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The modern theory of cosmological galaxy 
formation is a synthesis of many physical 
ideas; these are but a few salient examples.
The array of operative physics makes galaxy 
formation a fun area to work in, but also 
presents a variety of unsolved problems....
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“Tremendous progress has been made 
over the last decade in establishing a 
broad cosmological framework in which 
galaxies and large-scale structure develop 
hierarchically over time, as a result of 
gravitational instability of material 
dominated by dark matter. However, there 
remain many unanswered questions... 
most of this uncertainty relates to our poor 
understanding of the complex baryonic 
processes that must be included in any 
successful theory of galaxy formation: 
cooling, star formation, feedback, 
merging.” - Thirty Meter Telescope 
Science Case

The Theory of Galaxy Formation Also 
Needs Transformative Improvement!
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ΛCDM Structure Formation Initial Conditions
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An Overview of Galaxy Formation

Large-scale structures form in 
dark matter overdensities



Gravitationally-bound dark 
matter halos (blue circles) 
form at the peaks of density 
field.

An Overview of Galaxy Formation
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An Overview of Galaxy Formation

Gas cooling allows for the 
formation of dense baryonic 
components at the centers of 
dark matter halos.



Massive dark matter halos can 
eventually form baryonic 
galaxies (green circles).
 
Low-mass galaxy formation 
suppressed → inefficient 
cooling / feedback?

Gas cooling allows for the 
formation of dense baryonic 
components at the centers of 
dark matter halos.

An Overview of Galaxy Formation



•HST - High-resolution imaging in near UV to near IR → discovery

•SST - 3.6 & 4.5 μm photometry → stellar mass constraints

•WMAP - Thomson optical depth → global reionization constraint

Hubble Space 
Telescope

Spitzer Space 
Telescope

WMAP

Current Space-Based Facilities
For Learning About Galaxy Formation
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Integrate ionizing photon production rate
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A Primary Challenge for the 
Theory of Galaxy Formation

Local galaxy 
luminosity function



M1700, AB M1700, AB M1300, AB

z~2.3 Rest UV LF
Reddy & Steidel (2008)

z~3 Rest UV LF
Reddy & Steidel (2008)

z~6 Rest UV LF
Bouwens et al. (2006)

Evolution of the Galaxy Luminosity Function

The faint-end slope gets steeper while the normalization and/or 
the characteristic luminosity declines.



A Primary Challenge for the 
Theory of Galaxy Formation

Mass function of dark matter 
halos, normalized to match 
abundance near L* with 
constant mass-to-light ratio.

Local galaxy 
luminosity function

Halo mass function



A Primary Challenge for the 
Theory of Galaxy Formation

Deficit of bright galaxies 
relative to massive DM 
halos.

Suppress gas cooling:

AGN?
multiphase cooling?
hot accretion / shocks? 
quenching?

Local galaxy 
luminosity function

Halo mass function



A Primary Challenge for the 
Theory of Galaxy Formation

Deficit of faint galaxies 
relative to low-mass DM 
halos.

Supernova-driven winds?

Photoionization?

Suppression of small-scale 
power?

No current method provides 
a convincing solution.

Possible Key: Low-mass 
galaxies are gas rich.

Halo mass function

Local galaxy 
luminosity function



Image Credit : 
NOAO



Image Credit : 
NASA/Hubble/Chandra/Spitzer/JPL-Caltech/CXC/UofA/ESA/AURA/JHU
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Image credit: NASA, ESA, S.Beckwith (STScI), 
and the Hubble Heritage Team (STScI/AURA)

M51 - The Whirlpool Galaxy

The Structural Components 
of Galaxies



Image credit: NASA, ESA, S.Beckwith (STScI), 
and the Hubble Heritage Team (STScI/AURA)

M51 - The Whirlpool Galaxy
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Gas

Dark Matter 
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Mergers / 
Satellites

Spheroid

Supermassive 
Black Hole
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Medium

The Structural Components 
of Galaxies

Stellar Halo





What are the outstanding problems?
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Where to begin?!?
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renown experts in the field:

The remarkable design of this meeting 
brings together brilliant people to solve 
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Risa Wechsler
Busha, Wechsler et al., arXiv:1011.6373

Problem:

Satellite galaxy populations about the 
Milky Way are direct evidence of 
hierarchical structure formation.  In 
contrast to the “missing satellite” problem, 
do simulations of Galaxy-sized halos 
correctly predict the abundance of 
massive satellites compared to the 
Magellanic Clouds-Milky Way system.

How unusual is the MC-MW system in the 
context of ΛCDM structure formation?



Risa Wechsler
Busha, Wechsler et al., arXiv:1011.6373

Madau et al. 2008

Fig. 2.—Differential (left panel ) and cumulative (right panel ) subhalo mass functions within r200 for 1e8Ell at z ! 0:47 and Via Lactea at z ! 0, together with power-
law fits (solid lines) in the range 200mp < Msub < 0:01Mhost. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 1.—Projected dark matter density-square map of our simulated elliptical-sized halo (‘‘1e8Ell’’) at z ! 0:47. The image covers an area of 980 ; 980 physical kpc,
and the projection goes through a 980 kpc deep cuboid containing a total of 120 million particles and 25,000 identified subhalos. The logarithmic color scale covers
24 decades in density square. [See the electronic edition of the Journal for a color version of this figure.]

of the host, compressed, and eventually cool and fragment into
stars. A circular velocity threshold of 12 km s!1 corresponds to a
virial temperature

Tvir "
!mpV

2
max

2kB
< 8700 ! K; #5$

where ! is the mean molecular weight. Figure 5 shows the cu-
mulative number of Via Lactea subhalos as well as all Milky
Way satellite galaxies within 420 kpc (the distance of Leo T;
Irwin et al. 2007) as a function of circular velocity. The current
available data are summarized in Table 1. The data points in the
figure include all the previously known dwarfs (Mateo 1998)
plus the new circular velocity estimates of the ultrafaint Milky
Way satellites from Simon & Geha (2007) plus Boötes (Munõz
et al. 2006) and Willman 1 (Martin et al. 2007). They have been
plotted assuming a maximum circular velocity of Vmax "

!!!
3

p
"

(Klypin et al.1999), where " is the measured stellar line-of-sight
velocity dispersion, i.e., assuming a stellar spherical density pro-
file/r!3 in a singular isothermal potential. Note that the assump-
tion of a constant multiplicative factor between Vmax and " is
merely the simplest thing to do, and is not likely to hold on a case-
by-case basis. Detailed modeling of the radial velocity dispersion
profile, allowing for variations in the DM mass distribution and
the stellar velocity anisotropy (Strigari et al. 2007), would be
preferable, but is currently only available for a subset of all known
dwarfs.

If the stellar systems deeply embedded in dwarf spheroidals
remain largely unaffected by tidal stripping (this is clearly not

the case, e.g., for Ursa Major II and Sagittarius), then the mass
removal of large fractions of their original halo mass by tidal
effects may make solutions in which luminosity tracks current
subhalo mass somewhat misleading. Our simulations show and
quantify better than before that many of the dark matter clumps
that have small masses and circular velocities at the present
epoch were considerably more massive and should have formed
stars in the past (e.g., Kravtsov et al. 2004). We illustrate this
point in Figure 4 (right panel ), which shows the cumulative cir-
cular maximum velocity function of substructure within 50, 100,
and 389 kpc. Also plotted, for comparison, is the abundance of
surviving subhalos selected instead by the highest circular ve-
locity they reached throughout their lifetime, Vmax;p. Subhalos
will reach their Vmax;p at a redshift zmax before falling into Via
Lactea: this type of circular velocity selection is designed then to
remove the bias introduced by tidal mass losses, and to highlight
the subhalos that may have started shining before being accreted
by their host. Within r200, the number of massive galactic sub-
halos that reached a peak circular velocity in excess of 10 km s!1

at some point during their history is 510, about 5 times larger
than their present-day abundance. This ratio increases with increas-
ing Vmax;p and decreasing radius: (1) above a virial temperature
Tvir " 10; 000 K, or a circular velocity Vmax " 16:7 km s!1

(! " 0:59 for fully ionized primordial gas), gas can cool effi-
ciently and fragment via excitation of hydrogen Ly#. The number
of subhaloswithin r200 that reached this ‘‘atomic cooling’’ mass at
some point in the past is 135, nearly 6 times larger than their
present-day abundance; (2) within the inner 50 kpc there is today
only one subhalo with Vmax > 16:7 km s!1, but there are 16 sur-
viving remnants that had this peak circular velocity andweremore
massive at earlier times. If substructure mass regulates star forma-
tion, then for a given mass threshold many more subhalos should
have been able to build a sizeable stellar mass at some point in the
past than indicated by their present-day abundance.

It is important then to investigate the consequences of a mass
(or circular velocity) cut that picked instead the top (say) 65most
massive (or largest Vmax;p) subhalos at all epochs as the hosts of
the knownMilkyWay dwarfs. FollowingDiemand et al. (2007b)
such or similar samples have been termed ‘‘LBA’’ (for ‘‘largest
before accretion’’ subhalos) by Strigari et al. (2007) and Simon
& Geha (2007). The idea behind this selection is to allow star
formation only above a relatively large constant critical size, a
scenario of permanently inefficient galaxy formation in all
smallest systems, independently of time-varying changes in the
environment like those triggered, e.g., by reionization. Today’s
circular velocity distribution of our LBA sample is shown in
Figure 5: interestingly, this sample includes 12 of the 14 sub-
halos above Vmax " 20 km s!1 identified today, and 26 of the 35
identified above Vmax " 15 km s!1, i.e., the most massive today
and LBA subpopulations basically coincide at large values of
Vmax.

5 Therefore a solution to the substructure problem in which
only the largest 50Y100 Vmax;p subhalos at all epochs were able
to form stars efficiently would automatically place the luminous
Milky Ways dwarfs in the most massive subhalos at the present
epoch. To match the circular velocity function of the LBA sam-
ple, however, the observed dwarf spheroidals (dSphs) must have
circular velocity profiles that peak at values well in excess of the
stellar velocity dispersion (see Fig. 5 and discussion below).

Fig. 5.—Cumulative number of Via Lactea subhalos within r200 (solid curve),
as well as all Milky Way satellite galaxies within 420 kpc ( filled squares), as a
function of circular velocity. The data points are from Mateo (1998), Simon &
Geha (2007), Munõz et al. (2006), and Martin et al. (2007) and assume a maximum
circular velocity of Vmax "

!!!
3

p
" (Klypin et al. 1999). The short-dashed curve con-

necting the empty squares shows the expected abundance of luminous satellites after
correcting for the sky coverage of the SDSS. Dash-dotted curve: Circular velocity
distribution for the 65 largest Vmax;p subhalos before accretion (LBA sample). Long-
dashed curve: Circular velocity distribution for the ‘‘fossil of reionization’’ EF sam-
ple. This includes the 61 largest (sub)halos at z " 13:6 [Vmax(z " 13:6) > 4 km s!1]
plus the 4 (sub)halos that reach a Vmax;p > 38 km s!1 after the epoch of reioni-
zation and are not in the largest 61 at z " 13:6. [See the electronic edition of the
Journal for a color version of this figure.]

5 Note that the same is not true for the top 10 LBA subhalos (Kravtsov et al.
2004; Diemand et al. 2007b; Strigari et al. 2007a), as the largest Vmax;p systems
suffer the largest mass loss and are removed from the top 10 list of more massive
systems at z " 0.
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Overabundance of 
MC-sized subhalos?



Risa Wechsler
Busha, Wechsler et al., arXiv:1011.6373

Methodology:

Use the Bolshoi N-body 
simulation (250 h-1 Mpc, 
20483 particles, σ8=0.82) to 
study 36,000 MW analogues.

Apply Risaʼs subhalo 
abundance-matching (SHAM) 
method to assign luminosities 
to substructure and compare 
with the observed abundance 
of MC-MW analogues (Liu et 
al. 2010).

Bolshoi
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Results:
Statistics of Satellite Galaxies of the Milky Way 9
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FIG. 8.— Comparisons between the P(Nsats) distribution of SMC-luminous
satellites around MW-luminous hosts in the Bolshoi simulation and the obser-
vational results of L10. Top Panel: Comparison of the isotropic background
subtraction model from L10. Black asterisks represent the abundances from
SDSS hosts. The blue triangles denote the abundance of objects inside an
aperture that most closely corresponds to the isotropic subtraction model: a
fixed cylindrical aperture with radius 150 kpc and length 5.2 Mpc. Lower
Panel: Same as the upper panel, but now comparing the annulus subtraction
model from L10 (black and gray asterisks) to the simulation-equivalent of a
fixed 150 kpc spherical aperture for identifying satellite galaxies around their
hosts (green squares). For the L10 data, the black points represent our fidu-
cial measurements, while the gray points add a systematic uncertainty to the
background subtraction.

2- and 3- ! of our simulated estimates. It is also important
to note that the predictions from simulations depend on the
assumed scatter between mass and luminosity. This will be
further discussed below.
Looking at the SDSS/Bolshoi comparisons in more detail,

we can further investigate the dependence of the P(Nsats) dis-
tribution on the aperture size, as done in L10. For this, we
determine the probability of finding Nsats satellite galaxies in
a spherical aperture around their host, where the radius is var-
ied from 100 to 250 kpc using the annulus background sub-
traction. The results are shown in Figure 9. Here, the red
circles, orange squares, magenta triangles, and cyan inverse-
triangles represent the probability of having 0, 1, 2, or 3 sub-
halos. Open symbols represent SDSS measurements, while
filled symbols come from our Bolshoi+SHAM model, while
the hatched lines represent the P(Nsats) distribution for satel-
lites within the virial radius of their hosts. Again, we see good
agreement between simulations and observations, although
we note the persistence of higher values in the simulation for
the Nsats = 1 measurement. However, the other values of Nsats
are in much better agreement.

TABLE 2
PROBABILITY OF HOSTING Nsats SATELLITE GALAXIES BRIGHTER THAN
Mr,host +4 AROUND A MILKY WAY MAGNITUDE HOST HALO WITHIN
VARIOUS APERTURES FOR BOTH OUR SIMULATED RESULTS AND THE

OBSERVATIONAL MEASUREMENTS FROM L10.

ravir Cylinderb Isotropicc Sphered Annulusc

P(0) 55± 4% 55± 5% 66+1.6!1.3 71± 3% 81+1.5!1.4
P(1) 28± 3% 28± 3% 22+1.7!1.9 23± 2% 12+1.8!1.6
P(2) 11± 1.4% 11± 2% 8.9+1.5!1.5 5.2± 1.6% 3.5+1.3!1.5
P(3) 3.8± 0.7% 3.8± 1.2% 1.5+1.0!0.7 1.0± 0.8% 1.6+0.9!1.6
P(4) 1.55± 0.4% 1.5± 1.1% 0.9+0.70.5 0.2± 0.1% 1.1+0.6!1.1

ahalos contained within the virial radius of the host
bhalos within a cylinder with radius 150 kpc and length 5.2 Mpc
cL10 results counting objects within a projected 150 kpc and an isotropic
background subtraction
dhalos within a sphere of radius150 kpc
eL10 results counting objects within a projected 150 kpc using an annulus
background subtraction
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FIG. 9.— Abundances of LMC and SMC-type objects in the simulation, as
a function of search radius. In all cases the filled symbols were calculated us-
ing Bolshoi+SHAM, while the open symbols represent SDSS measurements
from L10. Here, the red circles, orange squares, magenta triangles, and cyan
inverse-triangles represent the probability for aMilkyWay like galaxy to have
0, 1, 2, or 3 subhalos, respectively. For the Bolshoi objects, the probabilities
were calculated using a spherical aperture with varying radius. The SDSS
points used the annulus subtraction method of L10. The hatched lines repre-
sent the probabilities for hosting Nsatssubhalos inside the virial radius of the
host.

One of the appeals of the SHAM algorithm is that it has so
few free parameters, in this particular case just the scatter (al-
though there are additional implicit assumptions, e.g., about
subhalo stripping and star formation after satellite accretion).
Figure 10 shows how the scatter impacts this result. Here, we
present the probability distribution for an isolated host with
Mr = !21.2 to host Nsats satellites brighter than !16.5 as we
vary the scatter in the SHAM model from 0 to 0.3 dex using
our cylindrical method for selecting satellites. While none of
these models are ruled out by the data (L10 isotropic model),
a number of systematic trends are present. In particular, there
is a systematic increase in the probability of hosting 3 or more
satellites, along with a decrease in the probability of hosting
1 satellite (by up to 5%). This trend is caused not by scatter
in the mass–luminosity relation of the satellite galaxies, but
in the mass–luminosity relation of the host objects. As scat-
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5-10% of 
simulated MW 
halos contains 2 
SMC-luminous 
satellites (after 
SHAM; see also 
Boylan-Kolchin et 
al. 2010), in 
agreement with 
observations by 
Liu et al. 2010.
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Problem:

How should we interpret 
the properties of the most 
distant known Lyman-α 
emitting galaxies, and can 
we use their properties to 
learn about the ionization 
state of the intergalactic 
medium?

Dayal and Ferrara, arXiv:1102.1726
O

uchi et al. 2010

4 Ouchi et al.

ages. The astrometry of our objects is the same as those
of SXDS version 1.0 catalog (Furusawa et al. 2008). The
errors in the relative positions of objects are ! 0!!.04 in
r.m.s. The r.m.s accuracy of the absolute positions is es-
timated in Furusawa et al. (2008) to be ! 0!!.2. After
the image registration, we homogenize the PSF sizes of
broad and narrow-band images, referring to these stel-
lar objects. The PSF sizes of our narrow-band images
match to those of broad-band images with an accuracy
of !FWHM " 0!!.01.

2.2. Photometric Sample of z = 6.6 LAEs

We identify 286,510 objects in the NB921 images down
to NB921 = 26.0 with SExtractor (Bertin & Arnouts
1996). We measure both MAG AUTO of SExtrac-
tor and 2!!.0-diameter aperture magnitudes. We adopt
MAG AUTO as total magnitudes, while we use a 2!!.0-
diameter aperture magnitude to measure colors of ob-
jects in order to obtain colors of faint objects with a
good signal-to-noise ratio. We correct the magnitudes
of objects for Galactic extinction of E(B # V ) = 0.020
(Schlegel, Finkbeiner, & Davis 1998).

We plot a color-magnitude diagram in Figure 1
for our objects. Figure 1 shows narrow-band ex-
cess color, z! # NB921, and narrow-band magnitudes,
NB921. Figure 2 presents a two-color diagram based
on the NB921-detection catalog, together with colors
of model galaxies and Galactic stars. We plot col-
ors of 3,249 spectroscopically-identified objects which
include our 16 z = 6.6 LAEs (see §2.3) and 3,233
foreground/background interlopers (Ouchi et al. 2008).
Spectroscopically-identified LAEs are located in the
upper-right part of the two-color diagram, having a
narrow-band excess of Ly! emission (z! # NB921) and
red continuum colors of GP trough (i! # z!).

Based on the color diagram, we select candidate LAEs
with the narrow-band excess, no detection of blue con-
tinuum flux, and the existence of GP trough, by the color
criteria,

z! ! NB921 > 1.0 and B > B2! and V > V2! and
ˆ

(z! < z!3! and i! ! z! > 1.3) or (z! " z!3!)
˜

, (1)

which are similar to those in the study of SDF (Taniguchi
et al. 2005; Kashikawa et al. 2006). B2! and V2! are
defined as 2" limiting magnitudes of B and V bands,
respectively (B2! = 28.7 and V2! = 28.2), which ensures
no detection of continuum bluer than Lyman break ("
6900Å) for objects at z = 6.6. z!3! is the 3" detection
limit (z!3! = 26.5).

We obtain a photometric sample of 207 LAEs at z "
6.56± 0.05 down to NB921 = 26.0 in a comoving survey
volume of 8 $ 105 Mpc3 (Ouchi et al. 2009a). Our se-
lection criteria correspond to LAEs with the rest-frame
equivalent width, EW0, of ! 36Å, if a flat continuum
spectrum (f" =const) is assumed. If the realistic spec-
trum of LAEs with a Gunn-Peterson trough is assumed,
the limit of rest-frame equivalent width is EW0 ! 14 Å
and a limiting line flux of f ! 5 $ 10"18 erg s"1 cm"2

corresponding to L ! 2.5 $ 1042 erg s"1 at z " 6.56.

2.3. Spectroscopic Observations

We conducted deep spectroscopic follow-up for our
z = 6.6 LAEs with Keck/DEIMOS (Faber et al. 2003) on
2007 November 6, 2008 August 1, and 2008 October 3.

Fig. 3.— Spectra and snapshots of our z = 6.6 LAEs confirmed
with Keck/DEIMOS. Each object has a spectrum in the right panel
and snapshots of B, V , R, i!, z!, and NB921 images in the left
panels. Each snapshot is presented in a 6!! # 6!! box. The object
name and redshift are presented in the left and right corners of
each spectrum panel, respectively. The right bottom panel shows
a typical DEIMOS spectrum of the sky background that is obtained
in the process of sky subtraction.

We took spectra of 3.0 hour on-source integration for 3
masks and 2.3-hour integration for 1 mask with a 1!!.0 slit
and the 830G grating, which covered " 6000 # 10000Å
and gave a medium high spectral resolution of R " 3600
at 9200Å. We observed 30 out of 207 LAEs including
faint LAEs whose expected flux is below our observa-
tional limit, and obtained 19 spectra with significant sig-
nals. All of the 19 spectra show a strong single line at
around 9200Å with no detectable continuum. Because we
allowed redundant observations for 6 LAEs that can be
included in two di"erent masks. Three out of 19 detected
objects were taken for the same targets. Thus, totals of
the observed and identified LAEs are 24 (= 30 # 6) and
16 (= 19 # 3), respectively. We hereafter refer to the
24 galaxies as the spectroscopic sample. The 3 dupli-
cate spectra with the signals present an emission line at
the same wavelength as the original spectra, and confirm
that the emission lines are real signals. We use these 3
duplicate spectra for the stacking analysis in §5.

We present our spectra in Figure 3. We have con-

Lyman-α Emitters
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Figure 1 | Two representations of the spectrumofUDFy-38135539 showing
its significance. a, The spectrum shows a faint emission line detected at 6s
significance at a wavelength of 11,615.6 Å, corresponding to a redshift of
z5 8.55496 0.0020 for Lya. The integrated spectrum was extracted from a
square aperture of 53 5 pixels, corresponding to 0.625993 0.62599, which is
approximately the size of the seeing disk. The measured line full-width at half-
maximum is 9.26 1.2 Å, which is about 1s greater than the instrumental
resolution. The line flux is (6.16 1.0)3 10218 erg cm22 s21, detected at 6s
significance. All of the line parameters (redshift, width, flux and significance)
were estimated with a Monte Carlo simulation assuming a Gaussian line and
randomly generated Gaussian noise similar to that estimated for the observed
spectrum. We note that the absolute flux calibration may have a significant
systematic uncertainty of up to 30–40%, but this does not affect the estimate of
the significance of the line detection. The night sky spectrum, scaled arbitrarily,
is shown in grey. Regions of particularly deviant values in the spectrum
correspond to strong night sky lines. The emission line from the source lies
fortuitously in a region relatively free of night sky contamination. We estimate
that the percentage of regions in the night sky with a background as low as that
near the detected line is approximately 50% for 1.15–1.35mm and is generally
lower over the rest of the SINFONI J passband. b, The sky-subtracted two-
dimensional spectrum shows the projection of the spectrum along the spectral
and right-ascension axes of the data cube. It corresponds to a two-dimensional
long-slit spectrum obtained with a slit width of 0.62599 positioned along right
ascension on the sky. The object is indicated by the white circle, the regions
affected by the night sky lines are labelled and the range in the expected position
of the source is marked.
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Figure 2 | Lya line image of UDFy-38135539. The line image was
constructed by summing the region containing the emission in the wavelength
direction. The inset shows the expected morphology of a point source with the
same signal-to-noise ratio in its centre as that of the source, and the circle shows
the size of the point spread function (PSF). The colour bar shows the
significance relative to the root mean squared noise in the data set. The image
has been smoothed using a Gaussian with the same width as the point spread
function. The size of the line image is consistent with the expected size of an
intrinsically unresolved sourcewhose image is smeared out by the turbulence in
the Earth’s atmosphere and distortions induced by the telescope and
instrument optics.
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Figure 3 | The predicted Lya flux for a given ultraviolet flux density. The
Lya flux, fLya, is predicted assuming a range of characteristics for the stellar
population within UDFy-38135539. The characteristics — age, metallicity and
distribution of stellar masses — determine the relationship between the non-
ionizing ultraviolet continuum at 1,500 Å (with flux density fn) and the ionizing
continuumwith l, 912 Å. We adopted a range of ages from 10 to 300Myr for
a metal-poor stellar population given by a Scalo initial mass function26. Our
other initial mass function is the one that only contains massive stars,
.100M[, which have zero metallicity18. For this top-heavy initial mass
function, we only considered ages of 10 and 100Myr because it is unrealistic for
metal-free star formation to persist after the first supernova explosions, which
are expected after a few to a few tens of megayears. For all the calculations, we
have assumed an escape fraction of ionizing photons of 10%. Estimates of the
escape fraction in the local Universe up to about z< 3.3 suggest modest
fractions of,10% or less27–29. The black circle represents the ultraviolet
continuum flux density and Lya flux of UDFy-38135539. The uncertainties in
this data are shown in the inset (the 1s random uncertainty and the systematic
uncertainty added in quadrature). The uncertainty in the Lya flux is dominated
by the systematic uncertainties, which are included in the error bars. Under our
assumptions, the Lya flux of UDFy-38135539 is greater than that expected if it
alone was responsible for ionizing its local volume. Because the recombination
time is long at z< 8.6,,600Myr, many of the sources responsible for ionizing
this region could have easily faded or may simply be of lower luminosity.
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Background:

Lehnert et al. 2010 
claimed detection of Lyα 
emission from a LBG at 
z~8.6 previously 
discovered in the UDF.

What does the presence of 
Lyα emission in this galaxy 
imply about cosmological 
galaxy populations and the 
ionization state of the 
IGM?
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Perform a cosmological hydro simulation (75 h-1 
Mpc, 5123 DM + 5123 gas particles), identify 
galaxies at z = 8.6.

Model the production and attenuation of Lyα 
emission, accounting for different average IGM 
neutral fractions and locally (at least partially) 
ionized regions around galaxies.  Find the 
fraction of Lyα photons reaching the observer.

Compare the properties of simulated Lyα 
emitting galaxies with observed LAE galaxy 
properties.

Dayal and Ferrara, arXiv:1102.1726

Methodology:
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Red triangles: simulated LAE galaxy properties with UV and 
Lyα properties similar to observed z = 8.6 galaxies.

4 Dayal & Ferrara

Figure 3. Summary of the physical properties of LAEs at z = 8.6. In each Panel, points represent galaxies identified as LAEs in our
simulation; the 7 LAEUDF for !HI = 0.2 (see text for details) are shown by colored symbols. For each LAE, as a function of the observed
Ly" luminosity, the Panels represent: (a) the SFR; (b) the stellar mass; (c) the dust mass; (e) the mass-weighted stellar age; (f) the
mass-weighted stellar metallicity, and (g) the e!ective ionized region radius around each LAE.

sive 3! mass fluctuations at z = 8.6 and have halo masses
! 1010.5M!.

The LAEUDF have dust masses between 105.7"6M! as
seen from Panel (c) of Fig. 3. These lead to values of fc =
0.24"0.3 for these galaxies, which translate into AV ! 0.75
magnitude, which is in excellent agreement with the best fit
value of AV ! 0.73 magnitude derived by Finkelstein et al.
(2010) for UDFy-38135539.

LAEUDF have ages between 50-80 Myr (see Panel d),
in good agreement with the value of 10 to a few 100 Myr
inferred observationally by Lehnert et al. (2010). These ages
imply that the progenitors of these galaxies started forming
as early as 9.2 < z < 9.7. The stellar metallicity of LAEUDF

is 0.03-0.12 Z! (see Panel e), even at z = 8.6; since heavy
elements are the main constituents of grains, this is an ad-
ditional argument in support of the dusty nature of these
galaxies. Indeed dust seems to be required by the measured
colors.

For the 7 LAEUDF 0.24 < Reff
I < 0.42 physical Mpc

(pMpc), as shown in Panel (f), leading to an IGM trans-
mission of T! ! 20%. If the e!ects of clustered sources is
neglected, the nominal individual ionized bubble radius is
! 0.24 pMpc, which makes T! ! 12%, rendering these galax-
ies undetectable in the Ly"; the e!ect of source clustering
is crucial for making these galaxies visible as LAEs.

Although the galaxies clustered around the 7 LAEUDF

are too faint to be seen in the Ly", nonetheless their UV con-
tinuum can be bright enough to be detectable via standard
dropout techniques. In Fig. 4 we show the probability (at
limiting magnitude MUV ! "16) of such clustered galax-
ies. Averaged over the 7 LAEUDF , there is a 92% (20%)

probability of JWST (HST/WFC3) finding such a clustered
galaxy in a radius ! 0.4 pMpc (or 86 arcsec) at z = 8.6.

As for the contribution of LAEUDF to reionization,
the photon rate density required to balance recombinations,
qrec, can be expressed as (Madau, Haardt & Rees 1999)

qrec = 1051.87
C

30

!

1 + z

9.6

"3!

"bh
2

0.022

"2

s"1 Mpc"3, (1)

where C is the IGM clumping factor. For the 2% HI ioniz-
ing photon escape fraction used in this work and assuming
C = 30, the LAEUDF have an HI ionizing photon output
! 1047.2 s"1 Mpc"3; at most, such objects could have con-
tributed ! 0.003% of the photons needed to balance recom-
binations at z = 8.6.

4 CONCLUSIONS AND DISCUSSION

We have robustly constrained the IGM ionization state at
z = 8.6. We find that without requiring any fine-tuning
of the model parameters from z = 6.6 and for the max-
imum possible Ly" luminosity emerging from the galaxy
itself, no LAE are found in the observed luminosity range
of UDFy-38135539 for #HI > 0.2. For #HI = 0.2, we find
7 LAEs whose observed Ly" and UV luminosity fall in the
ranges of UDFy-38135539 (Lehnert et al. 2010) and ID 125
(Finkelstein et al. 2010); these 7 galaxies are then desig-
nated LAEUDF . LAEUDF are observable in the Ly" only be-
cause an overlapping of their H II regions with those of their
nearby galaxies make the e!ective H II radius ! 0.24" 0.42
pMpc; averaged over the 7 LAEUDF , there is a 92% (20%)
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Problem:

There are remarkable observed 
relationships between black hole 
mass, galaxy stellar mass, and 
velocity dispersion (Ferrarese & 
Merrit 2000, Gebhardt et al. 2000, 
Tremaine et al. 2002, Marconi & 
Hunt 2003, Haring and Rix 2004).  
The observed scatter is small (0.3 
dex in mBH at fixed σ, and 0.5 dex 
in mBH at fixed L).

Do these relations evolve (e.g., 
Peng et al. 2006, Robertson et al. 
2006)?

measurements based on stellar kinematics and gas kine-
matics. If the stated measurement errors in the black hole
masses are correct or if they are underestimated because of
systematic errors, the intrinsic dispersion in theMBH-! rela-
tion is no larger than about 0.25–0.3 dex in black hole mass
(i.e., less than a factor of 2).

Black hole mass estimates based on gas kinematics are
particularly uncertain, due to uncertainties in the spatial dis-
tribution of the gas (e.g., filled disk or torus configuration,
uncertain inclination and thickness) and the large but uncer-
tain correction for pressure support. In particular, including
a correction for pressure support will increase the black hole
mass; since four of the six high-dispersion galaxies in our
sample have masses determined by gas kinematics, a system-
atic increase in their masses could increase the best-fit slope.

The range of slopes for the MBH-! relation found in the
literature appears to arise mostly from systematic di!eren-
ces in the velocity dispersions used by di!erent groups. We
do not believe that these di!erences reflect the di!erent defi-
nitions of dispersion used by the groups (FM use the disper-
sion within a circular aperture of radius re=8, and the
Nukers use the dispersion within a slit aperture of half-
length re). It appears that part of the di!erence results from
Ferrarese &Merritt’s analysis, in which central velocity dis-
persions are extrapolated to re=8 using an empirical for-
mula. However, another—and possibly larger—component
appears to arise from poorly understood systematic errors
in the dispersion measurements.

In a few galaxies, the influence of the central black hole
may significantly a!ect the velocity dispersions—both the
central dispersions used by FM and the slit dispersions used

by the Nukers. Future analyses of the MBH-! relation
should be based on velocity-dispersion measures that are
less strongly weighted to the center; it is likely that both the
slope and the intrinsic scatter of the relation depend on
which dispersion measure is used, and it will be interesting
to seek the dispersion measure that o!ers the smallest intrin-
sic scatter. Other improvements in the analysis would
include the use of statistical estimators that are more robust
and that explicitly include an intrinsic dispersion in the
black hole mass, accounting properly for the asymmetric
error bars in black hole mass determinations, and estimat-
ing more accurately the uncertainties in individual disper-
sion measurements.

The investment of the astronomy community in the di"-
cult task of measuring black hole masses has not yet been
matched by a commensurate investment in the much easier
task of obtaining high-quality kinematic maps of galaxies
containing black holes. A complete set of high-quality dis-
persion and rotation profiles for the galaxies in Table 1
would allow us to explore more deeply how the black hole
mass is related to the kinematic structure of its host galaxy.

We thank Michael Hudson and Tim de Zeeuw for discus-
sions and Tim de Zeeuw for communicating results in
advance of publication. Support for proposals 7388, 8591,
9106, and 9107 was provided by NASA through a grant
from the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS 5-26555. This
research was also supported by NSF grant AST 99-00316.

Fig. 7.—Data on black hole masses and dispersions for the galaxies in
Table 1, along with the best-fit correlation described by eqs. (1) and (19).
Mass measurements based on stellar kinematics are denoted by circles, on
gas kinematics by triangles, and on maser kinematics by asterisks; Nuker
measurements are denoted by filled circles. The dashed lines show the 1 !
limits on the best-fit correlation.

Fig. 8.—Residuals between the black hole masses and dispersions for the
galaxies in Table 1 and the best-fit correlation described by eq. (1) with
" ! 4:02 (eq. [19]). Mass measurements based on stellar kinematics are
denoted by circles, on gas kinematics by triangles, and on maser kinematics
by asterisks; Nuker measurements are denoted by filled circles.
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Methodology:

Assuming all galaxies contain 
BHs, combine the galaxy stellar 
mass function, a duty cycle, and 
average Eddington ratio to 
predict the QSO bolometric 
luminosity function, and compare 
with observations.

How much can the SMBH mass / 
stellar mass relation evolve 
without over-predicting the 
abundance of luminous QSOs 
given the observed scatter in the 
local relations?

The SMFs at 1.3! z< 4.0 and their uncertainties 7

FIG. 4.— Top panel: SMFs of galaxies at redshift 1.3 ! z < 2.0 (blue),
2.0 ! z < 3.0 (green), and 3.0 ! z < 4.0 (red). The filled symbols repre-
sent the SMFs derived with the 1/Vmax method, with error bars including
only Poisson errors. The solid curves represent the SMFs derived with the
maximum-likelihood analysis, with shaded regions representing the 1 and
2 ! uncertainties. The arrows show the best estimates of M!

star and the cor-
responding 1 ! errors derived with the maximum-likelihood analysis. The
black solid curve and points represent the local (z " 0.1) SMF from Cole
et al. (2001). Bottom panel: (" !M!

star) parameter space derived from the
maximum-likelihood analysis. Filled circles are the best-fit values of " and
M!
star, while the curves represent their 1 and 2 ! contour levels; the colors are

the same as in the top panel. The black filled square represent the redshift
z" 0.1 value from Cole et al. (2001). Very little evolution of the shape of the
SMF is observed from z = 3.0 to z = 1.3, and most of the evolution is in the
characteristic density !!. The shape of the SMF at z = 3.5 is different, char-
acterized by a much steeper low-mass end slope. The characteristic stellar
massM!

star seems to have evolved little, if any, from z = 2.5 to z" 0.1.

error bars show the SMFs derived using the 1/Vmax method.
The solid curves show the SMFs derived with the maximum-
likelihood analysis, while the shaded regions represent their
1 and 2 " uncertainties. The bottom panel of Figure 4 shows
the best-fit value and the 1 and 2 " confidence contour lev-
els of the two Schechter function parameters # and M!

star in
the three targeted redshift intervals. The local SMF derived
by Cole et al. (2001) is also shown in Figure 4. The plot-
ted uncertainties include Poisson errors only. The uncertain-

FIG. 5.— Ratio of the high-z SMFs (!) and the local SMF (!z!0.1) plot-
ted as function of the stellar mass as measured from the maximum-likelihood
analysis. The shaded regions represent the 1 ! uncertainties. Colors are
as in Fig. 4. The vertical dashed and dotted lines represent the value of
3# 1011 M" and the z = 0.1 characteristic stellar mass, M!

star " 1011 M",
respectively. Evidence for mass-dependent evolution is present, with the evo-
lution to z " 0.1 being larger at the low-mass end and smallest for the most
massive galaxies.

ties on the derived SMFs due to cosmic variance, photometric
redshift errors, and different SED-modeling assumptions are
quantified and discussed in § 5.
The large surveyed area allows for the determination of the

high-mass end with unprecedented accuracy, while the depth
of the FIRES survey allows us to constrain also the low-mass
end. This is particularly important because of the well-known
correlation between the two parameters # andM!

star.
Figure 4 clearly shows dramatic evolution of the SMF, qual-

itatively consistent with other studies (e.g., Fontana et al.
2006; Pérez-González et al. 2008). The main trend is a grad-
ual decrease with redshift of the characteristic density !!,
rather than a change in the slope # or the characteristic stellar
massM!

star. The density atMstar " 1011 has evolved by a factor
of" 20 since z = 3.5, a factor of" 8 since z = 2.5, and a factor
of " 3.5 since z = 1.65. The data points shown in Figure 4,
along with the best-fitting Schechter function parameters, are
listed in Table 1 and Table 2.
We also find evidence for mass-dependent evolution. In

particular, the data suggest a remarkable lack of evolution
for the most massive galaxies, with Mstar > 3#1011, over the
redshift range 1.3 ! z < 4.0. The average density of these
galaxies is 1.3# 10!5 Mpc!3. The differential evolution of
galaxies with different masses is shown more clearly in Fig-
ure 5, where the high-redshift SMFs divided by the local SMF
have been plotted as function of stellar mass. If the form of
the mass function does not evolve with redshift, the curves in
Figure 5 would be constant lines as function of stellar mass.
On the contrary, the observed evolution of the number den-
sities is larger for less massive galaxies and smallest for the
most massive galaxies.

5. UNCERTAINTIES
The results found in the previous sections are very intrigu-

ing. However, only Poisson errors have been considered, and,
as previously noted, uncertainties due to photometric redshift

Marchesini et al. 2009
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mBH(z,mgal) = Γ(z)mBH(z = 0,mgal) = Γ(z)m1.1
gal

Black hole mass Scaling factor Galaxy mass

Γ(z=0), how large can Γ(z=2) be without over-producing luminous z=2 
QSOs? -- bright quasars may be dominated by systems in the large-
BH scatter of the distribution.
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Figure 5. The same as Fig. 3, but with ! = 2 and "BH = 0.3.

Figure 6. The QSO LF at z = 2 as shown in Fig. 3, with ! = 1 and "BH =
0.3, but with a QSO duty cycle of f AGN = 0.3 and an Eddington ratio of
f Edd = 0.5.

constant for galaxy masses 10.0 ! log (m!/M") ! 12.0 (see
e.g. fig. 19 of Hopkins et al. 2008). Vestergaard (2004) find that
the Eddington ratios of luminous quasars at 1.5 < z < 3.5 are in the
range 0.1 < L/LEdd < 1, with an average value L/LEdd # 0.4–0.5,
while Kollmeier et al. (2006) find a fairly sharply peaked distribu-
tion of Eddington ratios with a peak at L/LEdd = 0.25. Adopting
average values for the fraction of galaxies containing active BH,
f AGN = 0.3, and the Eddington ratio f Edd $ L/LEdd = 0.5 (assum-
ing that L/LEdd is also constant with galaxy/BH mass)4 produces
quite good agreement with the observed QSO LF at z = 2 with no
evolution in the zero-point or scatter of the mgal–mBH relation (! =
1, " BH = 0.3; see Fig. 6).

Turning the argument around, then, if the independent observa-
tional estimates of duty cycle and Eddington ratio are correct, and if
the scatter in the mgal–mBH relation was not significantly smaller at
high redshift than it is today, then overall evolution in the mgal–mBH

relation of ! " 2 since z # 2 is disfavoured as it would overpro-
duce the number of luminous QSOs (see Fig. 7). In particular, if the

4 Note that if we included a realistic distribution of Eddington ratios, rather
than a single constant value, this would again broaden the tail of the bright
end of the QSO LF, leading to more very luminous QSOs.

value of ! at z # 2 were as large as suggested by the observations of
e.g. Peng et al. (2006), ! " 4, the number of luminous QSOs would
be overproduced by more than one order of magnitude. Of course,
one could reconcile these larger amounts of evolution if the duty
cycle of luminous quasars is an order of magnitude smaller than
what I have assumed (#2–3 per cent instead of 20–30 per cent).

3 C O N C L U S I O N S

I have investigated whether observational estimates of the stellar
MF of galaxies, combined with observed QSO LF, can provide
useful limits on the relationship between galaxies and their SMBH
at high redshift. I assumed a simple relationship between galaxy
mass and SMBH mass, as observed in dormant galaxies in the
nearby Universe, and a simple form for the possible evolution of
this relationship (see equation 1), namely a shift in the zero-point of
the relation by a redshift-dependent factor !(z). I then argued that
one can obtain a lower limit on !(z) by making the rather extreme
assumption that all BH radiate at their Eddington limit at all times,
and requiring that at least the observed number of luminous QSOs
be reproduced. I further argued that an upper limit on !(z) could
be obtained by requiring that the number of massive BH in galaxies
today should not be exceeded at high redshift.

Assuming that there is a deterministic relationship between
galaxy mass and BH mass (i.e. no scatter in the mBH–mgal rela-
tionship), I find that in order to produce enough luminous QSOs,
the zero-point of the relation must have been higher by at least a
factor of #2 at z = 1 and a factor of 5–6 at z = 2. At the same time,
in order to avoid producing a larger number density of massive BH
than what is implied by observations at z # 0, the upper limit on
the evolution of the normalization of the mBH–mgal relationship at
z = 2 is about a factor of 6. Since both the lower and upper limits
are fairly liberal, one might have expected them to lie several orders
of magnitude apart, and therefore not to provide very interesting
constraints on the actual evolution of the mBH–mgal relationship. It
seems potentially quite interesting that these limits lie nearly on top
of one another.

However, relaxing the assumption of a perfectly deterministic
mBH–mgal relationship has a major impact on the results. When
scatter is included in the mBH–mgal relation at a level similar to the
intrinsic scatter in the observed relation at z = 0, I find that the
majority of very massive BHs are objects that live in galaxies of
moderate mass but are outliers in the mBH–mgal relationship. This is
of course due to the very steep slope of the GSMF at large masses.

C% 2009 The Author. Journal compilation C% 2009 RAS, MNRAS 399, 1988–1994

Evolution of the mBH–mgal relationship 1993

Figure 7. The QSO LF at z = 2 as shown in Fig. 3, with intrinsic scatter !BH = 0.3, a QSO duty cycle of f AGN = 0.3 and an Eddington ratio of f Edd =
0.5. Left-hand panel: " = 2. Right-hand panel: " = 5. Assuming that the duty cycles and Eddington ratios derived from independent observations are correct,
and that the intrinsic scatter in the mgal–mBH relation was at least as large at z = 2 as it is today, large amounts of evolution in the zero-point (" ! 2) are
disfavoured.

Because the constraints above arose from the most luminous QSOs,
I then find that there is a strong degeneracy between the evolution
of the zero-point "(z) and the scatter ! BH. For example, the QSO
constraint at z = 2 can be reproduced even in a scenario in which
" = 1 (no evolution in the zero-point has occurred) and ! BH = 0.3
(the intrinsic scatter in mBH–mgal is similar to that in the observed
relation today). Thus we are left with the very weak constraint that
BH probably were no smaller at high redshift relative to their host
galaxies (unless the scatter was much larger than it is today).

I tried to sharpen this constraint by adopting more physically
reasonable values for the duty cycles and Eddington ratios of AGN,
based on independent observational constraints. Adopting mass-
independent values of f AGN = 0.3 (the fraction of galaxies hosting
AGN) and f Edd ! L/LEdd " 0.5, and assuming a scatter in mBH–
mgal similar to that in the observed relation for dormant galaxies
today (! BH = 0.3), I find that BH cannot have been much more than
a factor of "2 more massive relative to their host galaxies at z " 2
than they are today. In particular, values as large as "(z = 2) " 4,
as suggested by some observational studies (e.g. Peng et al. 2006),
would overproduce the number of luminous QSOs by more than an
order of magnitude.

Interestingly, Hopkins et al. (2006) also reached similar conclu-
sions based on a somewhat different, though related argument. They
pointed out that in order to avoid overproducing the total mass den-
sity in SMBH relative to the present day value, the average value of
mBH/mgal must not have been more than about a factor of 2 larger
at z " 2 than today’s value.

I have based these results on the relationship between the total
stellar mass of the galaxy and the mass of the SMBH; however,
there is strong evidence that the more fundamental relationship
is actually between the BH mass and the mass of the spheroidal
component of the galaxy (e.g. Kormendy & Richstone 1995). I
made this choice because the stellar MF of galactic spheroids is
very poorly constrained at high redshift. However, at low redshift,
the most massive galaxies are predominantly spheroid dominated
(e.g. Bell et al. 2003). If this was also the case at high redshift, then
my conclusions will not change much as the constraints are driven
by the most massive BHs which are hosted by massive galaxies. If
there is a significant population of disc-dominated massive galaxies
at high redshift, and the BH mass indeed correlates with spheroid
mass only, then this would leave more room for evolution and/or
scatter in the msph–mBH relation.

Another source of uncertainty arises from the fact that BH masses
predicted from the mBH versus luminosity (mBH–L) relationship

are inconsistent with those predicted from the mBH versus velocity
dispersion (mBH–! ) relationship for the most luminous galaxies
(Lauer et al. 2007a). The mBH–mgal relationship that I have chosen
to use here is derived from the mBH–L relation, which Lauer et al.
(2007a) argue should be more reliable in the regime of interest,
but the situation at high redshift is unknown. Currently, there are
no published observational measurements of the galaxy velocity
dispersion function at high redshift (of which I am aware); however,
these may become available in the future. It would then be very
interesting to repeat this kind of analysis using mBH–! instead.

Although it is disappointing that the proposed approach did not
yield stronger constraints on the evolution of the mBH–mgal relation-
ship, this exercise has brought out a few important lessons. First, in
order to understand the relationship between galaxies and their BH,
it is perhaps as important to understand the magnitude and evolution
of the intrinsic scatter in this relationship as it is to understand the
evolution of the zero-point of the relation itself. Second, new gen-
erations of theoretical models that attempt to simultaneously treat
the formation and evolution of galaxies and their BHs (e.g. Bower
et al. 2006; Croton et al. 2006; Fontanot et al. 2006; Somerville
et al. 2008) must take care to properly model the dispersion in the
mBH–mgal relationship.
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Problem:

Observations suggest that the 
galaxy stellar and black hole 
components are tightly coupled.  
Our collective picture for galaxy 
formation is therefore also a 
picture of supermassive black  
hole formation.

Tizianaʼs famous for calculating 
how this coupling might arise 
through gas-rich galaxy mergers.  
How do these relations develop in 
a fully cosmological context?

Di Matteo et al., ApJ, 676, 33 (2008)
– 15 –

Di Matteo, 
Springel, & 
Hernquist 2005
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Methodology:

Cosmological hydro 
simulations (34-50 h-1 Mpc, 
2x4863 particles) with galactic 
winds and a multiphase ISM 
model (Springel & Hernquist 
2003), incorporating a model 
for growth and feedback from 
SMBHs (Springel et al. 2005, 
Di Matteo et al. 2005).

Populate growing halos above 
a threshold mass with a black 
hole seed, track the 
cosmological development of 
the SMBH population and the 
BH-galaxy connection.

Di Matteo et al., ApJ, 676, 33 (2008)

Fig. 1.—Projected baryonic density field in slices of thickness 5000 h!1 kpc through our high-resolution simulation, color coded by temperature and with brightness
proportional to the logarithm of the gas density. Each panel shows the same region of space at different redshifts, as labeled. The circles mark the positions of the black
holes, with a size that encodes the BH mass, as indicated in the top left panel. [See the electronic edition of the Journal for a color version of this figure.]

Black Holes!
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time, we fit the MBH-! relation at each redshift with a simple
power law of the form

log
MBH

M!

! "
" a log

!

200 km s#1

# $
$ b: %3&

The best-fit relations thus obtained are shown in Figure 8 as so-
lid black lines, with the dispersion indicated by hatched regions.
The dotted lines represent the best-fit relations for all redshifts
combined. We compare with the observed relation as determined
by T02, which is described by a slope a " 4:02, a normalization
b " 8:2, and a dispersion ! ' 0:25Y0:30 (Fig. 8, gray thick
line).

The constants a and b for our best-fit relations and their dis-
persions are tabulated in Table 2 for different redshifts. Note that
here we do not attempt to assess the statistical significance of the
correlations in detail, as the sources of systematic errors in the
numerical measurements of ! and MBH cannot be easily quanti-
fied in the simulations. In particular, the cosmological simulations
cannot determine the morphological properties of galaxies and
therefore do not provide a direct measure of spheroid masses or
their velocity dispersions.Our fitting procedure ismerely intended

to provide a first characterization of the overall evolution of the
slope and normalization of the relations in the simulation model.
As Figure 8 and Table 2 indicate, the MBH-! relation predicted
from our simulation is consistent with a slope '4 at low redshift,
as observed. At z " 3Y4, the slope appears to be slightly steeper
and at z " 5Y6 slightly shallower, but the small number of sys-
tems at z ' 6 makes the latter trend uncertain.
Inspection of Figure 8 shows a qualitative trend whereby the

larger systems with high !k 150 km s#1 (which are also those
that are best resolved in our simulation) appear to populate the
high-mass end of the MBH-! relation already at z > 2Y3. The
lowermass end of theMBH-! relation is then increasingly filled in
toward z ' 1. To illustrate this trendmore explicitly, we perform a
fit of the relation using only those systems with ! ( 150 km s#1;
this is shown by the dashed line in Figure 8. The slope as obtained
for these ‘‘high’’ ! black holes is typically steeper than for the full
relation (our measured values for as are listed in Table 2). At a
fixed and relatively high!, themeanMBH is larger at z ' 3Y4 than
at z ' 1. This trend suggests that black hole growth predates the
final growth of the spheroid potential at scales ! ' 170 km s#1,
which is consistent with the recent measurements of the MBH-!
relation in a sample of Seyfert galaxies at z ' 0:35 byWoo et al.

Fig. 8.—Evolution of theMBH-! relation in the BHCosmo simulation. The masses of BHs and the projected stellar velocity dispersions within the half-mass radius (Re)
have been measured in our simulated galaxies and are plotted at z " 1, 2, 3, 4, 5, and 6.5. We compared our measurements at all redshifts with the best fit to the localMBH-!
relation of T02 (thick gray line). Linear regression fits to our simulated BHs are shown by solid lines at each redshift, with 1 ! errors indicated by the hatched regions. For ease
of comparison, the dotted lines in each panel show the best-fit relations at all redshifts. The points are color coded according to their accretion rates in units of Eddington, as
indicated in the color bar at the top right-hand corner of the figure. [See the electronic edition of the Journal for a color version of this figure.]
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Results:

The black hole-
galaxy mass 
relations are 
predicted to 
evolve gently 
with redshift 
(see also R06) 
-- at the 
massive end,  
systems lie 
above the 
mean M-σ 
relation.

Many others!
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Problem:

A significant reservoir of the 
neutral baryonic mass 
density in the universe is 
observationally inferred to 
reside in damped Lyα 
absorbers (DLAs) at z~3 
(e.g., Wolfe/Prochaska).

How are DLAs connected to 
the galaxy population?  

e.g., star formation, AGN feedback, photoionization, and galac-
tic winds. Current estimates of the star formation rates are rela-
tively uncertain over this redshift range (e.g.,Wolfe et al. 2003a),
but probably cannot account for the bulk of evolution. Similarly,
the intensity of the extragalactic background radiation field is
believed to be roughly constant (e.g., Haardt & Madau 1996),
and photoionization effects should be minor. Therefore, we con-
tend that one or more feedback mechanisms have significantly
reduced the typical cross section of galaxies to damped Ly! ab-
sorption from z ! 3 to 2.

Turning our attention to the neutral gas mass density, we pre-
sent the damped Ly! observations in Figure 22, including recent
results at z < 1:6 from S. M. Rao, D. A. Turnshek, & D. Nestor
(in preparation) compared to several!CDMmodels, and also cur-
rent estimates of the mass density of stars (star), neutral gas (dia-
mond), and Irr galaxies ( plus signs) at z " 0. It is important to
note that the theoretical models of Somerville et al. and Nagamine
et al. include contributions to "g from all quasar absorption-line
systems (i.e., they calculate"H i

g ), whereas the observational mea-
surements are restricted to the damped Ly! systems. Therefore,
if the Lyman limit systems do contribute significantly to"H i

g , we
must increment the observations accordingly. Alternatively, we
recommend that future theoretical analysis be restricted to sight
lines with NH i # 2 ; 1020 cm$2 (e.g., Cen et al. 2003).

Examining the damped Ly! observations alone, we note a
relatively confusing picture.While the results based primarily on
the SDSS DR3 observations (z > 2:2) show a well-behaved trend
with redshift, the estimates of "DLA

g at z < 2 are all consistent
with one another, with a central value higher than the z ! 2:3
measurement. While each individual measurement at z < 2 is
consistent with the SDSS data point at z ! 2:3, taken together
the difference is significant, at >95% c.l. In fact, if one were to
ignore the redshift interval at z ! 2:3, the observations are con-
sistent with no evolution in "DLA

g from z ! 0:1 to 4.5. Before
reaching such a conclusion, however, we wish to emphasize sev-
eral points: (1) the value in the z ! %2:2; 2:5& interval is very well
determined because it is based on "100 damped Ly! systems;
(2) the z " 2 data point is derived from a heterogeneous sample
of observations and is dominated by a single damped Ly! sys-

tem; (3) the low-redshift values are based on the novel yet non-
standard technique of Rao & Turnshek (2000), whose approach
has its own set of systematic errors which are uniquely different
from the damped Ly! survey described in this paper; and (4) we
argue in x 5.2 that the "DLA

g
results may be biased by gravita-

tional lensing. If this is confirmed, the effect should be largest at
z < 2. These points aside, it is clear that achieving better than
10% precision on"DLA

g at z < 2 is a critical goal of future damped
Ly! surveys. At z " 2, this will require a large observing cam-
paign with a spectrometer efficient down to 3200 8. At lower
redshift, it will require a new UV space observatory.
Comparing the models, we note a wide range of predictions.

The most successful models at z > 2 are from Nagamine et al.
(2004), in particular their D5 run. This model reproduces both
the shape and normalization of the observed data. In contrast,
the Eulerian and SAM models overpredict "DLA

g at all redshifts
and at z < 3, respectively, even if one adopts a 1.5 multiplica-
tive correction due to the Lyman limit systems. Because the cool-
ing processes and timescales are comparable in all of the models
(e.g., Pearce et al. 2001), the differencesmust be due to processes
that consume or ionize the neutral gas (e.g., star formation, ga-
lactic winds, or AGN feedback). The indication from our obser-
vations is that the Eulerian and SAM models underpredict these
processes at zk 2 and therefore overestimate "g.
Now consider a comparison of the high-z"DLA

g
values with the

mass density at z ! 0 of stars "', neutral gas "
21 cm
g , and dwarf

galaxies"d. The stellar mass density was estimated by Cole et al.
(2001) from an analysis of the Two Degree Field (2dF) survey.
The uncertainty in this estimate is dominated by systematic error
related to the assumed initial mass function. Wolfe et al. (1995)
first stressed that the gas mass density of the damped Ly! sys-
tems is comparable to "'. Adopting the !CDM cosmology and
the current estimate of"', we now find that"' exceeds"DLA

g
by

a factor of 2–3 at z ! 3. However, because star formation is on-
going at all redshifts probed by the damped Ly! systems (e.g.,
Chen & Lanzetta 2003; Wolfe et al. 2003b; Møller et al. 2002),
it would be wrong to interpret the maximum "DLA

g value as the
total gas mass density contributed by the damped Ly! systems.
It is more accurate to regard damped Ly! systems as neutral gas
reservoirs in which gas consumed by star formation is replaced
by neutral gas accreted from the intergalactic medium (IGM).
In this manner, the mass density of damped Ly! systems would
be less than "' at any given epoch. Therefore, it is reasonable to
assume that all of the stars observed today arose from gas orig-
inating in the damped Ly! systems. Indeed, this is the generic
conclusion of current cosmological simulations. These points
aside, it is evident that the damped Ly! systems contain suffi-
cient gas mass to account for all of the stars observed in disks
today, provided that current estimates are correct ("disk ( "' /3;
Fukugita et al. 1998).
Examining Figure 22, we note that the difference between

"21 cm
g at z ! 0 and "DLA

g at z ! 2:3 is 0:15) 0:08, i.e., con-
sistent with very little evolution if one ignores the results at
z "1we present from S. M. Rao et al. (in preparation). Is this a
remarkable coincidence or is there a physical explanation (e.g.,
the gas accretion rate equaled the star formation rate over the past
10 Gyr)? Before addressing this question, consider the deter-
mination of "21 cm

g . The value is derived from large-area surveys
of 21 cm emission-line observations for H i clouds. The most
recent results are from the HIPASS survey, as analyzed by Zwaan
et al. (2005). The analysis proceeds by fitting a functional form
(a# function) to the H imass distribution of all galaxies detected.
The "21 cm

g value is simply proportional to the first moment of
this distribution function. The key point to emphasize is that the

Fig. 22.—Gas mass density of neutral gas for the damped Ly! systems from
our analysis (z > 1:5 with SDSS restricted to z > 2:2) and recent results ( purple)
from S. M. Rao et al. (in preparation). These observations are compared to the
theoretical curves of Cen et al. (2003; EULER; green), Somerville et al. (2001;
SAMS; red ), and Nagamine et al. (2004; SPH; dotted blue line, D5 model; solid
blue line, Q5 model). The data points at z ! 0 correspond to the stellar mass
density fromCole et al. (2001; star), the neutral gas mass density (diamond ), and
the mass density of Irr galaxies ( plus signs; Fukugita et al. 1998).

PROCHASKA, HERBERT-FORT, & WOLFE140 Vol. 635

Prochaska, Herbert, & Wolfe (2005)

Stellar mass density

Neutral gas mass density
dIrr mass density
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Methodology:

Use re-simulations of 
cosmological 
calculations to obtain 
high resolution (see 
Governato et al. 2007), 
then post-process the 
simulations using a 
radiative transfer 
scheme to capture self-
shielding effects on the 
local ionization/
neutrality state of gas. 
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Figure 2. The z = 3 neutral column density of H I in a 400 kpc cube centred on the major progenitor to a z = 0 Milky Way type galaxy (box MW). The colours
are such that DLAs (log10NH I/cm!2 > 20.3) appear in dark red and Lyman limit systems (20.3 > log10 NH I/cm!2 > 17.2) appear in green and yellow. The
circles indicate the projected positions and virial radii of all dark-matter haloes with M > 5 " 108 M#. All units are physical. A stereoscopic and an animated
version of this plot are available at www.ast.cam.ac.uk/$app26/.

For each sightline, we directly measure the column density in
neutral hydrogen. If this column density exceeds the DLA thresh-
old (NH I > 1020.3 cm!2), it is added to our catalogue. If not, it is
immediately discarded, but we keep track of the numbers of all
sightlines taken so that we may calculate

!DLA % !search

!
nDLA

ntotal

"
, (2)

where ! search = !r2
vir is the search area, ntotal is the total number

of random sightlines calculated and nDLA is the number of such
sightlines which exceed the DLA threshold. In this way, we obtain
a representative DLA cross-section for each halo without assuming
any particular projection.

We also produce an absorption line profile for a low-ion transition
such as those of Si II. We assumed that the relative abundances of
heavy elements were solar and that Si II was perfectly coupled to H I,
so that for solar metallicity MX/MH = 0.0133 and n(Si II)/n(H I) =

n(Si)/n(H) = 3.47 " 10!5 (Lodders 2003). In other words, given
the metallicity Z of each gas particle, we take n(Si II) = 3.47 "
10!5 (Z/Z#) n(H I). Although an approximation, we found that the
effect of relaxing the assumption of the Si II–H I coupling was minor
(see Section 5.2).

Example profiles are shown in Fig. 3, in which we have chosen
four haloes and displayed five random sightlines from each. For
the purposes of this plot, we choose one of Si II"1808, 1526, 1304
or 1260 according to which transition has maximum optical depth
closest to unity. The plots are centred such that #v = 0 corresponds
to the motion of the centre of mass of the parent dark-matter halo.
We also added, for display purposes, Gaussian noise such that the
signal-to-noise ratio (S/N) is 30/1. The range contributing to v90%

(see Section 4.2.2) is shown in Fig. 3 by vertical lines at either end.
Absorption arising in haloes with virial velocities vvir ! 150 km s!1

is often composed of multiple clumps whereas for smaller haloes,
there tends to be one main, central H I clump, moving with the

C& 2008 The Authors. Journal compilation C& 2008 RAS, MNRAS 390, 1349–1371
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Figure 7. As Fig. 4, except the cross-sections are now plotted against the
total mass of neutral hydrogen in each halo. Haloes with no DLA cross-
section are shown artificially at log10 !DLA/kpc2 = !1. The dotted lines
are of time-scales for H I depletion through star formation; from top to
bottom " = 1010.0, 109.5 and 109.0 yr. These illustrate constraints on our
locus of points by considering both #$(z = 0) and the lifetime of a typical
DLA (see text for details).

stars,

" = 1
c$

!
G%gas

. (7)

With the assumption that %gas " MH I/(0.74 !
3/2
DLA), one has the

approximate relation

!DLA # 10 kpc2

"
"

109 yr

#4/3"
MH I

109 M$

#2/3"
c$

0.05

#4/3

. (8)

Our locus lies roughly along the line " = 109.5 yr; this is not
unexpected, especially if our simulations are to match observations
that #$(z = 0) # #DLA(z = 3).6 This suggests that a large fraction of
the DLA cross-section should be converted to stars by z = 0, giving
an upper limit of " ! O(1010 yr) to the star formation time-scale "

(unless star formation proceeds in rapid discrete bursts, which is not
the case in our simulations). Assuming DLAs are not short-lived
objects, or achieved by very fine balancing of rapid gas cooling
and star formation, one would also expect " > O[1/H (z = 3)] "
O(109.5 yr). The constraint " > 109 yr is obeyed, suggesting that
this stable model is reasonable.

4.2 Column densities, velocity widths and metallicities

4.2.1 Column density distribution

One of the best constrained quantities, observationally, is the neu-
tral hydrogen column density distribution f (NH I, X). This is defined
such that f (NH I, X) dNH I dX gives the number of absorbers with
column densities in the range NH I % NH I + dNH I and absorption
distance X % X + dX. Applying the reweighting method described

6 In other words, the total mass of stars at z = 0 in a given comoving volume
is roughly equal to the total mass of neutral hydrogen in that same volume
at z = 3 (see equation 9 and the ensuing discussion).

Figure 8. The simulations’ DLA column density distribution (solid line)
compared to the observed values from SDSS DR5 (points with error bars,
based on Prochaska et al. (2005) 2005; see the main text for explanation).
The dashed, dash–dotted and dotted lines show the contribution from Mvir <

109.5 M$, 109.5 M$ < Mvir < 1011.0 M$ and Mvir > 1011.0 M$ haloes, re-
spectively (these are not directly observable distributions, but give guidance
as to how our cross-section is composed).

in Section 3.3 to our sample yields an estimate for the cosmolog-
ical column density distribution, shown by the solid line in Fig. 8.
This can be compared directly to the observed distribution given
by the points with error bars, which are derived from SDSS DR5
(see previous section for an explanation). The matching of the nor-
malization and approximate slope of the observed column density
distribution can be seen as a genuine success of the simulations:
we emphasize that no fine-tuning has been applied to achieve this
result. Furthermore, our results appear to have converged at the
resolution of the simulations used (see Section 5.1).

From the column density distribution, one may express the total
neutral gas mass in DLAs in terms of the fiducial definition:

#DLA(z) = mpH0

cfH I%c,0

$ Nmax

1020.3 cm!2
f (NH I, X)NH IdNH I, (9)

where mp is the proton mass, %c,0 is the critical density today, (1 !
f H I) " 0.24 gives the fraction of the gas in elements heavier than
hydrogen and Nmax is an upper limit for the integration, which is
discussed in the next paragraph. #DLA(z) gives the fraction of the
redshift zero critical density provided by the comoving density of
DLA-associated gas measured at redshift z. (This is different from
the more natural definition of time-dependent #s which express a
density at any given redshift in terms of the critical density at that
redshift. Only in the Einstein–deSitter universe will these definitions
coincide.)

Although the calculation should take Nmax = &, this is not pos-
sible for the observational sample owing to the rapidly decreasing
number of systems at the high-column density limit. Prochaska et al.
(2005) discussed how different assumptions for the functional form
of the column density distribution can lead to different values of
#DLA. The discrepancies are small for the two best functional fits to
the observational data (a double power law or a Schechter function
with exponential roll-off at high-column densities). However, these
extrapolations are actually only constrained by a few points at high-
column densities; a more robust approach, albeit less physically
transparent, is to calculate #DLA directly from summing the total

C' 2008 The Authors. Journal compilation C' 2008 RAS, MNRAS 390, 1349–1371

Damped Lyman ! systems 1357

Figure 4. The DLA cross-section of haloes which meet our resolution
criteria in the Dwf (plus symbols), MW (dots), Large (cross symbols) and
Cosmo (tripod symbols) boxes plotted against their virial mass. There is
a (resolution-independent) sharp cut-off at Mvir ! 109 M" below which
the cross-section for DLA absorption is negligible. Haloes with no DLA
cross-section are shown artificially at log10 "DLA/kpc2 = #1. The fit to the
equivalent results for two models in Nagamine et al. (2004a) is given by the
dotted and dash–dotted lines (their models P3 and Q5, respectively). The
major progenitors to the ‘MW’ (Milky Way like) and ‘Dwf’ (Dwarf type)
z = 0 galaxies are indicated.

DR55 using the method described for SDSS DR3 in Prochaska,
Herbert-Fort & Wolfe (2005). In Fig. 5, we have shown how haloes
of different masses contribute to this total line density by plotting
d2N/dX d log10M = (ln 10)(dl/dX) Mf (M) " DLA for each halo; lDLA

is simply the integral under the curve defined by the locus of these
points. The major contributors to the total line density are haloes of
masses 109 M" < Mvir < 1011 M". At lower and higher masses,
the contribution is cut-off by the rapidly decreasing cross-sections
or exponential roll-off in the halo mass function, respectively.

As expected from our previous discussion, our results have a peak
at !1010 M", which contrasts with the flatter results from fiducial
power-law cross-sections. Consequently, at first glance, it appears
that the area under our locus of points must be larger than that
under the N04 curves, and hence a substantial disagreement in line
density is inevitable; however, the cut-off for N04 is at rather lower
masses (Mvir ! 108 M"), and this brings the total line density in
N04 considerably closer to the observed value.

Plotting the total H I mass against the virial mass (Fig. 6) and DLA
size against the total H I mass of a halo (Fig. 7) gives an alternative
view of our cross-sections. A striking feature of the latter plot is a
bifurcation, particularly notable in the ‘Cosmo’ box but also traced
by the ‘Large’ box, in which haloes of a fixed H I mass MH I !
109 M" can have different cross-sections. The primary physical
distinction between the upper and lower branches is in halo mass:
the former trace H I-rich haloes with Mvir < 1010.5 M" and the latter
trace a population of H I-poor haloes with Mvir > 1010.5 M". This
is reminiscent of recent claims of bimodality in observed DLAs

5 www.ucolick.org/!xavier/SDSSDLA/DR5/

Figure 5. The data of Fig. 4 multiplied by the halo mass function from
Reed et al. (2006) to give a total line density for each representative sys-
tem. Haloes with zero cross-section are shown artificially at log10 d2N/dX
d log10 M = #4.

Figure 6. The total mass of neutral hydrogen plotted against the virial mass
for our haloes. The symbols are as described in the caption of Fig. 4.

(Wolfe et al. 2008). However, we limit ourselves, for the moment,
to more general considerations, noting that the high-mass, low-"
branch DLAs are extremely rare in our simulations (making up less
than 2 per cent of the total cross-section). Our method for generating
cosmological samples (Section 3.3) will propagate through any such
bimodalities into our final results without difficulty, assuming the
Cosmo box has a representative selection of haloes (see Section 6.5
for a further discussion of bimodality).

A guide " DLA – MH I relationship can be estimated by fixing
a particular SFR. As explained in Section 2, in our simulations
the instantaneous SFR is given by the Schmidt law. From this
may be estimated a time-scale for conversion of neutral gas into

C$ 2008 The Authors. Journal compilation C$ 2008 RAS, MNRAS 390, 1349–1371

Results:

DLAs contributed by halos with Mvir>109 Msun                 DLA column densities reproduced!
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No. 2, 1998 GLOBAL SCHMIDT LAW 549

FIG. 5.ÈRelation between the disk-averaged SFR per unit area and
molecular gas density for 36 infrared-selected circumnuclear starbursts.
The solid line shows a bivariate least-squares Ðt to the Schmidt law, as
described in the text. The dashed and dotted lines correspond to constant
global star formation efficiencies and gas consumption timescales, as indi-
cated.

N \ 1.40 ^ 0.13 (bivariate regression) or N \ 1.28 ^ 0.08
(errors in SFRs only). The Schmidt law is better deÐned
than for the normal disks, but partly because there is a
much larger dynamic range in SFR and gas densities in the
starburst sample ; the dispersion in absolute SFR per unit
area at Ðxed gas density is only slightly lower in the star-
burst sample. Star formation threshold e†ects are probably
unimportant in the starburst disks, and this might also
account for the somewhat tighter Schmidt law among these
objects.

Although the starburst disks exhibit a SFR versus gas
density relation that is qualitatively similar in form to that
seen in the normal spiral disks, the physical regime we are
probing is radically di†erent. The average gas surface den-
sities here range from 102 to 105 pc~2, compared to aM

_typical range of order 1È100 pc~2 in normal disksM
_(Figs. The mean densities of the starburst disks are2È3).

comparable instead to those of individual molecular cloud
complexes in normal galaxies. For example, the largest
H II/GMC complexes in M31, M33, and M51 have molecu-
lar masses and sizes corresponding to mean surface den-
sities of 40È500 pc~2 & RudolphM

_
(Wilson 1993 ; Wilson

& Scoville & Kuno This is comparable1992 ; Nakai 1995).
to the low end of the density range for the starbursts in

The mean densities of some of the starburstsFigure 5.
approach those found in Galactic molecular cloud cores,
but with the dense gas extending over kiloparsec diameter
regions. The star formation densities are just as extraordi-
nary. For example, the central 10 pc core of the 30 Doradus
giant H II region contains D104 in young stars, whichM

_corresponds to yr~1 kpc~2 if the star for-&SFR D 100 M
_

mation timescale is as short as 106 yr ; the average SFR
density averaged over the entire H II region is D1È10 M

_yr~1 kpc~2. Thus, the regions we are studying have project-
ed SFRs per unit area that approach the maximum limit
observed in nearby optically selected star clusters and
associations et al.(Meurer 1997).

Not surprisingly, the global star formation efficiencies in
the starburst sample are much higher than in the normal
disk sample (e.g., et al. & SageYoung 1986 ; Solomon 1988 ;

Scoville, & Soifer In we show theSanders, 1991). Figure 5
same lines of constant star formation efficiency and gas
consumption times as in (1%, 10%, and 100% perFigure 2
108 yr). The median rate of gas consumption is 30% per 108
yr, which is 6 times larger than for the normal disk samples,
and the efficiencies reach 100% per 108 yr for the most
extreme objects. It is interesting to note that the shortest gas
consumption times are comparable to the dynamical time-
scales of the parent galaxies, implying that the most lumi-
nous starbursts are forming stars near the limit set by the
gas accumulation timescale & Heckman(Lehnert 1996).

4. THE COMPOSITE SCHMIDT LAW

Taken together, the normal disk and starburst samples
span a dynamic range of approximately 105 in gas surface
density and over 106 in SFR per unit area. showsFigure 6
the composite relation, with the normal spirals shown as

FIG. 6.ÈComposite star formation law for the normal disk ( Ðlled
circles) and starburst (squares) samples. Open circles show the SFRs and
gas densities for the centers of the normal disk galaxies. The line is a
least-squares Ðt with index N \ 1.40. The short, diagonal line shows the
e†ect of changing the scaling radius by a factor of 2.

Star Formation Rates in 
Disks: The Standard Lore
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Star formation vs. gas distribution: M33
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The neutral HI gas 
(blue) in M33 is 
much more 
extended than the 
star formation.

Why doesnʼt star formation track the gas distribution?
HI Map: Thilker et al.

Star formation vs. gas distribution: M33

Hα emission 
(red) traces 
areas of active 
star formation in 
the disk of M33.



The degree to which giant molecular clouds reside within
spiral arms provides important clues to their origin and life-
time. High-resolution images of CO emission in more distant
galaxies typically reveal a strong concentration of molecular
gas in spiral arms (Regan et al. 2001). In the Local Group,
M31 exhibits a large arm-to-interarm contrast for the molec-
ular gas component (Loinard et al. 1999; Guelin et al. 2000).
While spiral structure of molecular gas in the Milky Way is
more difficult to determine, in the outer Galaxy where line of
sight confusion is minimized, spiral arms are the near exclu-
sive domain of CO-emitting clouds (Heyer & Terebey 1998).

The spiral structure of M33 has been more difficult to define
owing, in part, to the warp of the outer disk. Modeling of the

distribution and kinematics of the H i 21 cm line emission
demonstrates large-scale warping for radii greater than 200

(Rogstad, Wright, & Lockhart 1976; Corbelli & Schneider
1997). Similarly, Sandage & Humphreys (1980) describe a
system of spiral arms from the blue light distribution in which
the inclination and position angles vary from the central
region to the outer disk. Near-infrared imagery shows the two
bright inner spiral arms and identifies an enhancement of
stellar density along the innermost spiral arms labeled by
Sandage & Humphreys as IS and IN (Regan & Vogel 1994).
The distribution of H i 21 cm line emission from M33 is
considerably more complex (Newton 1980; Deul & van der
Hulst 1987). The optically identified arms are coincident with

Fig. 2.—Images of M33: (a) integrated 12CO J ! 1–0 (half-tone between 0.25 [white] and 4 K km s"1 [black]); (b) Digitized Sky Survey; (c) integrated H i 21 cm
line emission (half-tone between 0.1 [white] and 0.7 Jy beam"1 m s"1 [black]; Deul & van der Hulst 1987); and (d) IRAS HiRes 60 !m emission (logarithmic stretch
between 0.03 [white] and 31.6 MJy sr"1 [black]). The solid line shows the spiral pattern derived by Rogstad, Wright, & Lockhart (1976). Most of the CO emission
can be assigned to the prominent north and south spiral arms.
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Molecular gas 
(CO)

Neutral gas 
(HI)

– 21 –

Fig. 3.— The radial profile of molecular gas surface density, !H2
(heavy solid line), the total

gas surface density, !gas (light solid line), and the star formation rate per unit area, !SFR

(dotted line).

– 22 –

Fig. 4.— The radial profile of the ratio of atomic to molecular hydrogen mass surface

densities. The solid line is the best fitting power law, !HI/!H2
= 0.9 ! R0.6.
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Fig. 5.— Relation between local SFR density and molecular and atomic hydrogen surface

densities separately. The solid green and open black triangles denote H2 surface densities
(see Fig. 4), with open red circles indicating CO upper limits (same symbol notation as for

Figure 4). Blue asterisks show the corresponding relation between SFR surface densities
and HI surface densities. The dashed line shows the best bivariate least squares fit to the

molecular densities alone. The fit to total gas density (see Figure 4) is shown for reference
as the solid line.
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Motivation for a new model of the molecular ISM:
Robertson & Kravtsov (2008), ApJ, 680, 1083



The “Standard” ISM Model



104 K

1) Gas can cool to a minimum temperature of 104 K.
2) Star formation occurs in “dense” (nH >~ 0.1-1 cm-3) regions.
3) The efficiency of star formation is normalized to match Kennicutt (1998).

The “Standard” ISM Model



A Cartoon of Molecular ISM Processes



At sufficiently high gas densities, low-temperature coolants will allow molecular gas 
to condense from the hot ambient medium.  

A Cartoon of Molecular ISM Processes



Stars form from the molecular clouds, and the local interstellar radiation field 
increases.  Soft UV photons in the ISRF can begin to photodissociate and heat the 
molecular clouds.

A Cartoon of Molecular ISM Processes



In the presence of an ISRF, the molecular density at moderate ISM densities is 
suppressed.  In some regions of the ISM, the local ISRF can destroy all molecular 
gas, removing low-temperature coolants and increasing the gas temperature.  The 
destruction of H2 by the ISRF acts as a feedback mechanism to regulate star 
formation, and is efficient even as the local cooling time is short.

A Cartoon of Molecular ISM Processes



Additional feedback mechanisms, such as supernovae from massive stars, may still 
operate.

A Cartoon of Molecular ISM Processes



After the young stars die the ISRF may abate, allowing the molecular ISM to reform 
and the star formation cycle to start again.

A Cartoon of Molecular ISM Processes



fH2 = fH2(!gas, T, Z, UISRF)

!net = !net(!gas, T, Z, UISRF)

!̇! = C!fH2(1 ! ")!1.5
gas

!gas
du

dt
= "SN!̇! ! !net

UISRF = U!(!) !

!

!SFR

!SFR,!

"

Robertson & Kravtsov (2008), 
ApJ, 680, 1083

SFR tied to molecular density and 
dynamical time

Molecular fraction vs.density, T, Z, 
and ISRF strength

Interstellar radiation field strength 
tracks the local SFR density

ISM thermal evolution = supernovae 
heating - net atomic and molecular 
cooling rates

Net atomic and molecular cooling 
rates depend on density, T, Z, and 
ISRF strength

Implemented in the N-body/SPH 
code GADGET2

A New Model for the Molecular 
ISM and Star Formation







1) Measure gas and SFR properties in annuli.

2) Compare with observations.
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The Star Formation Law in Nearby Galaxies on Sub-Kpc Scales 23

Fig. 12.— A comparison between H i-dominated/dwarf irregular galaxies and different radial regimes of spiral galaxies. All four panels
show ΣSFR versus ΣHI for the dwarfs in colored contours. Green, orange, and red contours show 1, 2, and 5 sampling points per cell.
The diagonal dotted lines and all other plot parameters are the same as in Figure 4. Overplotted is the lowest (green) contour from the
corresponding panel in Figure 11. Thus each panel compares the distribution of data from the dwarfs to that in the spiral galaxies from a
particular radial range. The best agreement is seen in the bottom right panel, in which the black contour shows data from 0.75–1.0 r25 in
spiral galaxies.

pixel-by-pixel data from our study; these distributions
are identical to the ones in Figure 4. The black crosses
represent the datapoints from our radial profiles (Figure
2) and are also identical to the crosses in Figure 4.

The black dots in Panel A and the black circles in
the other panels show data from previous papers. These
data were adjusted to match our assumptions regarding
the adopted IMF (see § 2.3.2), the inclination, the CO-to-
H2 conversion factor, and the ICO(J = 2→ 1)/ICO(J =
1→ 0) line ratio. We mention the adjustments that were
made for each dataset in the discussion of the individual
panels of Figure 14 below.

Panel A: Kennicutt et al. (2007, K07) derive a power
law index of 1.37±0.03 relating molecular gas and SFR
surface densities in M51 (and an index 1.56±0.04 for
the total gas). They measure Σgas and ΣSFR by plac-
ing 520 pc apertures on Hα and 24 µm emission peaks

(black dots in Panel A in Figure 14). K07 use Paα and a
combination of 24µm and Hα emission to estimate ΣSFR.
They use the same H i and CO data we do.

Shown (Figure 14 A) is a comparison for NGC 5194
(M51) between our data and the measurements from
K07, which we have adjusted to match our CO-to-H2
conversion factor and IMF. One finds that our data
distribution generally agrees quite well with that from
K07. Nevertheless, the regime that both studies probe is
slightly different: whereas we sample the entire optical
disk, K07 focus on apertures mainly in the spiral arms
of M51. As a consequence, our data distribution extends
to lower Σgas while their distribution emphasizes slightly
higher ΣSFR and Σgas.

The power law slope of 1.37±0.03 derived in K07 for
the molecular gas is steeper than the value of 0.84 that we
derive for M51 (see Figure 4 and Table 2). The steeper

Results: Star Formation 
Efficiency vs. Galaxy Mass

Bigiel et al. (2008)
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Results:
fH2-Pressure Correlation

Blitz & Rosolowsky (2006)
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What is the 
interplay between 
cosmological gas 
inflow, disk 
dynamics, and the 
creation and 
destruction of 
molecular gas?

How is star 
formation 
efficiency related 
to supersonic 
turbulence?

Does the regulation of star 
formation change galaxy 
morphology and LFs?

Faint-end of 
galaxy LF

Unsolved Problems in 
Galactic Star Formation



A Constant Molecular Gas Depletion Time in Nearby Disk Galaxies 3

Fig. 1.— Star formation rate surface density, !SFR, estimated from FUV+24µm emission as a function of molecular gas surface density,
!H2, estimated from CO J = 2 ! 1 emission for 30 nearby disk galaxies. The left panels show data density with equal weight given to
each galaxy. Purple, red, orange, and green contours encompass the densest 25, 50, 75, and 90% of the data. The right panels show each
measurement individually as a black dot. The red points indicate running medians in !SFR as a function of !H2 and the error bars show
the 1! log-scatter in each !H2 bin. In both panels, dotted lines indicate fixed H2 depletion times in yr. Measurements in the top panels
are on a common angular scale of 13!!, those in the bottom panels are on a common physical scale of 1 kpc. All panels show a strong
correlation between !SFR and !H2 with the majority of data having "H2

Dep " 2.3Gyr.

weight to each galaxy, ensuring that a few large galaxies
do not drive the overall distribution. Contours indicate
the density of sampling points in each cell.
The scatter plots on the right treat all measurements

equally, which leads large galaxies to dominate the dis-
tribution. While the contour plots treat a galaxy as the
fundamental unit, the scatter plots treat each region as
a key independent measurement. The red points show a
running median in !SFR as a function of !H2. Though
treating !H2 as an independent variable is not rigorous,
this binning is a useful way to guide the eye. We only bin
where !H2 > 5 M! pc"2 and we are confident of being
complete.
All four plots reveal a strong correlation between !SFR

and !H2. In this letter we focus our quantitative analysis

on the right hand plots, which weight every measurement
equally. The Spearman rank correlation coe"cient across
all data is r = 0.8 at 1 kpc resolution, indicating a strong
correlation between !SFR and !H2. We find a median H2
depletion time !H2

Dep = 2.35 Gyr with 1" scatter 0.24 dex
(! 75%). The results at fixed 13## resolution are similar,
median !H2

dep is " 2.37 Gyr and r = 0.7.
It is common to parameterize relationships between

gas and star formation using power law fits. This can be
problematic physically, because data from widely vary-
ing environments are often not well-described by a single
power law (B08, Bigiel et al. 2010b). It is also challeng-
ing practically, because of, e.g., issues of completeness
and upper limits (see Blanc et al. 2009), zero point un-
certainties (compare Rahman et al. 2010) or a correct

Global 
Timescale 
for Star 
Formation?

Bigiel et al. 2011 
report that the star 
formation timescale 
is constant and the 
molecular S-K 
relation is linear.

In galaxy formation, 
solved problems 
often become  
unsolved after more
data are available!
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Black Hole Spins

5. MBH SPIN DISTRIBUTION AND EVOLUTION

The combination of a halo merger tree and our semi-
analytical scheme to treat the growth of MBHs and their dy-
namics is a powerful tool for tracking the evolution of MBH
spins with cosmic time. In our merger tree, MBHs that undergo
an accretion episode typically increase their mass by about
one e-folding. This is required in order to account for the local
mass density of MBHs with growth solely during major merg-
ers. The distribution of fractional changes in hole mass from
gas accretion is shown in Figure 4 for different redshift
intervals. Note how, at all epochs, a significant fraction of
accretion events leads to !m=m1k 2–3: these individual ep-
isodes will produce rapidly rotating holes independent of the
initial spin.

To bracket the uncertainties and explore various scenarios
we have run different sets of Monte Carlo realizations. Our
‘‘fiducial’’ model assumes seed holes are born with an initial
spin of â ! 0:6 (Fryer et al. 2001). The evolution (both in
magnitude and orientation) of MBH spins is driven by gas ac-
cretion and black hole binary coalescences. Whenever a binary
forms, the angle of inclination of the smaller hole relative to the
equatorial plane is chosen randomly from an isotropic distri-
bution. We assume that during a major merger the gas accretes
via a thin disk; efficient alignment between the hole and the

Fig. 4.—Distribution of fractional changes in the mass of a MBH as a result
of the accretion of material after a major halo merger. Different redshift in-
tervals are shown.

Fig. 5.—Distribution of MBH spins in different redshift intervals. Left panel: Effect of black hole binary coalescences only. Solid histogram: ‘‘Seed’’ holes born
with â ! 0:6. Dashed histogram: ‘‘Seed’’ holes born nonspinning. Right panel: Spin distribution from binary coalescences and gas accretion. ‘‘Seed’’ holes are born
with â ! 0:6 and are efficiently spun up by accretion via a thin disk.
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BH-BH Mergers Only

BH-BH Mergers
+ Accretion

Volonteri et al 2005 
Semi-analytical 
model of BH spin 
distribution.

Based on Extended 
Press-Schechter 
merger histories, 
analytical models 
for dynamical 
friction, gas 
accretion, and BH-
BH mergers.

In this model, even 
radio-quiet AGN are 
rapidly spinning.

Radio luminosity is 
likely connected to 
spin and accretion 
rate.


