galactic disk (e.g. Heckman,
Armus, & Miley 1990; Marlowe et al. 1995; Martin 1998). The optical recombi-
nation line luminosity and the collisionally-excited line luminosity are found to
be dominated by emission from photoionized clouds (e.g. Lehnert & Heckman
1996; Martin 1997; Miller & Veilleux 2003). Considering the large amount of
energy in the ionizing continuum of a normal stellar population, compared to
the mechanical power, the dominance of photoionization is not surprising.

Despite the dominance of the emission from photoionized clouds on a global
scale, strong evidence for the presense of shocks is seen several kpc from the
starburst region in the more extended filaments. The line ratios observed along
the outflows evolve toward shock-like line ratios with increasing distance from
the starburst region. Figure 2 of Martin (1997) shows several examples in dwarf
starburst galaxies. Line ratios become more “shock-like” (high ratios of [N II]
λ6583/Hα, [S II] λ6716, 6731/Hα, and [O I] λ6300/Hα) further out along the

minor axis. Hybrid models that combine photoionization, shocks, and/or emis-
sion from turbulent mixing layers match the data better than photoionization
alone. The rough constraints available on the chemical abundances in the dwarf
starburst filaments are consistent with them being composed of disk material
(Martin 1996, 1997). Non-photoionization processes are responsible for only 3–
4% of the Hα emission (Calzetti et al. 2004).

The dynamics of the optical filaments were established in the seminal pa-
per by Heckman, Armus, & Miley (1990). They showed that the network of
Hα emitting filaments extending along the minor axis of starburst galaxies
presents double-peaked emission profiles characteristic of a moving shell. The
pressure gradients indicated the shells were driven by an extended power source,
and the starbursts were found to be strong enough to explain the observed shell
velocities of 100 – 300 km s−1. Lower velocities were subsequently measured in
dwarf galaxies (Marlowe et al. 1995; Martin 1998).
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Fig. 10.3. Multi-band pictures of galactic outflows. Outflows become more bipolar,
i.e. less spherical, in larger systems. Images are from Ott et al. (2003) and Martin et al.
(2002).
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For starbursts of all sizes, the estimated mass flux in the warm ionized fila-
ments is similar to the star formation rate (Martin 1999). This assertion rests
on a volume filling factor derived from the assumption that the thermal pressure
in the filaments is similar to that of the X-ray emitting region. The projected
velocities of the warm shells are not much larger than the escape speed however,
so some of the warm gas probably remains bound to the parent halo. How much
warm gas escapes from the gravitational potential is model dependent.

10.3.2 X-ray emission

The optical observations provide little direct evidence for gas extending more
than a few kpc from the plane of the galactic disk, but the expansion renders
the wind emission measure, EM =

∫
n2

eds, undetectable due to the steep radial
density gradient in the wind. Indeed, the extended wind may only be directly
visible when it runs into something as seen, for example, north of M82 (Devine
& Bally 1999; Lehnert et al. 1999; Stevens, Read, & Bravo-Guerrero 2003). Sim-
ilarly, even close to the starburst region, the most sensitive X-ray observations
may be blind to the hottest component of the wind which if at T ∼ 108 K
would have a volume density about 100 times lower than the detected hot wind
(and an emission measure about 104 times lower) (Strickland & Stevens 2000).
The extraordinary sensitivity of XMM/Newton has very recently detected X-
ray emission over a larger region, albeit with a high degree of structure, out to
14 kpc from the disk of M82 (Stevens et al. 2003).

The Chandra X-Ray Observatory has revolutionized our understanding of the
origins of X-ray emission in starbursts. The arcsecond spatial resolution of the
ACIS imaging spectrometer reveals that the brightest X-ray emitting gas lies ad-
jacent to the warm, optical filaments. For example, in the prototypical starburst
NGC 253, the X-ray emission was resolved into filaments out to 9 kpc above the
disk (Strickland et al. 2000, 2002). Associations between the X-ray emission and
the warm-ionized filaments have also been found in NGC 3079 (Cecil et al. 2002)
and NGC 1482 and NGC 6240 (Veilleux et al. 2003). Our X-ray view is strongly
biased toward the densest regions of the hot wind at its boundary layer with the
cooler, optical filaments.

The absence of local enrichment in HII regions suggests that most of the
metals from core-collapse supernovae are injected directly into the hot ISM
(Kobulnicky & Skillman 1996, 1997; Martin 1996). Measurements of chemical
abundances from X-ray spectroscopy are therefore of great interest. In principle,
abundance determinations for a collisionally ionized plasma are easier than in
the nebular case in which photoionization must be included in the model. Un-
der coronal conditions, the ionization structure is completely determined by the
electron temperature, which is fixed by processes like hydrodynamic shocks.

In practice, metal abundances derived from thermal X-ray spectra are of-
ten unreliable. The observations have several biases. First, until recently, the
spectral apertures were large compared to the thickness of superbubble shells.
The X-ray emission within an aperture was the sum of emission from multiple
components – i.e. shocked shells, mixing layers, hot bubbles, and point sources –
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all weighted disproportionately by the densest regions. Second, the observations
were not very sensitive to gas cooler than 106 K or hotter than 107.5 K. Third,
due to a degeneracy between high-metallicity, two-temperature models and low-
metallicity, single-temperature models, metallicities fitted to the data tended to
be pushed lower than their true value if the temperature range was not fully
represented (Buote & Canizares 1994). Fourth, the omission of intrinsic absorp-
tion from the spectral models increased the apparent strength of Mg and Si lines
relative to Fe L lines. Unless lower energy lines from O were detected, statisti-
cally acceptable fits could be obtained with an anomalously high α -element to
Fe abundance ratio (e.g. Weaver, Heckman, & Dahlem 2000; Dahlem, Weaver,
& Heckman 1998). Generally a volume filling factor of unity and solar abun-
dances were simply assumed leaving significant uncertainties about the mass
and composition of the hot wind.

An ultra-deep Chandra exposure of the nearby starburst galaxy, NGC 1569,
is perhaps the best available for constraining abundances (Martin, Kobulnicky,
& Heckman 2002). The metallicity of the ISM in this galaxy is only 0.25 Z�, so
the contrast with supernova enriched gas is larger than it is in more luminous
starbursts. Figure 10.4 shows the ACIS spectrum of NGC 1569. At such low spec-
tral resolution, there is no single spectral model that uniquely fits this complex
spectrum. The high-resolution imaging data can break the model degeneracy,
however, when combined with data obtained in optical and radio bands. For
example, the X-ray color gradients reveal intrinsic absorption which is tightly

Fig. 10.4. Integrated spectrum of NGC 1569 (top curve). The contribution from point
sources (lower curve) is harder than that from diffuse gas (middle curve). Bottom panel
shows the folded X-ray background. Although individual lines are not resolved, the Fe L
complex and lines from several α-process elements are prominent in the spectrum. See
discussion in Martin, Kobulnicky, & Heckman (2002).
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correlated with the location of the 21-cm emission from the cold disk gas. The
relativity hard point source component is resolved and fitted independently. The
X-ray colors show there are at least two thermal emission components, and that
they have different mean absorbing columns. The strong spectral lines require an
alpha element abundance of at least 0.25 Z� to fit the spectrum. However, the
wind metallicity can be increased arbitrarily above this level provided the emis-
sion measure, which is proportional to the continuum normalization, is decreased
proportionately. Using population synthesis models, normalized to the starburst
in NGC 1569, to estimate the mass of supernova ejecta which is a lower limit
on the wind mass (i.e. no mass loading), the upper limit on the wind metallicity
is about twice solar. The best fit implies α - element abundances in the wind of
roughly solar, a mass loading factor ∼ 9, and Zα/ZFe ∼ 3. In NGC 1569, most
of the metals in the outflow come from the supernovae ejecta not the entrained
ISM even though the ISM supplies the majority of the mass in the outflow. It
appears likely that the wind carries most of the metals synthesized in the recent
burst. The fraction of the total stellar mass formed in such bursts is not yet
known.

10.3.3 Interstellar absorption in galaxy spectra

When an outflow passes between the observer and a bright, background light
source, the kinematics of the cold gas can be probed in absorption. The surface
density of quasars accesible to current telescopes is too low to allow tomographic
imaging with an array of distant quasars (Weedman 1986). Single sightlines
toward starburst nuclei, and even integrated galaxy spectra, have been used
quite effectively. The ultraviolet bandpass contains ground-state transitions for
a range of ionization states and elements.

Winds are ubiquitous in the rest-frame-UV spectra of Lyman-break-selected
galaxies at z ∼ 3 (e.g. Pettini et al. 2002; Adelberger et al. 2003; Shapley et al.
2003). Figure 10.5 compares the composite UV spectra of several hundred LBGs
to the local composite from Schwartz & Martin (2006). The galaxies that make
up the high-z sample are much more luminous than the local UV-selected galax-
ies, yet the spectra are remarkably similar. The resonance lines are blue-shifted
by about 200 km s−1 in each case relative to the systemic velocity, marked by
stellar lines. One difference is that not all the local galaxies present outflows, so
the absorption lines are broader and extend down to zero velocity.

Large samples of nearby galaxies have only been observed in optical lines due
to the much higher sensitivity of ground-based telescopes. The strongest lines
are from CaII, KI, and NaI, so only fairly cold gas can be probed. Most work
has focused on the Na I 5890, 5896 doublet owing to the high depletion of CaII
and high density of atmospheric sky lines near KI. This method probes lower
column densities than the 21-cm emission observations.

Most starburst galaxies show Na I absorption which is blueshifted relative
to the systemic velocity (Heckman et al. 2000; Rupke, Veilleux, & Sanders 2002;
Schwartz & Martin 2003; Martin 2005; Rupke et al. 2005a, Rupke et al. 2005b).
The absorption is measured against star clusters in the nucleus of the host galaxy,
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Fig. 10.5. Composite rest-frame ultraviolet spectra of UV-selected galaxies. (Top)
STIS spectra of 16 star clusters in local galaxies. (Bottom) Over 800 Lyman Break
Galaxies from Shapley et al. (2003). In spite of a gross difference in luminosity between
these samples, the low-ionization resonance lines are blueshifted by a similar amount,
142±80 km s−1 and 150±60 km s−1 respectively, in the nearby and distant composite
spectra. Reproduction of Figure 13 from Schwartz & Martin (2006).

so there is no ambiguity about the direction of the flow. Figure 10.6 summarizes
the expansion velocities measured at maximum optical depth for these data sets.
Taken together, there is a clear trend for the velocities to increase with increasing
burst strength. The outflows that exceed roughly 650 km s−1 tend to present
active nuclei (Rupke et al. 2005c; Martin 2005).

The hydrogen column is estimated from the NaI column using assumptions
about the sodium abundance, depletion, and ionization state. Sub-solar abun-
dances measured along sightlines through the disk and halo of the Milky Way
have been interpreted as depletion onto dust (Wakker & Mathis 2000; Savage &
Sembach 1996). In the Milky Way, the product of the Na depletion onto dust
grains and the NaI ionization fraction presents little variation with N(H). Pro-
vided the H column is less than 1021 cm−2, their product is ∼ 300, within a
factor of a few (Wakker & Mathis 2000). The correction may decrease by an
order of magnitude at higher columns due to self-shielding of Na from ionizing
radiation (Ferlet et al. 1985). Based on their broad range of FUV /FFIR flux ra-
tios, Murray et al. (2006) argue that the ionization correction could vary among
infrared selected starbursts by factors of over 100.

The inferred mass flux is also sensitive, however, to the size of the region the
sightline represents. Heckman et al. (2000) measured an extent of 1 to 10 kpc
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Fig. 10.6. NaI outflow velocity vs SFR. Slower outflow speeds are found in less lumi-
nous starbursts. From Martin (2005).

along their slits for the absorbing region, and they argued the cold clouds carried
a mass flux similar to the SFR. Rupke et al. (2002) found the mass flux in the
ultraluminous starbursts appears to be about an order of magnitude less than the
SFR. Of those dwarf galaxies which show interstellar Na I absorption, the area of
the outflow would need to be at least 1 kpc to bring the flux of cold material up
to that of the SFR (Schwartz & Martin 2003). Martin (2006) measured the run of
column density along the slit and found several surprising results. Among these
is the large variation in cool outflowing mass among ultraluminous starbursts
with similar star formation rates. The neutral clouds carry up to 10% of the
interstellar gas mass at rates comparable to the SFR. It is energetically possible
that starbursts power these outflows.

10.4 Constraints and Challenges for Dynamical Models

The fate of the gas in these outflows depends on the dynamical model. Figure 10.7
compares the thermal energy of the detected X-ray emitting gas to that needed
to escape from the potential of an isothermal sphere. The critical mass below
which a lot of hot gas escapes is about 140 km s−1 (Martin 1999). The critical
mass for this differential feedback is the same as that where the mass – metallicity
relation turns over (Tremonti et al. 2004). Since outflows decrease the effective
metal yield, one interpretation is that decrease in metallicity with mass is the
result of relatively more metal loss in hot winds from smaller galaxies.

The total radiative losses in the halo are also well-constrained by detections
of OVI absorption in several dwarfs. Figure 10.8 shows several FUSE spectra
of nearby dwarf starbursts. The OVI line is an excellent tracer of cooling gas
because stellar radiation is not hard enough to produce OVI. Heckman et al.
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Fig. 10.7. Temperature of the density-weighted diffuse X-ray emission vs. galactic
rotation speed. The curves show the escape speed for several halo models. See Figure 1.6
of Martin (2004) for details on individual data points.

Fig. 10.8. OVI absorption toward nearby dwarf starburst galaxies in FUSE spectra.
The OVI traces radiatively cooling gas. From Martin & Heckman, in preparation.
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(2001) show that the measured O VI column density is just what is expected
for gas that has been heated and then cools radiatively. They set an upper limit
on the cooling rate that is 20% of the supernova heating rate. Estimates from
optical emission lines give similar values (Martin 1997; Calzetti et al. 2004). The
absence of extreme radiative losses indicates that halo gas or a higher ambient
pressure in the IGM does not prevent the hot wind from escaping, as suggested
by Silich et al. (2001).

The fate of the cool outflow depends on where the absorbing material lies
and how it is accelerated. Figure 10.9 shows the measured velocities reach the
escape speed. Little material is clearly moving faster than that (Rupke et al.
2002; Martin 2005; Rupke et al. 2005b). Under the assumption that the outflows
are driven by the nuclear starburst, the simplest interpretation is that the ram
pressure of the hot wind probably accelerates these cool clouds (Heckman et al.
2000, Fujita et al. 2006). The clouds would reach the speed of the hot wind
provided the starburst supplies enough momentum to bring the entrained mass
up to the speed of the hot wind. One interpretation of Fig. 10.6 is that the
velocities rise with increasing SFR up to the point where supernovae supply
this critical momentum; but the velocity stops increasing once the SFR is high

Fig. 10.9. (Top), Outflow velocity at NaI line center vs. galactic rotation speed. (Bot-
tom), Maximum NaI velocity measured vs. galactic rotation speed. Reproduced from
Martin (2005).
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enough to accelerate the cool gas to velocity of the hot wind – about
√

3cs ∼
650 km s−1 (Martin 2005). Although outflows faster than this speed limit are
observed, they are nearly always associated with systems containing AGN –
and presumably additional acceleration mechanisms (Martin 2005; Rupke et al.
2005c).

The momentum could also be supplied by radiation pressure, especially in
ultraluminous systems (Murray, Quartaert, & Thompson 2005; Martin 2005).
The abundant Na I lines probe regions where H is neutral – i.e. relatively cool
and dense regions. The absence of Na I emission indicates these regions are also
dusty. Winds also scatter ultraviolet light indicating significant quantities of halo
dust (Hoopes et al. 2005). The velocities continue to increase with luminosity in
this model. In principle, the mass loss efficiency (relative to the SFR), Ṁc/Ṁ∗,
will fall off slower with halo mass for a momentum-driven wind than for an
energy driven wind (Murray et al. 2005). Rough estimates for ULIGs and a few
dwarf starbursts are consistent with the momentum-driven wind scenario, and
indicate the mass loss rate in the cold phase is of the same order as the SFR for
the strongest outflows (Martin 2006).

It is interesting to compare the mass flux of the cold flow to that in the warm
and hot gas phases. Figure 10.10 illustrates the enormous range in mass observed
among ULIGs with otherwise similar luminosity. It is not currently clear why

Fig. 10.10. Mass of cool outflow vs. star formation rate, as traced by the far-infrared
luminosity. An extremeley large variation in the mass of the cool component of the
wind is found among ULIGs with similar star formation rates. Symbol type is related
to dynamical age of the merger: double nuclei (solid), single nuclei with prominent tidal
tails (open), and single nuclei (crosses). Reproduced from Figure 6 of Martin (2006).
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they differ so much. Murray et al. (2006) show that the range could be produced
by variations in ionization parameter. Martin (2005) noticed that the systems
in the high mass loss state are all relatively young mergers. Their gas disks may
have just been shock heated by the encounter, in which case some orbital energy
may be tapped to drive the outflow (Cox et al. 2004). Indeed, the large angular
extent of these outflows, their large solid angle (as seen from the nucleus), and
the presence of significant rotation in a few cases indicate an outflow driven from
the entire gas disk, not just the nuclear region (Martin 2006). If merger-driven
winds are the answer, the amount of escaping debris will be sensitive to the
energy of the encounter.

10.5 Cosmological Impact of Galactic Winds

The maximum extent of galactic winds can be limited by a variety of factors:
cosmic time, the pressure of the IGM, and gravitational deceleration. The hot
winds from local dwarf starbursts could easily expand to radii of 30 to 50 kpc
before being confined by the IGM. In momentum-driven-wind models, gravity
wins at large radii in an isothermal halo. Martin (2006) demonstrate that the cool
ULIG winds have turn around radii of at least 40 kpc, and possibly much larger.
These estimates will undergo revisions as the data converge toward a specific
dynamical model for outflows. Hence, the implications for metal dispersal and
mass ejection are still preliminary.

10.5.1 The galaxy luminosity function

As described in the Introduction, the faint-end slope of the galaxy luminos-
ity function is shallower than the halo mass function. At luminosities down to
roughly 0.01L∗, the evidence for metal loss from local, dwarf starburst galaxies
is strong. The difference from the catastrophic outflows originally described by
Larson (1974) and Dekel & Silk (1986) is that bipolar outflows can leave much of
the gas disk intact. Numerical simulations, that include axisymmetry, find signif-
icant metal loss but not so much mass loss (MacLow & Ferrara 1999). Within just
a few Mpc, however, we find two dwarf starbursts – NGC 1569 and NGC 1705
– with much stronger starbursts than MacLow & Ferrara considered. Plausi-
ble feedback recipes largely solve the luminosity function – mass distribution
on this scale (Benson et al. 2003). Additional mechanisms like photo-ionization
supression may be required at the lowest masses.

Theoretical models of galaxy formation in a cold dark matter universe require
tweaking to reduce the efficiency of cooling in large galaxies, groups, and galaxy
clusters. Without energy input, gas cooling proceeds very efficiently in these
models, leading to too much star formation in high-mass galaxies. Inspection of
the most luminous starbursts in the local Universe suggests that radiation pres-
sure, merger induced shocks, and active nuclei provide additional acceleration.
These affects likely play a role in suppressing star formation just above L∗.
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On group and cluster scales, the evidence is rapidly growing that feedback
from radio-loud quasars is the dominant feedback. In their simulations, Croton
et al. (2005) distinguish radio mode feedback from optical AGN. Using 10% of
the accretion energy, ṀBHc2, for the mechanical power, Croton et al. (2005)
demonstrate that this radio model feedback strongly suppresses cluster cooling
flows. This prevents the formation of new stars in the most massive halos thereby
keeping the color of massive galaxies red – as observed, but not previously pro-
duced (Springel et al. 2005). The resulting reduction in the luminosities of bright
galaxies induces a sharp break in the luminosity function, which matches obser-
vations.

10.5.2 Dispersal of heavy elements & intervening absorption

Intervening absorption line systems (ALS) detected in quasar spectra provide, in
principle, a statistically complete census of metals deposited by galactic winds.
In practice, the distinction among galactic winds, tidally stripped gas, infalling
halo gas, and the general IGM is blurry.

To produce detectable metal-line absorption, the gas must (1) have the proper
conditions for the ion to be abundant and (2) be enriched enough to make the
line strong. The relevance of three well-studied populations: OVI absorbers, CIV
absorbers, and MgII absorbers are reviewed here. Although the ionization of the
gas is not necessarily connected to an associated galaxy, galaxies are generally
considered the only source of metals after the initial Population III enrichment.

The problem with absorber-galaxy associations is that an unseen, fainter
galaxy may exist closer to the sightline than the identified galaxy. Galaxies
and absorbers may, independent of each other, be correlated with the same
overdensities in large scale filaments. The hydrogen overdensity, δ ≡ (ρ − ρ̄)/ρ,
related to the HI column density by simulations (Davé et al. 1999), is a useful
quantity for identifying similar structures at different epochs.

OVI absorbers

Among these strong, ultraviolet lines, OVI λλ1031.93, 1037.62 traces the hottest
gas. The ion is produced in shocks, at hot-cold interfaces in the IGM, and via
photoionization by the metagalactic background. Cosmological simulations pre-
dict that shocks generated by the formation of large-scale structure heat a large
fraction of the baryons by the present epoch (Cen et al. 2001). OVI absorption
traces only the coolest part of this warm-hot IGM (Nicastro et al. 2005). In
collisional-ionization-equilibrium, the maximal fractional ionization for O+5 is
20% at T = 105.45 K.

From FUSE detections of OVI from Galactic high-velocity clouds (e.g. Sem-
bach et al. 2003), it is clear that the extended halos of larger galaxies produce
OVI absorption. Projecting the Galactic HVCs as if they were observed around
another galaxy, TF05 conclude that HVC-like OVI absorbers make a significant
contribution to the observed numbers if massive galaxies have large halos or if
all galaxies down to Mr ∼ −16 (0.01L∗

r) have OVI HVCs to 100 kpc.
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Fig. 10.11. Histogram of observed OVI column density. Forty OVI absorbers found in
FUSE spectra are shown. The number of systems rises steeply toward lower columns.
Reproduced from DS05 Figure 4.

Figure 10.11 shows the local dN/dNOV Idz distribution measured from FUSE
spectra of AGN (Danforth & Shull 2005). Several properties of this popula-
tion are relevant to outflows. First, the steep fall-off toward strong systems,
dN/dNOIV ∝ N−2.2±0.1

OIV , indicates that numerous weak absorbers contain mass
comparable to the strong absorbers. If the deficit of absorbers at log NOV I < 13.4
is real, then metals are not as uniformly distributed throughout the low-δ IGM
as simulations assume (Tumlinson & Fang 2005). Second, Danforth & Shull es-
timate a metallicity ZO = 0.09 Z�. This derivation is complicated by the multi-
phase nature of the absorbing systems but indicates a significant enrichment of
the δ ≥ 5 IGM since z ∼ 3. This result is supported by metallicity estimates for
twelve absorbers at z ∼ 0.3 (Prochaska et al. 2004).

The OVI absorption statistics at z ∼ 2.5 are summarized by Simcoe et al.
(2004). They find a median IGM abundance [O/H] = −2.82. The broad spread of
values indicates they have not detected a universal metallicity floor. Furthermore,
since the median metallicity of systems at z ∼ 3 is significantly lower than that
measured locally, substantial enrichment of the IGM over the past 10 Gyr is
indicated. Apparently, the bulk of the intergalactic metals formed much later
than the first stars.

Outflows should be more enriched than the general IGM. Other proper-
ties that might confirm or refute an outflow origin include kinematic proper-
ties and/or direct association with galaxies. The OVI systems from DS05 are
kinematically similar to HI systems, but span a much narrower range in column
density. For essentially all OVI samples, the OVI column density correlates with
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line-width in a manner consistent with that predicted for radiatively cooling gas
(Heckman et al. 2000). Stocke et al. (2005) find that 50% of the DS05 OVI sys-
tems have velocity offsets between Lyα and OVI at 50–200 km s−1, which could
represent the speed of the shocks creating the OVI.

Stocke et al. (2005) compared the DS05 OVI absorber redshifts to over a mil-
lion galaxy redshifts. They found that absorbers with 10 ± 5% solar metallicity
have a median spread in distance of 350-500h−1

70 kpc around L∗ galaxies and 200-
270h−1

70 kpc around 0.1L∗galaxies, where the ranges reflect metallicity uncertain-
ties. They argue that galaxies fainter than 0.1L∗ are the primary contributers to
metals in the IGM. If bright galaxies were responsible for IGM enrichment, OVI
absorbers would be found at greater distances from galaxies. Larger absorber
cross sections would then be required to match the OVI line frequency.

Figure 10.12 compares the separations of some local OVI–galaxy pairs. Tum-
linson & Fang (2005) conclude that there is direct evidence that metals are spread
to ∼ 100 kpc from all galaxies. Evidence for further propagation is weaker.

Fig. 10.12. Top: Differential number of OVI absorbers as a function of galaxy lumi-
nosity. The model is tied to a local redshift survey. Contours of constant cumulative
dNOIV /dz. The symbols mark parameters for the nearest neighbor galaxies for seven
well-studied QSO absorbers Reproduced from Tumlinson & Fang (2005) Figure 1.
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CIV absorbers

Counting OVI absorbers provides a lower limit on metal production since some
gas resides at both hotter and cooler temperatures. For example, the C+3 in CIV
absorbers is primarily photoionized by the metagalactic background. Higher ion-
ization, i.e. CV, is favored in the most tenuous regions (see Fig. 4 of Simcoe et al.
2004). The addition of these metals compounds the dispersal problem presented
by the OVI absorbers.

At z < 0.9, CIV λλ1548, 1550 absorption systems are strongly clustered
around galaxies on velocity scales v ≤ 250 km s−1 and impact parameter scales
of ρ ≤ 100 h−1 kpc (Chen et al. 2001). Adelberger et al. (2003) found a positive
correlation between galaxies and CIV systems at redshift 2-3. A typical galaxy
is surrounded to radii r ∼ 40 kpc (proper) by gas that has a large velocity
spread, v > 260 km s−1 and column typical of galaxies, N(CIV ) 	 1014 cm−2

(Adelberger et al. 2005). At columns N(CIV ) 	 1014 cm−2, the extent in-
creases to about 80 kpc. The associated galaxies reside in relatively dense en-
vironments and have young stellar populations consistent with prior starburst
activity.

The shape of the CIV column density distribution remains essentially in-
variant, with slope −1.44, from z=1.5 to z=5.5 (Songaila 2005a). At z ∼ 2.5,
high column density CIV systems, NHI ∼ 1015 − 1016.5cm−2, are generally de-
tected in OVI. Simcoe et al. (2005) argue that the absorber geometries resemble
thin sheets or bubbles, which are associated with radiative shocks. Their ob-
servations and simulations indicate these are dense, ρ/ρ̄ ∼ 1000, metal-rich,
Z>∼ 1/10 − 1/3 Z� regions. Simcoe et al. find a distinct dropoff in the absorber
gas density at impact parameters larger than 300 kpc (physical) from galaxies.
The strong metal enrichment out to impact parameters reaching 100-200h−1

71 kpc
indicate the shocks are expelled, rather than infalling, gas.

Songaila (2005b) addresses the question of which CIV ALS could be directly
associated with galactic outflows. She argues that if CIV is present throughout a
bubble, it should be detected from the systemic velocity of the galaxy up to the
wind speed. The abundant weak CIV systems, N(CIV ) < 2 × 1013 cm−2, have
narrow lines that are unlikely to arise from galactic winds. To reproduce the CIV
redshift path above 1013 cm−2, the cross section per galaxy requires an absorber
radius of 200 kpc. Since the galaxies are not more than 1 Gyr old at z = 3,
the minimum expansion velocity is 200 km s−1. As many as half the stronger
CIV systems are wide enough that they could be produced in starburst outflows.
Figure 10.13, from Figure 11 of Songaila (2005b), shows that the SiIV/CIV ratios
of the �v(FWTM) > 100 km s−1 CIV systems are larger than for the more
quiescent systems. These systems could be ionized by the softer spectrum of the
parent galaxy.
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Fig. 10.13. Measured SiIV/CIV and CII/CIV ratios in intervening systems are com-
pared to a simple prediction (AGN power law spectrum and Si/C ratio 2.5 times solar).
Filled squares denote systems with �v(FWTM) > 100 km s−1 . The systems with a
large velocity width are also ionized by a softer spectrum. Reproduced from Songaila
(2005b).

MgII absorbers

The MgII λλ2796, 2803 systems are associated with the photoionized halos of
galaxies. At comparable sensitivities, about one-quarter of CIV systems are de-
tected in MgII; and nearly all MgII systems are detected in CIV (Steidel &
Sargent 1992). Over the redshift range 0.2 < z < 1.0, the average MgII system
is associated with an 0.7L∗

B galaxy (Steidel, Dickinson, & Persson 1994). Bright
galaxies, L > 0.1L∗

K , within 50 h−1 kpc of quasar sightlines produce detectable
metal lines of Mg II and/or C IV in the QSO spectrum (Steidel et al. 1997). The
origin of the halo gas is debated.

A recent census of strong, Wr > 1.0Å systems, using SDSS spectra, shows
a mild evolution with redshift (Prochter et al. 2005). The redshift path density
increases as dN/dz = 0.094(1+ z)1.29 for 0.35 < z < 2.3. Bond et al. (2002) pro-
posed previously that a significant fraction of these strong, Wr > 1.8Å, absorbers
are due to superwinds. They argued that (1) the symmetric-inverted structure
of many line profiles reflects the two lobes of a bipolar outflow, and (2) the inci-
dence of such systems increases rapidly with redshift over 1 < z < 2 - reflecting
the increase in star formation activity. The velocity splitting of several hundred
km s−1 in the symmetric-inverted profiles is consistent with measured outflow
speeds. Prochter et al. (2005) argue a mixture of galactic winds and accreting
gas are required. The cross-section determined from MgII absorption and LBG
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data, σ ∼ 0.01h−2 Mpc2 at z ∼ 3, is consistent with the idea that galactic winds
are the primary host of high redshift MgII absorption.

The presence of significant rotation in the halo gas of at least a few systems
(Steidel et al. 2002) is not compatible with a wind driven by a nuclear starburst
but is similar to the merger-driven outflows discovered recently (Martin 2006).
More direct comparisons between absorber velocities host-galaxy kinematics are
clearly needed.

10.6 Summary and Future Direction

A substantial amount of gas is entrained in hot galactic winds leading to compli-
cated, multi-temperature flows. These outflows are largely invisible in emission
at distances >∼ 10 kpc from galaxies. More extended gas contributes, however,
to highly-blueshifted absorption lines seen in starburst galaxy spectra. Growing
kinematic and physical evidence suggests that a significant subset of intervening
absorption line systems are the imprint of galactic winds.

Especially at high redshift, galactic winds appear to be the primary hosts of
strong MgII, CIV, and OVI systems. Considering the limited age of high redshift
galaxies, the cross section is limited by the velocity of the outflow. Outflow
speeds directly measured in cool and warm gas are ∼ 200 km s−1, which is just
large enough to produce the redshift path density of a significant fraction of
CIV and OVI systems. Hence, even though the outflow speeds lie near the halo
escape speed, material appears to reach large distances. More outflow modeling
is required to determine unique dynamical models that produce a testable cross
section for the outflows.

The hot wind clearly escapes from local dwarf galaxies. It carries most of
the metals produced in the starburst phase into the IGM. The critical mass
for significant metal loss is consistent with the turnover in the mass-metallicity
relation for galaxies in that it creates lower effective yields in dwarf galaxies.
The relatively recent increase in the metallicity of intervening metal-line sys-
tems is consistent with this. And dwarf galaxies appear to make a significant
contribution to the absorber – galaxy pairs locally. It remains to be determined
whether dwarf galaxies contribute significantly to the absorption cross-section
at high redshift. Galaxy downsizing might delay pollution by dwarf galaxies, but
it seems just as likely that the absorber – galaxy work at high-redshift is not
sensitive enough to select dwarfs. Strong feedback in dwarfs must occur fairly
early if it is to solve the luminosity function problem. It appears that it can
based on measurements in local dwarf starbursts.

It remains to be determined exactly how radiation pressure from massive
stars, AGN, and merger-driven feedback should affect feedback recipes in massive
galaxies. A different solution for the missing feedback in very massive halos has
been identified (Springel et al. 2005; Croton et al. 2005). While this numerical
solution appears to be consistent with many properties of radio-loud quasars
(Best et al. 2005), no consensus has been reached regarding the exact physical
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mechanism driving these outflows. Much remains to be learned about feedback
on group and cluster scales too.
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11 Astronomy with Extremely Large Telescopes

F.G. Watson, I.M. Hook & M.M. Colless

Abstract: Optical and infrared astronomy is today characterised by its access to a
spectacular array of observing facilities. Most prominent among them are the 8m to 10m
class telescopes, which provide an effective complement to space-based instruments.
Lessons learned from the construction and operation of large ground-based facilities
have enabled astronomers to plan the next generation of instruments with mirrors 20m
to 100m in diameter. This chapter introduces the technology of such ‘extremely large’
telescopes (ELTs), and then highlights some of the scientific problems they might be
expected to address. They include the discovery and characterisation of planets beyond
the Solar System, the formation of stars throughout the Universe, the growth of galaxies
in the early Universe, and the earliest objects and re-ionisation of the Universe. A key
aspect of the case for extremely large telescopes is that observations with 20m and 30m
instruments occupy a significantly different region of discovery space from those made
with larger (50m and 100m) telescopes. Finally, the complementarity between ELTs
and other planned facilities is discussed.

11.1 Introduction

What drives the development of new telescopes–technology or science? Through-
out history, the dominant force in this symbiotic relationship has ebbed and
flowed. Certainly, for the first 175 years of its life, the telescope advanced in
a completely empirical fashion, and scientific outcomes were little more than
a fortunate spin-off. The discoveries that were made chiefly concerned objects
in the Solar System, whose brightness placed relatively minor demands on the
aperture of the rudimentary instruments directed towards them.

11.1.1 Back to the future

It was William Herschel who, with the completion of his ‘Large Twenty-foot’
telescope in 1783, began the process of burgeoning apertures we are confronted
with today (see, e.g., Watson 2004, Chapter 10). Herschel perceived that the
aperture of a telescope has a crucial bearing on the study of stellar and nebular
objects, and wrote at some length on the ‘power of penetrating into space’ (e.g.,
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King 1955, pp. 136–7; Bennett 1976). Moreover, he had definite scientific ques-
tions in mind when he embarked on the quest for light-grasp (and funding) that
culminated in his 1.2m aperture ‘Forty-foot’ telescope of 1789. These related
principally to the nature of nebulae. Could they all be resolved into stars, or was
there real nebulosity out there? And was the Solar System itself embedded in a
’nebula’ made of millions of stars?

As telescopes increased in size during the nineteenth and early twentieth
centuries, those questions were eventually answered, and the justification for
building ever-larger telescopes concentrated on investigations into the newly-
discovered ‘island universes’ (i.e. galaxies). But in the impassioned plea for a
200-inch (5.1m) telescope that led directly to a grant of $6 million from the
Rockefeller Foundation, Hale (1928) was remarkably unspecific about the dis-
coveries such an instrument might make, highlighting instead the engineering
challenges. He did mention such questions as the spiral nature and rotation of
our own Galaxy, but seemed also to suggest the possibility of direct commercial
spin-off from large telescopes:

A far-sighted industrial leader, whose success may depend in the long run
on a complete knowledge of the nature of matter and its transformations,
would hardly be willing to be limited by the feeble range of terrestrial
furnaces. I can easily conceive of such a man adding a great telescope to
the equipment of a laboratory for industrial research if the information
he needed could not be obtained from existing observatories.

This appeal to the enormous range in states of matter encountered by astro-
physicists, while undoubtedly well intentioned, would carry little weight today.
Very few contemporary scientists would dare to include an industrial laboratory
role in the justification for a large telescope. The nearest might be the techno-
logical spin-off from its development and construction. (For the record, the 1928
grant of $6 million for the construction and operation of the Palomar 200-inch
is equivalent to a relatively modest $64 million in 2005 dollars; see Friedman
2005).

Today, with two further generations of large optical telescopes having emerged
since the Hale Telescope (the 4m class of the 1970s and the current 8-10m in-
struments), the known horizons of the Universe have expanded by thousands
of megaparsecs. It is populated by exotic new classes of objects including neu-
tron stars and black holes, and is completely dominated by components whose
nature is unknown–dark matter and dark energy. We stand on the brink of a
new generation of telescopes and, with perhaps naive confidence in the ability of
technology to deliver them, look to the scientific questions they might answer.
Today, the science driver dominates–although engineering comes in a surpris-
ingly close second, and national prestige is not too far behind. No doubt on all
those counts William Herschel would have approved.
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11.1.2 Scope of this review

One of the more striking aspects of today’s generation of 8–10m optical-infrared
telescopes is the speed with which they have focused astronomers’ attention
on the next generation. The proposed new instruments are likely to be both
more diverse in size than their predecessors (because of flexibility in the under-
lying mirror technology) and fewer in number (because of their very high cost).
Generically named after a mid-1990s proposal for a 25m telescope, these ELTs
(Extremely Large Telescopes) are now understood to be instruments having
apertures anywhere between 20m and 100m.

Despite this diversity, there are common threads in the science cases of the
new proposals. Without exception, they anticipate exciting and far-reaching re-
sults covering all branches of astronomy. In this chapter, we highlight first some
of the main scientific drivers for a telescope towards the larger end of the ELT
spectrum, with a mirror 50m to 100m in aperture (Figure 11.1). It is represen-
tative of the thinking of a large sector of the astronomical community (see, e.g.,
Hook 2005a), and covers four key observational themes. In order of increasing
redshift, these may be summarised as (1) the discovery and characterisation of
Earth-like planets beyond the Solar System, (2) the formation of stars through-

Fig. 11.1. OWL (the Overwhelmingly Large Telescope) is a European design for a
100m telescope. It uses large-scale replication of similar optical and mechanical compo-
nents (Gilmozzi 2004, Dierickx et al. 2004). (Courtesy European Southern Observatory.)
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out the Universe, (3) the growth of galaxies in the early Universe, and (4) the
first objects and the re-ionisation of the Universe.

While a 50m to 100m telescope might represent the highest aspirations of
optical and infrared astronomers, perhaps a broader cross-section of the commu-
nity subscribes to the pragmatic view that technological and financial challenges
are likely to be more readily overcome in a telescope of 20m to 30m aperture.
Compelling science cases have been developed for such instruments (e.g. GSMT
Science Working Group 2003; GMT Science Working Group 2005), and some of
their unique capabilities are also discussed in the chapter.

Such ambitious aims need to be placed in the context of other observational
facilities, both ground and space based. In particular, how does the scientific
impact of an ELT relate to prospects for new radio astronomy facilities such as
ALMA (the Atacama Large Millimetre Array), LOFAR (the Low-Frequency Ar-
ray) or SKA (the Square Kilometre Array)? And how does it compare with new
space based facilities like Planck (measuring the cosmic microwave background
radiation), GAIA (stellar kinematics) and the near/mid- infrared James Webb
Space Telescope? All these facilities are expected to become operational around
the turn of the next decade, or soon afterwards.

Finally, ambitious scientific aims do indeed place serious demands on tech-
nology, most notably in the design and instrumentation of the ELTs themselves.
There are also serious constraints on the location of these gigantic ground-based
instruments. We therefore begin by outlining the responses to some of these
challenges proposed by the various ELT projects.

11.2 Extremely Large Telescopes

Telescopes in the 4-m class were built with a common mirror technology, namely
monolithic ultra-low expansion discs (usually of glass-ceramic material) with
aspect ratios (i.e. diameter to thickness) varying from 6 in the earlier examples
to around 15 (with active mirror control) by 1989 (see Wilson 1996 chapter
5; 1999 chapter 3). However, their 8–10m successors have utilised a range of
technologies.

They can be summarised as follows:

– (a) ‘segmented’ mirrors; i.e. hexagonal mosaics of many smaller mirrors, as
used in the twin 9.8m Keck Telescopes, the 10.4m Gran Telescopio Canarias,
the 9.1m Hobby-Eberly Telescope and the 10.0m Southern African Large
Telescope;

– (b) thin, monolithic meniscus mirrors (aspect ratio ≥ 40) supported on
computer-controlled actuators, as in the two 8.1m Gemini telescopes, the
Japanese 8.2m Subaru telescope and the four 8.2m unit telescopes of the
Very Large Telescope;

– (c) thick, lightweight (hexagonally-webbed) borosilicate glass (Pyrex) mirrors
cast in a rotating oven to attain a concave shape before optical surfacing, as in
the University of Arizona’s 2×8.4m Large Binocular Telescope, the twin 6.5m
telescopes of the Magellan project and the 6.5m upgraded MMT telescope.
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(The apertures quoted are the maximum effective aperture in the case of the
two instruments with variable pupil diameter, the Hobby-Eberly Telescope and
the Southern African Large Telescope.) See also Wilson 1999 pp. 346–7 and
references therein; Watson 2004, Appendix 4.

11.2.1 ELT mirror technology

The ‘original’ ELT (a 25m proposal based on an adaptation of the unconventional
single-axis Hobby-Eberly telescope; see Bash et al. 1997) envisaged the use of
the segmented-mirror technology outlined in (a) above, and this has been almost
universally embraced in the ELTs currently planned. (Up-to-date details of all
the individual ELT projects can be found on their websites; see References.)

Segmented-mirror ELT concepts have been presented by several groups over
a period of some years. Historically, the main projects can be identified as:

– US (AURA) 30m GSMT (Giant Segmented Mirror Telescope), formerly
MAXAT, the Maximum Aperture Telescope;

– Caltech/University of California 30m CELT (California Extremely Large
Telescope);

– Canadian (ACURA) 30m VLOT (Very Large Optical Telescope);
– European 50m Euro50 (formerly SELT, the Swedish ELT);
– European (ESO) 100m OWL (Overwhelmingly Large Telescope).

Because of the anticipated high cost of ELTs, strategic alliances are now emerg-
ing. In 2004, for example, the first three of these projects amalgamated as the
TMT (Thirty Meter Telescope) partnership. In the present discussion, however,
frequent references are made to the earlier concepts to highlight differing fea-
tures of their design. Segmented-mirror ELT concepts are also being studied in
China, Japan and Russia.

Because there appears to be no possibility of making a monolithic ELT mir-
ror with current technology, option (b) above is not available. However, option
(c) offers the possibility of a sparsely-populated segmented mirror using large
circular components in an extension of the Large Binocular Telescope concept
(two mirrors on a single mounting).

This line of approach is being taken in the GMT (Giant Magellan Tele-
scope; Figure 11.2), a US proposal to combine seven spun-cast 8.4m mirrors in
a hexagonal configuration with the equivalent light-grasp of a 21.4m telescope
(and the resolving power of a 24.4m). The arrangement contrasts strongly with
the hundreds or thousands of segments that need to be made and controlled in a
‘conventional’ hexagonally-segmented mirror, and this is its principal advantage.
It is also expected to present a cleaner point-spread function (i.e. image profile)
due to the absence of strong diffraction spikes from the segment interstices. On
the other hand, there are difficulties associated with fabricating large mirrors
with a deep, off-axis profile, and a substantial mirror-support structure is re-
quired. Moreover, ‘conventional’ segmented mirrors offer significant advantages
in that the filled aperture maximises light grasp for a given structure size, and
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Fig. 11.2. Concept design for the Giant Magellan Telescope, which uses seven 8.4m
mirrors on a common mounting (Gunnells et al. 2004). ( c©Todd Mason/Carnegie Ob-
servatories.)

wider-field designs are possible. It seems unlikely that the GMT concept could
be expanded to apertures of 50m to 100m.

The optical systems proposed for ELTs cover a wide range of types. Clas-
sical Cassegrain (paraboloid-hyperboloid), Gregorian (paraboloid-ellipsoid) and
Ritchey-Chrétien (hyperboloid-hyperboloid) configurations have been suggested
for the GSMT, GMT and CELT designs respectively. A subtle advantage of the
GMT’s Gregorian system is that so-called ground layer atmospheric turbulence
(at a height of about 150m above the primary mirror) is imaged onto the concave
secondary mirror, allowing the possibility of adaptive correction on its surface.
For OWL, a complex six-mirror design using a spherical primary and 25.6m di-
ameter flat secondary is proposed. The remaining four elements of this system
comprise a spherical aberration corrector and a folding flat mirror to deliver the
image to one of six focal stations surrounding the optical axis. OWL’s spher-
ical primary mirror offers the enormous advantage that all its 3048 hexagonal
segments (each 1.6m across) are identical, saving costs in fabrication.

In general, ELT optics are expected to be made from glass ceramic, although
experimentation is taking place with unconventional mirror materials such as
silicon carbide.
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11.2.2 Structure and sites

All the current proposals for ELTs have altazimuth mountings, many owing their
principal design features to large steerable-dish radio telescopes. Most (except
GMT and OWL) incorporate Nasmyth foci near the altitude bearings as their
main observing stations. GSMT also includes prime and Cassegrain foci; GMT
is Cassegrain-only. A generic feature of ELT design is the very fast focal ratio
of the primary mirror (for example, OWL is relatively slow at f/1.25), which is
intended to minimise the separation of the optical components and save weight
by simplifying the secondary support structure. In most (GSMT, GMT, Euro50),
this is reduced to a basic tripod whose diffraction pattern overlies that of the
segment interstices. The TMT design combines a tripod with a ‘conventional’
hexagonal space-frame tube.

In contrast, OWL’s secondary support is a six-vane spider formed as an
open lattice of struts, and this mode of construction characterises the telescope
itself (Figure 11.1). Using a so-called fractal design, OWL’s structure is highly
modular, with large numbers of identical components. Most of the telescope parts
can be transported in standard 40ft (12.2m) shipping containers. The web-like
construction also contributes both to its structural stiffness (resistance to wind-
induced vibration) and its relatively light weight. Although the total mass is
expected to be around 14,800 tonnes, ESO claim it is only 1–2% of the mass a
conventional 8m telescope would have if scaled up to 100m in aperture.

Most ELT designs envisage telescope enclosures similar to those housing to-
day’s 8–10m class instruments. A classical dome has been proposed for GSMT,
while the VLOT project has explored the possibilities of an over-hemispheric
dome with a movable circular aperture. Cylindrical or rectangular enclosures
are suggested for GMT and Euro50. All include large apertures to allow free
air circulation around the telescope structure. OWL avoids the need for this
by using a hemispheric dome that can be completely removed from the tele-
scope, providing total exposure to ambient atmospheric conditions during ob-
serving.

Site testing for ELTs has been in progress for some years, and has evolved into
a cogent campaign in which data are shared between the various ELT projects.
The perspective on possible sites varies from project to project, ranging from
the relatively narrow (such as GMT’s current focus on Cerro Las Campanas in
Chile) to the truly global (as in ESO’s stated aim to consider sites anywhere on
Earth for OWL). Some projects (such as GSMT) limit their considerations to
the Americas plus Hawaii, which includes the best observing sites known today
(Mauna Kea and the mountains of northern Chile).

Suitable observing sites are characterised by:

– freedom from cloud cover;
– low atmospheric turbulence;
– high atmospheric transmission in the optical to mid-infrared;
– low wind speed;
– high climatic stability
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– low seismic and volcanic activity;
– minimal light and air pollution.

In addition, political, environmental and cost criteria need to be taken into
account, together with new considerations such as the thickness of the sodium
layer (the 90km high region of the upper atmosphere that will be laser-excited
to create artificial guide stars for adaptive optics).

Mauna Kea, as the best site known in the northern hemisphere, faces prob-
lems with site availability and the environmental impact of large telescope struc-
tures. Other possible northern sites include La Palma and continental mountain
sites in the USA, China and, perhaps more speculatively, Uzbekistan (Ehgam-
berdiev et al. 2000). In the south, well-established Chilean sites include Cerro
Tololo, Cerro Pachon, Cerro Las Campanas, Cerro La Silla and Cerro Paranal,
and there are possible new sites at Chajnantor and elsewhere. Gamsberg in
Namibia has been investigated by ESO, while the high Antarctic plateau (e.g.
Dome C) has received considerable attention recently on account of its very
low atmospheric turbulence and low infrared background (e.g. Lawrence et al.
2004). Many of these sites would provide logistical challenges on account of their
remoteness, but there is a high level of confidence within the engineering com-
munity that these can be overcome at a reasonable cost.

11.2.3 Instrumentation

While it remains true that enormous technological challenges face the builders
of ELTs, there seems little doubt that they can be overcome given sufficient
funding. It is in the field of instrumentation (which is here taken to include
adaptive optics systems) that the biggest questions remain (Russell et al. 2004,
Taylor 2004).

As we shall see, many of the science drivers for ELTs demand spectroscopy
of faint objects, and this brings fundamental problems in instrument design (see,
e.g., Watson 2003). For example, if D is the aperture of the telescope, d is the
pupil (grating) diameter of the spectrograph and φ is the angular spatial resolu-
tion element on the sky, then the spectrograph resolution, R = λ/dλ, varies as

R ∝ d

Dφ
.

(e.g., McLean and Chaffee 2000). Thus, to achieve a given spectral resolution
for a given telescope aperture, either the spectrograph pupil diameter must be
made as large as possible (dictating that spectrographs for ELTs will have optics
the size of today’s medium-class telescope mirrors) or the image diameter must
be made as small as possible.

In addition, if F is the focal ratio of the spectrograph camera and p is the
linear pixel size of the detector, then

F ∝ p

Dφ
,
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which again necessitates a small image diameter in order to secure a workable
camera focal ratio (for a given pixel size critically sampling the image). Even
today’s 4m and 8–10m class instruments utilise spectrograph cameras working
at ∼ f/1, and there would be significant problems of aberration-control in faster
designs.

These and other considerations dictate the use of adaptive optics (AO) to
keep φ small, ideally approaching the diffraction limit of the telescope (∼ λ/D).
It is possible that the best-attainable natural seeing (the image diameter of a
point source after its passage through a low-turbulence atmosphere) might be
acceptable for certain wide-field applications in an ELT up to 30m in aperture.
Such images are rarely less than ∼ 0.3 arcseconds in diameter, however.

The diffraction limit of the 100m OWL in the optical waveband is ∼ 0.001
arcseconds, and the science case requires that imaging at this level be attained in
practice. The technology for achieving it relies on multi-conjugate adaptive op-
tics, which aims to correct for several turbulent layers at differing altitudes in the
atmosphere by sensing the wavefront deformation in each layer, and correcting
it using multiple deformable mirrors. It is so critical to OWL’s performance that
10% of the total cost budget has been allocated to it. It is also widely regarded
as potentially the most serious technological show-stopper for the project.

Set against these difficulties are new developments that promise extremely
high performance in instruments fed by AO-corrected ELTs. They include wide-
field scanning Fabry-Perôt devices (tunable filters) for narrow-band imaging, and
advanced focal-plane technologies such as microrobotic positioners for optical fi-
bres and other microcomponents (McGrath et al. 2003). These microcomponents
might include deployable integral-field units to spatially-dissect a portion of the
telescope focal surface prior to the light being fed to a spectrograph (see, e.g.,
Watson 2003). Such facilities would have immediate applications in the kind of
multi-object spectroscopy described in Section 11.3.3, for example.

Optical fibres themselves, commonly used to transfer and reformat the light
from target objects, are about to undergo a revolution. New forms of construc-
tion will allow such features as embedded fibre gratings to filter out the forest
of narrow atmospheric emission lines in the J and H wavebands at 1.2–1.6 µm
(Bland-Hawthorn 2004). These devices have the potential to offer truly spectac-
ular gains in signal-to-noise ratio. On the timescale of ELT development, it is
also possible that photonic devices such as highly-efficient ‘spectrographs on a
chip’ (see Watson 1997) could be cheaply mass-produced.

11.2.4 The bottom line

No-one pretends that ELTs will come cheaply. Current estimates put the capital
cost of the 30m TMT at ∼ $700 million, with the cost of the 22m GMT estimated
at about two thirds of that. Costings for the proposed European facilities are
approximately 600 million euros for Euro50 and 1.2 billion euros for OWL. In
addition, annual running costs might be up to 10% of these figures, while the
budget for a major auxiliary instrument such as a spectrograph will easily run
into tens or even hundreds of millions of dollars.
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Such ELT capital costs are large compared with existing facilities for ground
based astronomy, but are comparable with only medium-sized particle physics
facilities. Set against space projects they are extremely modest: the cost to build,
launch and fix the 2.4m Hubble Space Telescope, for example, is estimated at
$2 billion (1990 dollars).

The question that must ultimately be asked is how much funding will be
available for an ELT? While some of the projects have already received significant
amounts for preliminary studies (running in some cases into tens of millions of
dollars), it will be the final appropriation that eventually determines what size
of ELT achieves first light.

11.3 Some Science Drivers for a 50m to 100m ELT

The order of magnitude increase in aperture from today’s 6.5–10m telescopes to
the 50–100m promised by this evolving technology will yield an extraordinary
advance in knowledge. Not since the time of Herschel has a ∼ 100-fold gain in
light collecting area been achieved in a single step. The scientific impact of this
will be at the very least spectacular, and could utterly revolutionise our view of
both the Universe and ourselves.

In this section, the potential of the largest of the currently envisaged ELTs,
the 100m OWL, is presented. A lengthy and well-developed science case has
been developed for this telescope by the OPTICON ELT Science Working Group
(Hook 2005a), but we here limit ourselves to its most exciting aspects. In par-
ticular, those applications that demand the full resolution and light gathering
power of the 100m aperture are highlighted (Hook 2004, 2005b).

11.3.1 Extra-solar planets

There is no doubt that the most accessible of the roles that will be fulfilled by an
ELT is the search for analogues of the Solar System. In the popular imagination,
the quest for Earth-like planets, their detailed investigation and perhaps the
discovery of life, is the greatest justification for spending public money on such
facilities.

This role has been given added impetus in the last decade by the discovery
of some 130 extra-solar planets by the so-called Doppler wobble (reflex velocity)
method (e.g. Mayor and Queloz 1995; Marcy and Butler 1996; Butler et al.
1999; Tinney et al. 2001; see also IAU Working Group 2005), and it is now
known that at least 7% of solar-type stars have giant planets (comparable in
mass with Jupiter) in orbits with semi-major axes of 5 AU or less. Because of
the high angular resolution offered by a 100m ELT and the possibility of effective
coronographic suppression of the central star image, this discovery rate is likely
be greatly enhanced by direct imaging. Giant planets of Neptune’s mass in orbits
down to ∼ 1AU will be accessible to distances as great as 100pc.
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Terrestrial planets. A terrestrial planet can be defined as one whose mass is
less than 10 Earth masses, and whose surface temperature is within the approx-
imate range 270 < T < 320K. The latter criterion requires that the planet lie in
the habitable or ‘Goldilocks’ zone (where the temperature is just right for liquid
water to exist; see Murdin 2000), which means its orbit around a solar-type star
will have low eccentricity and a semi-major axis of ∼ 1 AU.

These criteria mean the search for terrestrial planets by direct imaging will
be one of the greatest challenges facing an ELT. At a distance of 30pc, 1 AU
subtends an angle of only 0.033 arcseconds (33 mas). But this is hugely com-
pounded by the fact that an Earth-like planet will be some 25 magnitudes fainter
than its parent star in the optical waveband, a luminosity difference of 1010. In
order to reveal the planet, a coronograph capable of extreme suppression ratios
is required, and stringent demands are placed on the effectiveness of the adap-
tive optics system. These centre on the Strehl ratio (sharpness) of the delivered
image and its freedom from halos and other non-systematic artefacts.

The observing strategy will then be to carry out a survey of ∼ 1000 stars in
the solar neighbourhood within ∼ 30pc. Observations of the Solar System at this
distance with such equipment would reveal all the planets except Mercury and
Pluto. The survey will provide vital data on the statistics of multiple-planet sys-
tems and the frequency with which terrestrial planets occur. Moreover, repeated
observations will allow the orbits of individual objects within these planetary
systems to be determined.

Physical properties and biospheres. The properties of directly observable plan-
ets can be deduced partly from their orbital parameters and the presence of
external influences such as neighbouring planets, but more especially from pho-
tometry and spectroscopy of the planets themselves. Light curves may reveal
rotation and surface features, as well as Saturn- like ring systems. (Such rings
give rise to a phase shift of the orbital light curve, as well as low-intensity features
induced by ring shadow phenomena; Figure 11.3.)

Spectroscopy is undoubtedly the Holy Grail of exo-Earth studies. In the
visible spectrum and near-infrared J band (∼ 1.25µm), there are features of O2,
O3, H2O, CO, CO2 and CH4, which are signatures of habitable atmospheres.
Water vapour, in particular, is a powerful indicator of habitability for life with
a similar carbon-based chemistry to ours. Any H2O features in the J-band of an
extra-solar planet will be distinguishable from the same features in the Earth’s
atmosphere by the relative Doppler shift induced by the motion of Earth and
planet around their respective parent stars.

A similar technique may allow the B band of oxygen (in the far-red at 760nm)
in the atmosphere of an extra-solar planet to be disentangled from that in the
Earth’s atmosphere. The presence of oxygen is highly likely to be indicative of
large-scale photosynthesis, and is therefore considered to be a reliable biomarker
(i.e. a diagnostic of a biosphere). Another is the spectrophotometric feature at
725nm known as the vegetation red edge (VRE), detectable in the terrestrial
atmosphere in the spectrum of lunar Earthshine. The presence of this feature
would be a strong indicator of green photosynthetic vegetation; it may even be
possible to correlate rotational variability with the presence of an Amazon basin
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Fig. 11.3. Simulation of the light curve of a ringed planet with orbital phase (solid
line) compared with that of a planet with no ring (dotted line). A uniform albedo is
assumed. (See, for example, Schneider, Aronold and Borkowski, 2003.) (Courtesy J.
Schneider.)

analogue, for example. Dry vegetation and soil also give distinctive profiles in
the far-red and near-infrared (Clark 1999), and other mineral and geological evi-
dence may come from this spectral region. Most exciting of all is the possibility of
quite unexpected markers. While it is probably too far-fetched to expect indus-
trial pollutants to reveal themselves in the atmospheres of extra-solar planets,
there may be tracers of exotic chemical and biochemical processes in action. In
themselves, these would provide a significant challenge to astrobiologists.

Other aspects of planetary systems. While the search for and study of So-
lar System analogues is a prime science driver for a 100m ELT, many questions
relating to planetary studies will be illuminated by observations with such a tele-
scope. These range from the formation of protoplanetary disks and the detection
of emerging planets (via the presence of dark lanes in the disks) to the behaviour
of mature planetary systems in diverse environments (around metal-poor stars,
high-mass stars, white dwarfs and brown dwarfs, for example).

Protoplanetary disks around young stars do not require high levels of sup-
pression to remove the image of the parent star (∼ 106 is adequate) but the spa-
tial resolution requirements are not significantly relaxed because of the greater
distances at which such stars are typically found. Young gas giant planets are
self-luminous, and therefore observable in the near-infrared with similarly lower
levels of suppression. Observations of the evolution of such objects with age will
allow theories of planetary formation to be tested and refined.
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A particularly intriguing prospect is the discovery of Earth-like satellites of
giant planets in the habitable zones of solar-type stars. While not able to be
resolved directly, such hypothetical objects might be revealed by reflex velocity
or astrometric measurements of their parent planets.

Finally, the application of ELT observations to planets is not limited to ‘con-
ventional’ exo-Solar Systems. The free-floating planetary-mass objects recently
discovered in Orion and elsewhere (e.g. Lucas, Roche and Riddick 2003) are po-
tential tracers of the low end of the initial mass function for cloud fragmentation.
Their isolation renders them easier to study than conventional planets in orbit
around stars. And, of course, ELT observations will supplement and enhance
the work of fly-by and planet-orbiting spacecraft in our own Solar System. With
3m resolution available at the Moon’s distance and 8km at Jupiter’s, there are
excellent prospects for the long-term monitoring of planets and satellites. More-
over, studies of asteroids, Kuiper-belt objects (including Pluto and Charon) and
comets all stand to gain enormously from the application of ELT studies.

11.3.2 The formation of stars throughout the Universe

Stars have a singularly important function in the evolution of the Universe.
They are the furnaces within which elements are forged, and it is only through
a broad understanding of the processes involved that we have come to know
how the Universe has arrived at its present state. Planets, moons, asteroids and
comets–together with the dust from which they formed and any life-forms that
might inhabit them–all have their ultimate origin in the hot interiors of stars.
And in their later phases, stars make up some of the most exotic objects we find
today: white dwarfs, neutron stars and black holes.

Given this pivotal role, it is remarkable that our knowledge of the rates
at which stars have formed throughout the Universe’s history is very sketchy.
Understanding this in greater detail is another key science driver for an ELT,
and it is likely that several approaches will be taken to address the problem.
Two are suggested here.

Resolved stellar populations. Critical information relating to star formation
is encoded in the stars themselves, and can be read by means of their colours
((B − V ), (V − I) etc.) and spectra (luminosity class, metallicity [Fe/H], etc.).
Stellar atmospheres retain the element abundances that prevailed at the star’s
formation, and thus provide a marker of age. The difficulty is that for the vast
majority of stars in the Universe, we see only their light integrated with that of
billions of other stars in their parent galaxies, and the required information is
irretrievable.

This problem is further exacerbated by the fact that those stars that can be
resolved with present-day facilities are all within the Local Group of galaxies,
which is not fully representative of the population of galaxies as a whole. There is,
for example, no specimen of a large elliptical galaxy within reach of present-day
telescopes for the study of individual stars. That means there is no possibility of
contrasting star-formation rates in widely differing environments. In particular,
there is no way of constraining theories of galaxy formation by looking at the
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age distributions of the oldest stars in galaxies throughout the Hubble sequence
(tuning-fork diagram).

With a 50–100m ELT, this situation will change dramatically. The stars of
Virgo Cluster galaxies (distance modulus 30.9; distance 16 Mpc) will be acces-
sible, even in this confusion-limited application, by virtue of the ELT’s high
spatial resolution at optical wavelengths, together with its ability to image faint
stars (typically V ∼ 35 at this distance). This will allow the construction of
colour-magnitude diagrams for stellar populations and the determination of such
evolutionary phases as the main-sequence turn-off. Frayn (2003) has shown that
this will be detectable for all stellar ages at the distance of Virgo with a 100m
telescope, but not with a 30m.

The identification of distinct stellar populations by means of age and compo-
sition can be augmented with kinematic studies to provide information on the
merger history of galaxies (Freeman and Bland-Hawthorn 2002). The halo of our
own Galaxy shows clear evidence of tidally disrupted remnants of accreted satel-
lite galaxies (shown in simulation in Figure 11.4), and the study of this history
is one of the motivations for the RAVE (RAdial Velocity Experiment) survey of
stellar radial velocities and metallicities (Steinmetz 2003, Watson et al. 2003).
Such studies are also possible in the Galaxy’s nearest neighbours, but an ELT
will allow them to be extended to Virgo and beyond. Furthermore, the nearest
major merging event currently taking place (the Antennae, NGC 4038/9, at a
distance of 18 Mpc) will be similarly accessible to kinematic study.

The cosmic star-formation rate from supernovae. Another approach to this
problem can be made from an entirely different perspective. Massive stars end
their brief lives in supernovae (with 3–8 solar mass stars producing Type Ia
supernovae on timescales longer than a billion years, and more massive stars
yielding Types Ib/c and II on much shorter timescales). These cataclysmic ex-
plosions can be seen over very great distances, and their frequency is directly
related to the number of stars that have formed at that epoch. Thus, the mea-
surement of the rate of supernovae over a range of lookback times (corresponding
to a redshift, z, of up to ∼10, which is possible with a 100m ELT) is a direct
way of determining when stars formed, and in what quantities (Della Valle et
al., 2005).

Such an experiment requires a well-constructed survey of supernovae, and
it is suggested that some 130 nights of ELT time would net a total of ∼ 400
supernovae (of which about half would also be observed spectroscopically). This
would be sufficient to provide a direct, independent measurement of the star
formation rate up to z ∼ 10 (Madau, Della Valle and Panagia 1998, Miralda-
Escude and Rees 1997, Heger et al. 2001).

These observations would also have direct relevance to cosmology, since the
supernovae act as standard candles and can be used in an extended Hubble dia-
gram to discriminate between different cosmological models. Type Ia supernovae
are reliable distance indicators to z ∼ 4, and Type II objects are expected to pro-
vide cosmological information to z ∼ 10 (Figure 11.5). Combined with WMAP
measurements of the cosmic microwave background and data on the large-scale
structure of today’s Universe (e.g. from the 2dF Galaxy Redshift Survey; Colless
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Fig. 11.4. Simulation of a galactic halo made up of the tidally-disrupted remnants
of ∼ 100 satellite galaxies, plotted in spatial coordinates (upper diagram) and phase
space (lower diagram). (Courtesy P. Harding and H. Morrison.)
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Fig. 11.5. Hubble diagram normalised to a cosmological model for an empty Universe,
with simulated observations of supernovae of Type Ia (to z ∼ 5), Type II and Ib/c (to
z ∼ 10) and from stars of Population III (to z ∼ 17; see Section 3.4). The simulated
observations have been distributed around the track ΩM = 0.3, ΩΛ = 0.7. The diagram
also contains real observations (to z ∼ 2) of Type Ia supernovae from ground-based
telescopes (Perlmutter et al. 1998, 1999; Riess et al. 1998; Knop et al. 2003; Tonry et
al. 2003) and from the Hubble Space Telescope (Reiss et al. 2004).

1999, 2001), the supernova observations will constrain various important cosmo-
logical parameters. This has particular importance to the study of dark energy,
the most abundant (70%) and least-understood component of the Universe.

11.3.3 The growth of galaxies in the early Universe

Just as our present understanding of the star-formation history of the Universe
is a broad-brush picture, so it is with our knowledge of the origins of galaxies.
While it is clear that the residual temperature fluctuations in the cosmic mi-
crowave background radiation relate to the earliest growth of structure in the
Universe (e.g. Jaffe 2003, Fairall 2003), the details of that process in terms of
the emergence of galaxies remain very uncertain.

The measurement of star formation rates described above clearly relates to
the growth of galaxies, but provides no indication of how star formation pro-
gressed within any given galaxy or class of galaxies. Moreover, we know that
present day structure in the Universe is dominated by dark matter, so simply
investigating the baryonic (visible) component of galaxies is unlikely to constrain
different models for their growth. We also know that the physical processes that
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control galaxy growth are complex, involving shocks, feedback from massive stars
and active galactic nuclei, merging and the interplay between dark and baryonic
matter.

The current best picture of the growth of galaxies involves a hierarchical
merging process (Searle and Zinn 1978, Ellis 1998) in which the assembly of
mass is separated from the star-formation history. Thus, small galaxies formed
first within large dark matter halos. Those that grew into massive galaxies did
so by accreting other small protogalaxies, which fed baryonic material into the
spheroids and disks of the growing galaxies. The extreme case is the formation
of elliptical galaxies, which formed most of their stars (in progenitor galaxies)
at high redshift (z > 3), but which have undergone major mergers that have
significantly increased their mass at lower redshifts (z < 2). There is still a
need to secure unequivocal evidence that these models are correct, as well as
to address questions such as the way in which star formation proceeded in this
scenario, and whether some galaxies formed in a non-hierarchical way. (See also
Eggen, Lynden-Bell and Sandage 1962; Fukugita, Hogan and Peebles 1998.)

Exploring the growth of galaxies. A 100m ELT provides an appropriate tool
for exploring this problem. Again, both the high spatial resolution and high
light-gathering power of the instrument are crucial, for both imaging and spec-
troscopy are essential in addressing the problem. With a diffraction-limited 100m
telescope, galaxies appear as extended objects at all cosmological distances (for
example, 50pc subtends 6mas at z = 1.5; see Figure 11.6). While stars are, of
course, unresolved at moderate to high redshifts (z ∼ 1.5–5.0), the giant HII
regions associated with massive hot stars are detectable and can be analysed
spectroscopically to reveal element abundances.

Fig. 11.6. Linear size of objects as a function of redshift, plotted for a cosmology with
H0 = 65 kms−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7. The horizontal lines represent typical
linear sizes of a starburst region (1kpc), a giant HII region (300pc), a small HII region
(50pc) and a globular cluster (10pc).
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More importantly, the velocities of both HII regions and satellite galaxies
can be determined from observations of such bright spectral features as H-alpha,
[OIII] λ 5007Å and [OII] λ3727Å. Velocity measurements of sufficient numbers
of these objects allow the quantity and distribution of dark matter to be traced
by kinematic methods. Such studies are among the few means at our disposal
for investigating the characteristics of dark matter, but they are difficult to
accomplish. The faintness of the targets requires whole nights of integration
time, even on a 100m telescope. However, the use of deployable integral field
units to allow image-dissected spectroscopy of several objects simultaneously
will speed progress.

The evolutionary history of the clumping of dark matter thus obtained will
be combined with high-resolution imagery of infant galaxies to present a cogent
picture of galaxy formation from its initial phase to maturity. This will provide
a critical test of our understanding of the basic evolutionary processes at work
in the Universe.

11.3.4 The first objects and the re-ionisation of the Universe

At the epoch of the cosmic microwave background radiation, the cooling of
the Universe left atoms of hydrogen and helium in their neutral state. This
radiation-absorbing gas then became the raw material from which the first lumi-
nous objects evolved. It was ultraviolet emission from these objects that began
re-ionising the Universe, so that it again became transparent. One of the prob-
lems facing cosmologists is to understand how and when those objects formed,
and what was their nature (see, e.g., Keel 2003).

Today, there is conflicting evidence regarding these questions. Analysis of
results from the Wilkinson Microwave Anisotropy Probe (WMAP) suggests that
the re-ionisation of hydrogen was underway by z ∼ 17, or about 180 million
years after the Big Bang (Bennett et al. 2003). On the other hand, observations
of high-redshift (z ∼ 6) quasars show that enough of the intergalactic medium
(IGM) remained in its neutral state after ∼700 million years that almost all
radiation blueward of the Lyman-alpha line of atomic hydrogen (at λ 1216Å) is
absorbed in Gunn-Peterson (1965) troughs. We also know of several candidate
star-forming galaxies at z ∼ 6 (such as the recently-discovered massive spiral
HUDF-JD2) with a similar Lyman break, including a handful that have been
confirmed spectroscopically. These objects probably vie with the first quasars
as sources of radiation for the later stages of re-ionisation. The study of such
resolved galaxies to z ∼ 10 will be within the scope of an ELT.

One possible inference from these conflicting strands of evidence is that there
may have been two epochs of re-ionisation, one caused by ultraviolet emission
from the first generation of massive stars, and the second by early quasars and
galaxies. Or could there have been a slower, more stochastic re-ionisation process
that progressed on a time scale spanning the two epochs? Given that our under-
standing of the process suggests the early IGM was a ”Swiss cheese” of ionised
bubbles (Strömgren spheres) surrounded by neutral gas, this seem a reasonable
possibility. An associated question concerns the enrichment of the early IGM
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with heavier elements: when did that begin? The answers to these questions lie
in observations of highly luminous and extremely remote background objects,
whose radiation can act as a tracer of the ionisation state of the IGM through
which it travels. Such tomography of the Universe is only possible with an ELT,
as smaller ground-based telescopes do not have access to these (relatively rare)
background objects in sufficient numbers.

These first bright objects in the Universe are also of great intrinsic interest.
Moreover, they allow the identification of early sites of star and black hole for-
mation. The high level of absorption by neutral hydrogen in the IGM dictates
that they must be observed in the near infrared. They are all unresolved point
sources, and are particularly suitable for observation with a diffraction-limited
100m ELT. In such observations, the contamination from background sky emis-
sion is very small, making them vastly superior to space-based observations at
wavelengths less than 3µm.

Gamma ray bursts at very high redshifts. The afterglows of gamma-ray bursts
(e.g. Vedrenne and Atteia 2003), though short-lived, are sufficiently bright that
they are detectable up to z ∼ 15–20. The more luminous of them at z ∼ 10 will
permit high-resolution (R ∼ 10,000) spectroscopy in the near-infrared (1–2µm)
for perhaps 10 days after the burst. It may be noted that similar observations
would be possible with a 30m ELT, but for a much shorter time (∼ 1 day) after
the burst. (See also Lamb and Reichart 2000.).

Population III supernovae. The very first generation of stars to form (the so-
called Population III) was by definition extremely metal-weak. Massive stars of
this population (140–260 solar masses) explode as very bright supernovae, which
are expected to be observable to z ∼ 16 with a 100m ELT for approximately a
month after the event. It is expected that this population of first supernovae will
have disappeared by the time the metal enrichment of the interstellar medium
reaches 1/10000 of the solar value. The determination of the redshift at which
this occurs will itself be a major challenge.

Both Population III supernovae and long period gamma ray bursts (which
are thought to be hypernovae at high redshift) may also offer the possibility of
extending our knowledge of the cosmic star-formation rate to very early epochs
simply by counting them (see Sect. 11.3.2).

Quasars. Understanding when quasars formed is a major science goal of both
ground and space based telescope projects. Bright quasars at z ∼ 6 discovered in
the Sloan Digital Sky Survey (York et al. 2000) are presumed to be powered by
supermassive black holes, leading to speculation that intermediate luminosity
objects with intermediate-mass black holes will be found at z ∼ 10 and pos-
sibly higher redshifts. While these relatively faint objects are expected to be
discovered with the James Webb Space Telescope, the high-resolution follow-up
spectroscopy needed to investigate the IGM and its ionisation state can only be
done with a 100m ELT.
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11.4 Science with ELTs up to 30m

The 100m ELT is the largest category of optical-infrared telescope currently
envisaged, and it is likely to represent the ultimate aspirations of astronomers
for the foreseeable future. But because it presents such extreme technological and
financial challenges, many in the community have suggested that there is a need
for an intermediate step between 10m and 100m class telescopes. As we have
seen, a number of such instruments up to 30m in aperture have been proposed,
and have well-developed science cases. Proponents of a 100m telescope, on the
other hand, might argue that since the larger aperture merely represents ‘more
of the same’ in terms of adding mirror segments and scaling the structure, one
may as well think big.

In many areas of optical-infrared astronomy, there is a continuum improve-
ment of the science that can be achieved as the aperture of the telescope in-
creases. There may also be ’threshold points’ at which a telescope of a certain
size enables new areas of study to be opened up. Some of these have been identi-
fied in the previous section. However, there are also areas in which the 20m and
30m ELTs present a real advantage, and the science cases for these instruments
highlight those aspects, as well as the common-ground science up to the limits
imposed by their aperture.

11.4.1 Wide field applications

Much of the science case for the 100m class telescope hinges on diffraction-limited
(∼ 1 mas) imaging, requiring a very advanced level of adaptive optics correction
(Sect. 11.2.3). Because this process requires correction of the turbulence profile
at several different levels in the atmosphere, the eventual size of the isoplanatic
patch (the angular diameter over which the incoming wavefront is coherent)
is small. In the 100m OWL proposal, the area over which diffraction-limited
imaging will be achieved is around 2 arcminutes across.

In any area of astronomy requiring large-scale survey observations, field of
view is critically important. A simple metric in determining the effectiveness of a
survey telescope is its AΩ product (aperture2× field of view2). It is this quantity
that allows the 1.2m UK Schmidt Telescope, for example, to continue producing
competitive science in an era dominated by 8m telescopes (e.g. Watson 2003).
For the background-limited applications that will dominate much ELT science,
the figure of merit can be enhanced to become AΩ/φ2 (where φ is the angular
spatial resolution on the sky). Thus a combination of wide field and high spatial
resolution will provide a formidable tool for faint-object survey work.

Both GSMT and GMT highlight wide-field (∼ 20 arcmin) applications in
their science cases (GSMT Science Working Group 2003; GMT Science Working
Group 2005). They involve simultaneous multi-object spectroscopy of up to 2000
objects (stars or galaxies) within the field to enable the rapid collection of data
on survey scales. Microrobotic fibre positioning systems for such instruments are
already well-developed (Moore and McGrath 2004). Applications include multi-
object tomography of the Universe to determine the ionisation state of the IGM
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Fig. 11.7. A simulation of the forest of hydrogen and metal absorption lines in the
spectrum of a distant quasar caused by discrete clumps of gas in the intergalactic
medium (see Sect. 11.3.4). The middle spectrum shows the best that could be expected
from an 8m class telescope, while at the bottom is simulated data from a 30m class
telescope. The real power of such an instrument lies in its ability to deliver high signal-
to-noise spectra for thousands of objects simultaneously in its wide field of view. (GSMT
Science Working Group 2003; courtesy J. Bechtold.)

and the origin of large-scale structure (compare Sect. 11.3.4), and the evolution
of galaxies (compare Sect. 11.3.3).

Some studies are so dependent on the ∼ 100-fold advantage in field area over
a 100m telescope that they can only be carried out with a 20m to 30m ELT.
Such investigations include velocity and metallicity surveys of stellar populations
in the Andromeda Galaxy over large areas of the bulge, disk and spiral arms,
together with related studies on other Local Group members. Similarly, the
effects of large-scale structure on galaxy formation will only be revealed by dense
tomography of the cosmic web on scales of tens of arcminutes using Lyman Break
Galaxies as background sources. While a 100m telescope will resolve details of
the gas inflow and outflow in an individual forming galaxy, the exploration of
the large-scale picture will be a task much better suited to a 20m to 30m ELT.

Despite its smaller aperture, GMT will be particularly useful for such studies
because its optical configuration allows effective ground-layer adaptive optics
correction using natural guide stars to give 150 mas imaging over its full 20
arcmin field. The quantity AΩ/φ2 is therefore maximised. Furthermore, this is
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Fig. 11.8. Simulation demonstrating the advantage of field of view in investigating
large scale structure. The fields of view of several existing and proposed multi-object
spectroscopy (MOS) systems on 8m class telescopes are shown. The 1.5-degree field of
WFMOS maximises its advantage in sampling large scale structure at z = 1. Similarly,
the relatively large fields of 20m and 30m ELTs will make them very suitable for
cosmological studies.

achieved using the adaptive Gregorian secondary mirror, reducing the number
of optical surfaces in the light-path and, in turn, minimising scattering.

11.4.2 Comparison of scientific capabilities

The Science Case for a 50m to 100m ELT (Hook 2005) includes a summary
table comparing the potential capabilities of ELTs of various apertures, and an
extended version is presented here in Table 11.1. ‘Y’ indicates that there is a
significant advantage for an ELT of a particular size compared with the next
smaller size, while ‘N’ is shown when that size of ELT cannot make a major
contribution in that scientific area. (A temperate mountain site is assumed in
all cases.)

The comparison is indicative (rather than quantitative), but does illustrate
those threshold points where greater aperture becomes the overriding considera-
tion. It also shows some of those areas in which a 20m to 30m ELT might make
a particularly significant contribution. Most noticeable, however, is the fact that
almost all areas of astrophysics will derive great benefit from work with an ELT
of any aperture.
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Table 11.1. Scientific Capabilities of ELTs

Science Case 20m 30m 60m 100m

Solar System Y Y Y Y
Exo-Planets (direct detection): Gas Giants Y Y Y Y
Exo-Planets (direct detection): Exo-Earths N N Y? Y
Proto-Planetary disks Y Y Y Y
Resolved Stellar Population: Local Group N? Y Y Y
Resolved Stellar Population: Virgo N N N Y
Population surveys: Local Group Y Y N N
Massive Black Holes Y Y Y Y
Star formation History of the Universe Y Y Y Y
Physics of Galaxies and Dark Matter, z =1–5 Y Y Y Y
Large-Scale Structure and Galaxy Formation Y Y N N
Dark Energy Y Y Y Y
High-z Universe: Sources of re-ionisation ? ? Y Y
High-z Universe: R = 104 on GRB at z > 10 N N Y Y
The Unexpected Y Y Y Y

11.5 Complementing Other Facilities

It is not only ground-based optical-infrared astronomers who have their atten-
tion firmly fixed on the prospects for exciting new telescopes. New space-borne
facilities have the potential to complement ELTs in the optical-infrared (OIR)
waveband, and to exceed their capability in certain areas because of the unique
attributes of the space environment for astronomical observations. Likewise,
forthcoming radio facilities will also enhance the effectiveness of a proposed
ELT.

11.5.1 Space-based astronomy facilities

Space-based astronomy is traditionally associated with wavebands that are in-
accessible from the ground (such as the flagship X-ray facilities Chandra and
XMM-Newton), but the Hubble Space Telescope demonstrated that a modest
(2.4m) aperture UV-optical telescope above the atmosphere can revolutionise
astrophysics.

The principal advantages offered by a space-based OIR telescope are high
spatial resolution, a point spread function that is stable over large field of view,
no dependence on atmospheric transmission windows, a low, stable background,
continuous access to parts of the sky without day/night limits (from a Sun-
Earth L2 orbit), and high sensitivity access to the near- and mid-infrared. It
is this last aspect in particular that has prompted the development of the OIR
James Webb Space Telescope (JWST), a 6m class instrument with 0.6–27 µm
capability, which is expected to be operational around 2012. The sensitivity of
this instrument will allow it to outperform an ELT for imaging at wavelengths
beyond 3µm. Shortward of this wavelength, however, and particularly in high
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dispersion spectroscopy, a 100m ELT will do better than the JWST by a factor
of perhaps 100 in signal-to-noise. This immediately highlights the main area of
complementarity between these two facilities, for without the capabilities of the
ELT there will be no means of conducting spectroscopic follow-up on the new
objects that the JWST will reveal. The science case for the JWST covers similar
areas to those outlined for a 100m ELT, modified by the lower resolution (spa-
tial and spectral) and light grasp. A recent document (GSMT Science Working
Group 2005) highlights synergies between JWST and a 30m ELT.

Other space missions that are relevant to ground based ELTs include:

– Planck (mapping the cosmic microwave background radiation), launch date
2007. ELT opportunity: follow-up observations (imaging and spectroscopy)
of galaxy clusters revealed by the Sunyaev-Zeldovich effect.

– GAIA (stellar kinematics), 2011. Follow-up ELT observations of planetary
systems around other stars.

– TPF and Darwin (terrestrial planet search), 2014-20. Follow-up and comple-
mentary ELT observations of planetary systems (see Angel 2003).

In general, the central position of OIR radiation in the electromagnetic spectrum
and the fact that stars emit the bulk of their radiation in these bands guarantee
ELTs a key ongoing role in space-based observational astronomy.

11.5.2 Radio astronomy facilities

There is a clear symbiosis between ELTs and forthcoming radio astronomy fa-
cilities. Interferometric radio telescopes (arrays) provide similar sensitivity and
resolution (both spatial and spectral) to diffraction-limited ELTs, and the wave-
length baseline defined by the two classes of instrument is of immense astrophys-
ical importance. Some of the most important are:

– ALMA (Atacama Large Millimetre Array). 0.3–10mm milliarcsecond imaging
and spectroscopy with R up to 107, currently under construction (completion
estimated 2011). Complementarity with ELTs in protoplanetary disks, star
formation, dust, and imaging black hole accretion disks and jet collimation
regions.

– LOFAR (Low-Frequency Array) and related SKA precursors (Allen Array,
Mileura Widefield Array, etc.). Complementarity with ELTs in epoch of re-
ionisation studies, IGM at 3.5 < z < 11.

– SKA (Square Kilometre Array). > 1cm milliarcsecond to arcsecond imaging
and spectroscopy with R up to 107. (Completion estimated around 2020,
although a 10 percent version may be making high-redshift HI observations
by 2015). Complementarity with ELT in the early Universe in HI and CO
(the ‘dark ages’), studies of black holes and other high-energy phenomena,
supernovae, star formation history.

Consideration has also been given to the use of ELTs in spectral regions other
than their design wavebands, most notably with OWL operating in the sub-
millimetre region (300µm to 2mm). The telescope’s collecting area would be
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effectively twice that of ALMA (although with inferior spatial resolution), and
observations with a submillimetre camera (SCOWL; Holland et al. 2003) could
complement the array in providing wide-field mapping.

Finally, there are clearly synergies between ELTs and non-electromagnetic
facilities. Cosmic ray and neutrino observatories are now opening new windows
on the Universe, while gravitational wave instruments such as LIGO (and, even-
tually, the space-based LISA) are probably on the brink of making their first
detections. Collaboration between these widely differing approaches will be mu-
tually beneficial not only to astrophysics, but to physics in general.

11.6 Conclusion

Perhaps the most important lesson in what we might expect to discover from
a major new astronomical facility comes, once again, from history. In the early
1840s, Lord Rosse invested some £12000–then a substantial fortune–in the 1.8m
reflecting telescope that became known as the Leviathan of Parsonstown (see,
e.g. Watson 2004, Chapter 12). His motivation was the same as Herschel’s–to
see whether all nebulae could be resolved into individual stars. By mid-March
1845, only a matter of days after first-light, he had convinced himself that they
could. The fact that he was quite wrong did not emerge until the work of William
Huggins nearly twenty years later. But what he discovered next was even more
important, a subtle detail that no previous telescope had been large enough to
reveal–spiral structure in galaxies.

When the first ELT enters service sometime within the next decade or two,
it will almost certainly be the completely unexpected discovery that grabs the
headlines. As the GSMT science case declares, ‘this telescope will have the light
gathering power and angular resolution to open up discovery spaces that virtually
assure uncovering of unanticipated phenomena’. Or, put another way, we should
welcome serendipity with open minds. Perhaps these discoveries will concern
extra-solar planets, perhaps the early Universe. But whatever they are, we can
be confident that we will look back on the telescope’s science case and smile at
just how wide of the mark we were.
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Index

2dF, see Two Degree Field survey
2MASS Point Source Catalog 261
2MASS, see Two Micron All Sky Survey

active galactic nuclei 160, 161, 162, 164,
167, 168, 170, 171, 173–175, 176,
183, 184, 185, 186

– feedback and cooling flows 173–175
– outflows from 342
– redshift evolution 167–168
adaptive optics 196, 205, 370, 371
AGN, see active galactic nuclei
alkali elements, in substellar dwarfs

16–17
ALMA, see Atacama Large Millimetre

Array
anomalous flux ratios 228
Antennae galaxies 117, 120, 131, 132,

133
aperture-mass technique 241
– problem 235
arc-statistics 235
Arp atlas, of peculiar galaxies 116, 117,

123, 125, 130
Atacama Large Millimetre Array 327,

366, 386, 387

BALs, see quasars, broad absorption line
bars, in galaxies 119, 120, 122, 124, 137
– in spiral galaxies, feedback 175–178
baryonic physics, in galaxy clusters 235
binary black holes 181–183
black dwarfs 1
black hole mass
– relation to bulge luminosity 184, 186
– relation to bulge mass 159–160, 161,

178–179
– relation to velocity dispersion, see

Mbh–σ relation

black hole masses, implications 197–198
black holes,
– accretion rate 161
– accretion time 161
– binary 181–183
– cusp of stars, formation 179–181
– estimates of masses 197–198
– first, formation 162–163
– growth 161–170
– mass distribution 163, 186
– spin 199
– volumic density 161
– wandering 181
Borns approximation 216
broad-line active galactic nuclei 184
broad line regions 197, 198
brown dwarfs,
– definition 1
– first discovery 1

California Extremely Large Telescope
367

carbon, nitrogen and oxygen chemistry
10–13

carbon-enhanced metal-poor stars
267–268

Cartwheel ring galaxy 132, 133, 135,
138

CELT, see California Extremely Large
Telescope

Chandra X-ray Observatory 38, 39,
55–56, 173, 345, 385

CIV absorption, in galaxies 357
cloud layer models 7–9
color-flavor locked phase 34
condensate cloud formation 7–8
condensate cloud layers, in sub-stellar

dwarfs 7–9
core starbursts 127, 128, 132, 137



392 Index

cosmic infrared background 311–312
cosmic ray acceleration,
– correlation function 242
– electron component 104–105
– hadronic component 105–106
– in supernova remnants 104–106
cosmic shear 242
cosmic telescopes 237
cosmological constant 214
Crab Nebula, pulsar 62–65
Crab pulsar 62–65
CXO, see Chandra X-ray Observatory

dark energy 214
dark matter 214
– halo growth theory 287
– halo mass function 338
– in Galaxy 224–225
dark matter haloes, formation 167
Darwin (terrestrial planet search) 386
D-burning, see deuterium burning
Deep Survey of the Southern Sky 1
DENIS, see Deep Survey of the Southern

Sky
density profiles
– of galaxies 226, 232
– of galaxy clusters 240
deuterium burning, in sub-stellar dwarfs

2
downsizing 145, 148, 167–169, 338
dwarf galaxy formation, tidal 129–130
dwarf stars 1–2
– spectra 3

E and B modes of cosmic shear 243
Eddington limit 161, 164, 198
Eddington ratio 162, 198
effective temperature, in substellar

dwarfs, relation to luminosity 6
Einstein radius 218
ELTs, see Extremely Large Telescopes
emission-line filaments, in starburst

galaxies 343
Equivalence principle 215
Euro50 367, 369
extrasolar planets 372–375
– Earth-like satellites 375
– physical properties 373
– spectroscopy 373–374
– terrestrial 373

Extremely Large Telescopes 363–390
– cost 371–372
– definition 365
– enclosures 369
– instrumentation 370–371
– mirror technology 367–368
– mountings 369
– observing sites 369–370
– optical systems 368
– science drivers 372–381
– scientific capabilities 384–385
– structure 369
– surveys with 382–383
– wide field applications 382–384

FBQS, see FIRST Bright Quasar Survey
feedback
– effect on galaxy evolution 339
– from massive stars 340–341
– in starburst galaxies 339
– variation with galactic mass 343
feedback physics 339–342
Fermat’s principle 215
Fermi degeneracy pressure 30
FIRST Bright Quasar Survey 197, 199
Friedmann equations 214

GAIA 366, 386
galactic halo 376, 377
galactic outflows
– and dynamical models 349
– bipolar 344
– properties 342–349
– velocity versus galactic rotation speed

351
galactic winds
– cosmological impact 353–359
– outflow speeds 359
– role in galaxy formation 337–362
galaxies
– density profiles 226, 232
– growth 378–380
– sequential build-up 143
galaxy bias parameter 232
galaxy clusters, lensing in 232–241
galaxy collisions 115–158
– as drivers for galaxy evolution

142–147
– bar formation 119, 120
– double encounters 147–148



Index 393

– early studies 115–116
– high velocity 138–139
– induced star formation and winds

122–138
– merger rate versus redshift 143–144
– morphology versus redshift 145–147
– most recent studies 120–122
– numerical models 118, 119, 120, 135
– outstanding questions 121, 148–150
– slow encounters 140–142
– spiral waves 138, 140
– studies in the 1970s 116–118
– studies in the 1980s and early 1990s

118–120
– survey samples 124, 125, 126, 127
– tidal mixing 123
– tidal tails 119, 120, 121, 122, 123,

124, 129, 130, 132, 133, 134
galaxy evolution 142–147
Galaxy Evolution Explorer 198
galaxy formation 142–143, 148
– astrophysics of 337–339
– hierarchical models 175
galaxy formation models 321
galaxy–galaxy lensing 231–232
galaxy luminosity function 353–354
galaxy mergers, see galaxy collisions
GALEX, see Galaxy Evolution Explorer
Galileo entry probe 9
gamma-ray bursts 381
Gemini Telescopes 366
GEMS survey 143
general relativity, theory 32, 213
Giant Magellan Telescope 366, 367,

368, 369, 382
Giant Segmented Mirror Telescope 367,

369, 382
Gl 229B 1, 11, 12, 13, 24
Gliese 229B, see Gl 229B
GMT, see Giant Magellan Telescope
GOODS survey 143, 145, 288, 318, 319
Gran Telescopio Canarias 366
gravitational lensing
– applications in cosmology 213–256
– basic principles 215–224
– by large-scale structures 242–248
– caustics 221
– convergence 218
– critical curves 221
– deflection angle 216

– differential light deflection 221
– giant arcs 232
– imaging properties 220–221
– index of refraction 216
– isothermal sphere 222
– lens equation 217
– – linearised 220
– lens plane 216
– lens statistics 230–231
– lensing potential 218
– – effective 220
– – elliptical 223
– magnification 221
– missing images 227
– multiple images 217, 221
– NFW profile 222
– point mass 216, 222
– quadruple images, fraction of 228
– radial arcs 234
– reduced deflection angle 217
– role of 215
– sheer 220
– simple lens models 222–224
– source plane 217
– surface mass density 216
– – density, critical 218
– time delay 219, 221, 227
– triaxial haloes 230, 236
– wide-separation lenses 230
gravitational redshift 32
GSMT, see Giant Segmented Mirror

Telescope

Hale Telescope 364
Hamburg/ESO prism survey

262–263
Hamburg/ESO R-process Enhanced

Survey 276–278
heavy elements, dispersal 354
HERES, see Hamburg/ESO R-process

Enhanced Survey
HK prism survey 260–262
HK-II survey 261–262
Hobby-Eberly Telescope 366, 367
Hobby-Eberly Telescope R-process

Enhanced Star survey 279
Hubble Deep Fields 143, 145
Hubble Space Telescope 130, 132, 143,

196, 202, 259, 372, 385



394 Index

IMBH, see intermediate mass black holes
Infra-Red Astronomical Satellite 118,

286, 287
intermediate mass black holes 160, 162,

163, 164–166, 179, 185, 186
– formation 162
– number in Milky Way 163
interstellar absorption, in galaxy spectra

347–349
intrinsic alignment of source galaxies

244
inversion techniques for galaxy clusters

238
IRAS, see Infra-Red Astronomical

Satellite
iron abundance
– lowest 259
– solar 259
isothermal mass models for galaxy

clusters 235

Jacobian matrix 220
James Webb Space Telescope 207, 327,

366, 385
Jupiter, cloud layer structure 8, 9

Keck Telescope(s) 85, 204, 265, 294,
296, 298, 366

L dwarfs
– chemical temperature scale 21–24
– classification 4–5
– cloud layer structure 7–8, 16–17
– definition 2
– effective temperature 2, 6–7, 23
– emission 2
– spectral features 2, 3, 4, 5
– sub-typing 4, 5
Large Binocular Telescope 366, 367
large-scale structure, of Universe 383
LBT, see Large Binocular Telescope
lensing galaxies, substructure 228–230
Leviathan of Parsonstown 387
LIGs, see Luminous Infrared Galaxies
LIRGs, see Luminous Infrared Galaxies
lithium burning, in sub-stellar dwarfs 2
lithium chemistry 16–18
LLAGN, see low-luminosity active

galactic nuclei

L-M dwarf transition, cloud layer
structure 8

Lord Rosse 387
Low Frequency Array 207, 366, 386
low-luminosity active galactic nuclei

175–176, 184
L-T dwarf transition 12–13, 24
luminosity function, of galaxies 338
Luminous Infrared Galaxies 127, 128,

137, 146, 287, 291, 298, 302, 304,
312, 313, 314, 318, 323

Lyman Break Galaxies 146

M dwarfs
– classification 4–5
– effective temperature 2, 6, 23
– emission 2
– model atmosphere
– spectral features 2, 3
– sub-typing 4, 5
MACHO project 224–225
magnetar flares 37, 45–47
magnetars 30, 37, 45–47
mass discrepancy in galaxy clusters

234
mass-to-light ratio
– of galaxies 227, 232
– of galaxy clusters 238, 241
MAXAT, see Maximum Aperture

Telescope
Maximum Aperture Telescope 367
Mbh–σ relation 159–160, 161, 162, 163,

164–166, 170–179, 184–185
Mbh–σ relation
– causes of scatter 175
– extrapolation to low masses 164–166
– interpretation 170–179
Metallicity Distribution Function

263–265
metallicity of stars, definition 259
metal-poor stars
– bias in selection 261
– elemental abundances 265–267
– large surveys 265
methane dwarfs 4
MgII absorption, in galaxies 358
microlensing 222–224
– event 224
– optical depth 224
millisecond pulsars 36, 37, 42–43



Index 395

mini-quasars, formation 164
mirrors
– segmented 366
– spun-cast 366
– telescope 366–368
– thick, lightweight 366
– thin, monolithic meniscus 366
M-L dwarf transition 5
MMT 366
momentum-driven outflows 340–341
mountings, telescope 369

NaI absorption, in starburst galaxies
347–348

neutron capture element-rich metal-poor
stars 268–274

neutron stars 29–54
– burst oscillations 35–36, 37, 40–42,

48–49
– density 30
– detection 30
– escape velocity 31
– fast X-ray timing observations 35–37
– formation 29–30, 31
– high resolution X-ray spectroscopy

37–40, 47–48
– hot spots 41
– magnetic fields 30
– mass 30, 43
– mass–radius relations 31, 32, 42, 44,

45
– number in Galaxy 30
– quasiperiodic oscillations 35, 37,

44–45
– radius 30, 43
– spectral lines 38
– structure 33
– temperature 31
– X-ray bursts 35

objective-prism technique 260
observing sites 369–370
oldest ‘living’ stars 257–283
ouflow velocity, versus star formation

rate 348–349
Overwhelmingly Large Telescope 365,

367, 368, 369, 371, 372, 382
OVI absorber redshifts 356
OVI absorption
– statistics 355

– in galaxies 354–356
OWL, see Overwhelmingly Large

Telescope

Palomar 200-inch telescope 364
Planck (measuring cosmic microwave

background) 366, 386
Poisson’s equation 218
Population II stars 258
Population III stars 162, 257, 258
Population III supernovae 381
population synthesis models 339
pulsar wind nebulae 62–78
PWN, see pulsar wind nebulae

QPOs, see quasiperiodic oscillations
QSOs, see quasars
quasar luminosity function 197
quasar outflows 342
quasar feedback 171
quasars 146, 287, 290, 291, 293, 296,

306, 310, 311, 313, 319, 321, 324,
325, 326, 380, 381

– accretion rate 198
– and host galaxies 195–211
– black hole masses 161
– broad absorption line 201
– clustering 200
– detection of host galaxies 196
– finding obscured population 201–202
– high-z 200
– – contribution to re-ionisation

200–201
– – number density 200
– host galaxies
– – spectroscopy 204–205
– – stellar populations 206
– host galaxy studies 202–206
– in early Universe 161
– ionising radiation from 342
– lifetimes 169–170
– link with galaxy evolution 195
– luminosity function 172
– new surveys 197
– outstanding questions 206–207
– properties, dependence on black hole

mass 195
– radio-loudness 198–199
– samples, selection effects 196
– total number 202
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quasiperiodic oscillations 35, 37, 44–45
quasi-stellar objects, see quasars

radiative feedback 170
radio astronomy facilities 386–387
ram pressure stripping 139–140
reionisation
– in early Universe 164
– of Universe) 380–381
rock forming elements, in condensate

cloud layers 15–16
ROSAT X-ray survey 196
Rossi X-ray Timing Explorer 35
r-process enhanced stars 269–271
r-process, the nature of 271–274
RXTE, see Rossi X-ray Timing Explorer

SALT, see Southern African Large
Telescope

SDSS, see Sloan Digital Sky Survey
SDSS-II survey 278–279
segmented mirrors 366–367
SEGUE survey 278–279
self-interacting dark matter 237, 239
self-regulation growth models 171–173
SELT, see Swedish ELT
Seyfert 1 galaxies 342
Seyfert 1 galaxies
– broad-line 167
– bulge luminosities 197
– narrow-line 167
Seyfert 2 galaxies 342
shell velocities 343
SKA, see Square Kilometre Array
Sloan Digital Sky Survey 1, 196, 199
SMBH, see supermassive black holes
SMGs, see submillimetre galaxies
SNRs, see supernova remnants
Southern African Large Telescope

366
space-based astronomy facilities

385–386
Spitzer Space Telescope 132, 136, 138,

143, 146, 147, 198, 286, 288, 289,
294, 295, 299, 307, 310, 316, 318,
319, 320, 323, 324, 325, 326, 327

s-process enhanced stars 268–269
spun-cast mirrors 366, 367
Square Kilometre Array 207, 327, 366,

386

SSCs, see Super Star Clusters
star clusters, massive, see Super Star

Clusters
star formation 375–376
– collisionally-induced 122–123
– enhancement before galactic mergers

120, 123–128
– history, in galaxies 337–338
– in host galaxy 200
– in induced disk waves 129
– in tidal bridges and tails 129
– numerical models 135–136
star formation rate 376
– as function of redshift 144–145
– in galaxies 124, 126, 128, 135
starburst events 339
starburst galaxies 339
starburst galaxy,
– metallicity 346–347
– NGC 1569 343, 344, 347
starbursts, core 127, 128, 132, 137
stars, low-metallicity 259, 260
– lowest metallicity 274–275
– next generation surveys 275–279
stars of different metallicity, nomencla-

ture 260
stellar populations, identification

375–376
stellar wind, supersonic outflow 341
strangulation 138, 140
strong cluster lensing 232–237
structure formation, in the Universe

337
Subaru Telescopes 366
submillimetre galaxies 316–318
sub-stellar dwarfs 1–28
– alkali elements 16–17
– atmosphere, thermochemical reactions

18–21
– carbon, nitrogen and oxygen chemistry

10–13
– deuterium burning 2
– infrared spectra 2
– lithium burning 2
– maximum temperature 2
– upper mass limit 2
sub-stellar objects, see sub-stellar dwarfs
superbubbles, mechanics 341
supermassive black holes,
– accretion 183–184
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– formation 161, 167
– – and evolution 159–193
– gravitational action, distance 171
– mass distribution 162
– mass function 169
– maximum mass 171
supernova remnant
– blast wave 88
– reverse shock 88–89
supernova remnants
– 1E 0102.2–72.2, in SMC 84, 92–93
– B0453–685, in LMC 73–74
– Cas A 57–59, 90–91
– Chandra observations 55–113
– compact central objects 57–62
– cosmic ray acceleration 104–106
– Crab Nebula (SN1054) 62–65
– debris and gaseous parts 88–89
– DEM L71 101–102
– electron-ion temperature equilibrium

103–104
– finding pulsars 78–82
– Geminga 76–78
– Ho 12, in NGC 6822 87–88
– IC443 81–82
– Kes 73 84–85
– N103B, in LMC 99–100
– N157B, in LMC 72
– N158A, in LMC 70–72
– N49, in LMC 86–87, 94
– N63A, in LMC 84, 95
– names of 56
– not finding compact objects 82–84
– of Type Ia supernovae 97–102
– point sources 57–87
– PSR1509–58 66
– pulsars with pulsar wind nebulae

62–78
– Puppis A 60–81
– shock properties 103–106
– SN1006 100–101
– SN1987A, in LMC 82, 89
– SNR 0049–73.6 96
– SNR 0103–72.6 96–97
– SNR 0509–67.5 99
– SNR 084.2+0.8 83
– SNR 093.3+6.9 83
– SNR 109.1–1.0 85–86
– SNR 119.5+10.2 74–75
– SNR 127.1+0.5 83

– SNR 130.7+3.1, 3C58 (SN1181)
79–81

– SNR 266.2–1.2 59–60
– SNR 292.0+1.8 79, 80, 94
– SNR 292.2–0.5 67
– SNR 293.8+0.6 69–70
– SNR 296.5+10.0 78–79
– SNR 315.4–2.30 83
– SNR 347.3–0.5 62
– SNR 359.23–0.82, The Mouse 76, 77
– SNR 39.2–0.3 68–69
– SNR 41.1–0.3 83
– SNR 54.1+0.3 68
– SNR 69.0+2.7 75–76
– SNR 78.2+2.1, γ Cygni 82–83
– studies of ejecta 89–102
– Tycho (SN1572) 97–98
– Vela pulsar 65–66
– young core collapse supernovae 89–97
supernova shockwave 341
supernovae 376, 378
– Population III 381
– Type Ia 376
– Type II 376
Super Star Clusters, formation 129,

130–132, 179
Swedish ELT 367

T dwarfs
– chemical temperature scale 21–24
– classification 4–5
– cloud layer structure 7–9, 16–17
– definition 2
– effective temperature 2, 6–7, 24
– spectral features 2, 3–4, 5, 13
– sub-typing 4, 5
telescope, development 363–364
Terrestrial Planet Finder 207, 386
thermochemical reactions 18–21
Thirty Metre Telescope 367
tidal tails and bridges, mapping 119
Tolman-Oppenheimer-Volkoff equations

30–31
TPF, see Terrestrial Planet Finder
Two Degree Field survey 196, 199
Two Micron All Sky Survey 1
Type I supernovae 200
Type Ia supernovae 173, 376
Type II supernova explosion 29
Type II supernovae 339, 376
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UK Schmidt Telescope 382
ULIRGs, see Ultraluminous infrared

galaxies
Ultraluminous infrared galaxies 118–

119, 123, 136–137, 143, 146, 147,
285–336, 352

– ‘biggest and best’ 285–286
– and large-scale structure 320–323
– at 0 < z < 1.5 312–314
– at high redshift 311–319
– at z > 1.5 314–319
– discovery 286–287, 289–291
– in infrared surveys 288
– in local universe 308–311
– maser emission 304–306
– mid-infrared spectroscopy 297–302
– molecular gas, CO & HCN observations

303–304
– need for larger samples 326
– optical and near-IR spectroscopy

294–297
– optical to mid-IR imaging 292–294
– outstanding questions 323–327
– physics 291–308
– radio continuum studies 302–303
– role in galaxy formation 286, 289,

326
– X-ray emission 306–308
Ultraluminous X-ray sources 133–134,

163
ULXs, see Ultraluminous X-ray sources
Universe,
– large-scale structure 383

– re-ionisation 380–381
UV background, from first stars 164

Vela bullets 95
Vela pulsar 65–66
Very Large Array 119
Very Large Optical Telescope 367, 369
Very Large Telescope 296, 366
Very Luminous Infrared Galaxies 127
VLA, see Very Large Array
VLIGs, see Very Luminous Infrared

Galaxies
VLIRGs, see Very Luminous Infrared

Galaxies
VLOT, see Very Large Optical Telescope
VLT, see Very Large Telescope

weak cluster lensing 238–241
Westerbork array 119
Wilkinson Microwave Anisotropy Probe

376, 380
William Herschel 363, 364
William Huggins 387
WMAP, see Wilkinson Microwave

Anisotropy Probe

XMM-Newton 38, 39, 173, 345, 385
X-ray emission, in starbursts 345

Y dwarfs,
– definition 2
– effective temperature 2
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