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Observation vs. Theory:
    Is hierarchical model inconsistent w/ data?4 Andrea Cimatti
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Ks<19.8

Fig. 2. The K20 survey N(z) compared with the predictions of three hierarchical merg-
ing model (dotted and dashed lines) and a pure luminosity evolution (PLE) model
(solid line). The models refer to total magnitudes Ks < 20 and are not corrected for
the average under-estimate of 0.2 magnitudes due to the photometric selection effects
evaluated in the K20 sample (see [6]). Including this bias in the models results in im-
proving the agreement with the PLE models and increasing the discrepancy with the
hierarchical models, as shown in the inserted plot where the model of Menci et al.
(2002) for Ks < 19.8 is compared to the observed z > 1 tail of N(z) (see [8]).

(within 2σ) with that of local luminous E/S0 galaxies. Current hierarchical mod-
els severely under-predict the number of “old” EROs [7,9].

• A numerous population of dusty star-forming EROs with disk-like and ir-
regular morphologies emerges at 0.7 < z < 1.7 from near-IR surveys [7,28,9].
These objects are often too faint to be detected in submm surveys due to their
inferred far-IR luminosities < 1012 L! and represent an ensemble of galaxies
important to complement other star-forming systems selected with different te-
chiniques. They are also expected to be important contributors to the cosmic

Cimatti ‘04

No. 1, 2003 ASSEMBLY OF MASSIVE GALAXIES IN HDF-S L11

Fig. 2.—Evolution of the stellar mass densit@ as a function of redshift.
Upper panel: Observed values as estimated from the present work (solid
squares, SMC; crosses, Calzetti) and from similar surve@s: Dickinson et al.
(2003, open squares), Cohen (2002, open triangles), Brinchmann & Ellis
(2000, filled triangles), and Cole et al. (2001, circle). Upper error bars are
extended at the level obtained from the “maximal mass” model; lower error
bars represent the number counts noise. The two solid lines are the result of
integrating the cosmic star formation histor@ with and without dust (upper and
lower curves, respectively). The dashed line is the result of the CDM hier-
archical model of Menci et al. (2002). Lower panel: S@mbols and curves as
in above, but computed onl@ in the fixed mass interval 1010 M ≤ M ≤, ∗

. [See the electronic edition of the Journal for a color version of this1110 M,

figure.]

Fig. 3.—Rest-frame properties of galaxies from spectral fitting of thez 1 2
HDF-S sample. The vertical dashed line shows the rough estimated limit for
mass completeness in the sample. (a) Best-fit age (divided b@ the cor-z 1 2
responding Hubble time) as a function of stellar mass. For comparison, we
show in the right vertical axis the corresponding ages at . (b) Specificz p 2.5
star formation rate as a function of stellar mass, compared with the average
relations at (thin dotted line) and at (solid line) from0.2 ! z ! 0.5 0.75 ! z ! 1
Brinchmann & Ellis (2000). The thick dashed line corresponds to our fit to
the whole SMC sample. In both cases, filled dots represent the SMC-based
estimates, small dots the Calzetti ones. Encircled points represent the objects
with J! discussed b@ Franx et al. (2003). Error bars are shown forK ≥ 1.34
a few objects, for the SMC case onl@; the large error bars on the most massive
objects reflect the ambiguit@ in its nature, between passivel@ fading and dust@
star-forming objects. Note also that errors are t@picall@ correlated, as shown
b@ the 1 j confidence regions shown for one of the objects. Empt@ points
show the estimates of when a star-forming dust@ solution is forced forṀ/M∗
the objects with ; in this case the objects are fitted with!10 !1Ṁ/M ≤ 10 @r∗
slightl@ higher masses but without altering the order with respect to mass. [See
the electronic edition of the Journal for a color version of this figure.]

into account that the sampling of the underl@ing galax@ stellar
mass function ma@ be incomplete on the massive side, because
of the small HDF-S area, and ma@ be inhomogenous at its faint
side due to its var@ing depth as a function of z. For these
reasons, we have also obtained a homogeneous estimate of its
evolution computing the mass densit@ onl@ at 1010 M ≤,

(Fig. 2, lower panel), where our sample is com-11M ≤ 10 M∗ ,

plete and well sampled at all z. This range is slightl@ below
the t@pical Schechter mass in the local mass function of Cole
et al. (2001). Similarl@, we have also computed the same quan-
tit@ in the HDF-N field, using the data of P01 and D03.
In this homogeneous subsample of relativel@ massive gal-

axies, the stellar mass densit@ at in the HDF-S isz 1 2
of the local value and approaches the local one at"20! 20 %!5

. If we reproduce this selection criteria in our CDMmodelz ≤ 1
(see Fig. 2), we find that the present CDM rendition dramat-
icall@ fails to reproduce the stellar mass densit@ in massive
galaxies at . Again, we find that the HDF-N is undera-z ≥ 2
bundant of massive galaxies with respect to HDF-S but is nev-
ertheless well above the CDM predictions at .z ! 2.75

4. STAR-FORMING AND PASSIVE GALAXIES AT z 1 2

We will anal@ze here the ph@sical properties of the sample
of galaxies at , which consists of 75 objects,K ≤ 25 z ≥ 2phot

including the 14 objects with (J! emphasized b@K) 1 1.34AB

Franx et al. (2003).
First, we use the J!K color to sample the amplitude of the

rest-frame D4000 break, which is sensitive to the age of the
stellar population We find that most of the K-selected z ≥ 2

sample is distributed over a large range ! ,0 ! (J K) ≤ 1.5AB

suggestive of a significant spread in the stellar population ages.
This is confirmed b@ the ages obtained from the best-fit spectral
templates, which are plotted as a function of in the upperM∗
panel of Figure 3. It is shown that the observed range of J!K
colors translates into a spread of fitted ages, ranging from 108

to G@r for the complete subsample,9 103# 10 M ! 10 M∗ ,

with about half of the sample close to the relevant Hubble time.
At lower masses, the fraction of @ounger objects seems to
increase, a result that is likel@ affected b@ the biases against
old/passive low mass objects.
At the same time, we find that most of the sample is UV

bright (see Poli et al. 2003, Fig. 2) and is restricted to
the range of ! , corresponding to 0.05 "0.1 " V I " 0.5
E(B! for an SMC extinction curve. We will use inV ) " 0.2
the following the derived best-fit star formation rates (that in-
clude a correction for reddening), which are in agreement with
those derived with a fixed conversion between the SFR and

, assuming an E(B! .L V ) ! 0.151400

Onl@ seven “red” objects are detected at both large
V! and J! , a combination that ma@ be due eitherI ! 1 K ! 1.5
to a strongl@ absorbed star-forming galax@ or to a passivel@
fading stellar population, an ambiguit@ that cannot be safel@
removed without spectroscop@ (Cimatti et al. 2002). For the
present data set, we have found that the spectral fitting to the
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ume in each redshift bin down to various mass thresholds, fol-
lowing the standard Vmax formalism for a K < 20.6 limit,
and using the weights from Paper I (which are normalized to
554.7 arcmin2). We use K-corrections from our individual
SED fits, but find the results are identical if we use different
K-corrections.
The cumulative mass density as a function of redshift and

mass limit is plotted in Figure 3 and tabulated in Table 1.
Although a K-selected sample is a good proxy for a mass-
selected sample, it is still necessary to consider incomplete-
ness as a function of M/L. To do this we compute the max-
imum possible M/L at each redshift for a model galaxy as
old as the Universe which formed all its stars at once. This
M/L is converted to a mass limit via the K = 20.6 limit and
the K-correction. This limit is log(M/M!) = 10.10, 10.30,
10.45, 10.70 for z =1.1, 1.3, 1.6, 2. The reddest possible ob-
jects are only visible for bins with masses above these limits.
Objects which are bluer (lower M/L) can be seen to a lower
mass than these limits. Since the particular bins which encom-
pass these limits may be missing red objects the calculated
densities are plotted as lower limits in Figure 3. The error
bars are calculated from shot noise on the number of galaxies
in each bin. We have assessed the effect of the mass fitting
errors on the mass densities with our Monte-Carlo methods;
this is not a significant source of error. In every bin spectro-
scopic redshifts dominate the mass budget except only for the
1.6 < z < 2 and M > 1010.8M! bin where 50% of the
redshifts are photometric. However even if we re-analyze the
entire sample throwing out all photometric redshifts the same
scientific result is obtained. We have also checked the effect
of cosmic variance (very important for red galaxies which are
highly clustered; McCarthy et al. (2001) by splitting the sam-
ple in to two using different fields; the mass density results
are always consistent with each other and the total sample.
This agrees with tests we have made drawing sample GDDS
surveys from the LCIRS catalogs.
The fundamental finding from the data in Figure 3 is that the

mass density in large galaxies declines only slowly at high-
redshift. At z = 1 the mass densities are about 80% of their
local value; at z = 2 this becomes 30%. Overlaid on Fig-
ure 3 (shaded region) is the range of estimates for the growth
of total stellar mass based on the integral (using PEGASE.2)
of the observed SFR-z relationship. These are based on the
points from Figure 9 of Steidel et al 1999 using the analytic
fit of Cole et al. (2001) with and without extinction correction.
We confirm the result of Cole et al. (2001) that an extinction
correction is essential for UV SFR estimates to be consistent
with stellar mass measurements; we have now extended this
finding from the local Universe to z = 2. Given this dust
correction the shape of the decline of stellar mass is in good
agreement with the UV prediction and it is independent of
the mass cut. However it is possible from our data that the
mass density could be still higher indicating that UV selec-
tion could missing some of the SFR at z > 2 (see Franx et al.
(2003) for findings along this line). In our own sample UV
selection certainly misses a lot of the mass which must then
form at higher redshift.
We also plot the predictions from a fairly standard semi-

analytic model (SAM) of hierachical galaxy formation con-
verted to our IMF. We choose the GALFORM models
(Granato et al. 2000; Baugh et al. 2003) as representing the
paradigm of late formation; these reproduce many features
of the local Universe and show the standard trend where the
higher mass galaxies disappear much faster at higher redshift.

FIG. 3.— Mass density vs redshift for GDDS galaxies (solid circles) at
z ! 1 and from Cole et al. (2001) (open circles) in the local Universe (we
take z̄ = 0.1). We plot the cumulative mass density of galaxies more massive
than a given mass threshold. Photometric estimates of the total mass density
from Fontana et al. (2003) and Dickinson et al. (2003) which are claimed to
be total are also plotted (filled squares; opens squares). The solid lines show
the same quantity from the GALFORMmodel. The shaded region shows the
result of integrating the Universal UV-derived SFH without and with a dust
correction.

From this comparison we conclude the following:

1. Massive galaxies (! 1010.5M!) are still quite abundant
at z > 1.6 in contradiction with this model.

2. The rate of evolution appears to be independent of
mass: giant galaxies decline at the same, slow, rate as
the smaller ones, again in diagreement with this model.

3. We note that the GALFORM models displayed here
considerably overshoot the local measured mass den-
sity in order to get the z ∼ 1 mass density approxi-
mately right. If the models were to be normalized to
match the local mass density at z = 0 they would fail
to match our data even at z = 1. Clearly at z > 1 the
problemwith the most massive galaxies becomes rather
worse and more difficult to reconcile with the data.

The simplest model that matches our data for giant galaxies
is early formation of a large fraction of the stellar constituents
followed by modest additional growth. This is at odds with
the paradigm of late formation. The evidence from galaxy
clustering locally (Percival et al. 2001) and from the Cosmic
Microwave Background at high redshift (Spergel et al. 2003)
strongly support the basic ΛCDM picture, which seems to
correctly explain the abundance and clustering of dark mat-
ter haloes. (However see McGaugh (2004) for an alterna-
tive point of view). Is there a paradox? The answer is
@probably not’, because failures in these particular models do
not necessarily imply a failure in ΛCDM ; the total baryon
mass budget is not violated.12 As we lack a general model
for star formation in galaxies, the problem probably lies in
the analytical prescription used in converting baryons into
stars. Some way has to be found to make star-formation
more efficient at early times for the more massive galaxies
to counteract the increasing scarcity of their haloes. Im-
proved hydrodynamic simulations incorporatingmore sophis-
ticated treament in the ISM physics (Springel & Hernquist

12 The space density of > 1011M! (stellar mass) z > 1.6 GDDS galax-
ies is about 2×10−4 Mpc.−3 The predicted abundance of> 1012M! (dark
matter mass) z = 2 CDM haloes (which would contain enough baryons) is
about 5× higher (Sheth & Tormen 1999)

Glazebrook et al. ‘04

Lack of massive gals in hierarchical model?

(cf. Kauffmann & Charlot ‘98)
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(0.0004 ≤ Z ≤ 0.02). The primar@ component is modeled
using SFR ∝ exp(−t/τ) with τ =0.1, 0.2, 0.5, 1, 2, 4, 8 &
500 G@r. (The first approximates an instantaneous starburst
and the last a constant SFR). The secondar@ component is a
starburst, modeled with a τ = 0.1G@r exponential, which can
occur at an@ time and have a mass between 10−4 and twice
that of the parent. We use the Baldr@ & Glazebrook (2003)
Initial Mass Function (IMF) which has the same high-mass
slope as Salpeter (1955) (thus fitting galax@ colors well), but
which has a break at 1M" (providingmore realisticM/L val-
ues). 10

We fit the model spectra to the V Iz′K photometr@ in the
observed frame of each galax@. This color set is available for
all galaxies and covers rest-frame UV-NIR. We do not include
the actual spectra (apart from the redshift information) in the
fits because of variable qualit@ and signal:noise11. Monte
Carlo simulations based on the photometric errors were used
to calculate distributions of best fitting parameters. Full de-
tails of this methodolog@will be given in a future paper, where
we will explore the distribution functions and mutual depen-
dence of fitted parameters (including masses, SFRs and burst
strengths). At present we wish onl@ to emphasize that the
stellar masses are robust against all these details. T@picall@,
we find the masses are fitted to ±0.17 dex in the K < 20.6
sample. Using the fitting machiner@ to investigate the effect
of different assumptions about metallicit@, dust and bursts we
find that the largest effect is due to bursts. If we disallowed
bursts then the masses t@picall@ decrease b@ onl@ 0.2 dex. In
fact we find qualitativel@ the same scientific results even if we
assume M/LK to be a constant; the findings presented be-
low are simpl@ driven b@ the presence of numerous K ∼ 20
galaxies at z > 1.5.

3. RESULTS

We begin our discussion of the results from the GDDS b@
showing two plots which show where the massive galaxies
occur in redshift/color/K space. Figures 1 and 2 shows the
mass and observed I − K color or our sample as a function
of redshift. S@mbol sizes and colors in Figure 1 are ke@ed
to I-band and K-band magnitude, respectivel@. In Figure 2
s@mbol sizes are ke@ed to mass, and s@mbol colors are ke@ed
to spectral classification (using the s@stem defined in Paper I).
The following trends are apparent from these figures:

1. The GDDS identifies massive galaxies to z = 2, even
when the@ are ver@ red (I − K > 4). For comparison,
the local galax@ characteristic mass (M∗ in a Schechter
(1976) function) is plotted in Figure 1; this is 1010.9M"

(the value in Cole et al. 2003 converted to our cosmol-
og@ & IMF).

2. At z > 1 there is an increasing abundance of blue
galaxies. Some of these are quite massive and are
discussed in Paper II. However 60% of the mass at
1.2 < z < 1.8 is in objects with colors redder than
a Scd (star s@mbols in Figure 2).

10 To a good approximationM/LK(BG) = 0.55M/LK(SP ) (accurate
to a few percent independentl@ of the SFH). Similarl@ SFR (BG03 for const.
UV)= 0.52× SFR(SP for const. UV) on average (with onl@ a 1.5% variation
over 1500Å–2000Å). Thus using the BG03 IMF facilitates eas@ comparison
with Salpeter based anal@ses while being more ph@sicall@ motivated than, for
example, the ‘diet-Salpeter’ IMF of Bell et al. (2003).
11 In GDDS Paper IV (McCarth@ et al. 2004) we investigate fitting the

spectra and photometr@ both together and separatel@ for the best spectra
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FIG. 1.— Mass-redshift relation for GDDS galaxies, showing the errors
on the mass fitting and color coded b@ observed K-magnitude. Solid circles
and open circles denote spectroscopic and photometric redshifts respectivel@.
S@mbol size is ke@ed to the I-band magnitude. The horizontal line denotes
M∗ at z = 0 from Cole et al.
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FIG. 2.— Observed frame I − K colors of GDDS galaxies vs redshift
for the K < 20.6 sample. The s@mbol size is ke@ed to the mass. The
s@mbol shape is ke@ed to optical V − I color (circles are redder than a
model Coleman, Wu, & Weedman (1980) Sbc template at each redshift) and
the s@mbol color is ke@ed to the spectral classification. Open s@mbols are
photometric redshifts. Model tracks are shown for passive evolution through
to const. SFR, for s@nthetic galaxies which form at z = 10.

3. There is a large contribution to the stellar mass from
galaxies which our spectra confirm have old stellar pop-
ulations. These are the s@stems classed as 001 and 011
in the s@stem defined in Paper I, and are shown using
red s@mbols in Figure 2. The@ are not simpl@ red due
to dust; photospheric features from evolved stars are
seen in their spectra, confirming that genuine old stellar
populations dominate this population (see Paper IV for
more details on this). At 1.2 < z < 1.8 25% of the
mass is locked up in these s@stems.

We next compute the cumulative mass densit@ per unit vol-

Glazebrook et al. 2004
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Do these massive galaxies exist in hydro 
simulations based on hierarchical CDM model?

Time

The “mass-scale problem”



The Redshift Distribution of Near-IR Selected Galaxies in GOODS 5

Fig. 2.— Observed frame color (R − K)AB vs redshift for the GOODS CDFS [left] and the semi-analytic mock catalog [right].
Tracks are shown for single age, stellar metallicity populations with ages of 13.5, 5.8, 3.2, 1, 0.5, and 0.1 Gyr (unreddened), from
top to bottom. Large star symbols show the colors of spectroscopically confirmed objects from Daddi et al. (2003). The color
distribution of galaxies with K < 22 in the redshift range 1.7 < z < 2.5 is shown in the right panel as histograms (diagonal
hatched: GOODS; horizontal fill: mock catalog).
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Steidel et al. (2004)

Color-color selection:  z=1.5-2.5 galaxies

revealing the `redshift desert’

8 Adelberger et al.

shifts and measured photometry through the UnGRJKs

bandpasses. 37 of the galaxies were taken from Shapley
et al. (2001) and 33 from Papovich et al. (2001). Follow-
ing the approach outlined in those papers, each galaxy’s
photometry was fit with model spectral energy distribu-
tions (SEDs) that had a range of star-formation histories
and dust reddenings. We found the best-fit SED for ev-
ery galaxy in the sample, redshifted the best-fit SEDs to
z = 1.5, z = 2.0, and z = 2.5, and calculated their UnGR
colors as described in § 2. This produced an estimate of
the UnGR colors that each Lyman-break galaxy would
have had if its redshift were z ∼ 2 rather than z ∼ 3
(figure 10). Star-forming galaxies at z ∼ 2 should have
UnGR colors similar to these.

Fig. 10.— The expected UnGR colors of stars and of star-
forming galaxies at various redshifts. Circles and squares mark
the colors that would result from shifting the observed SEDs of
Lyman-break galaxies at z ∼ 3 to z = 1.5, 2.0, 2.5. Data are from
Papovich et al. (2001; HDF) and Shapley et al. (2001; ground-
based). Curved tracks show the expected colors of model galaxies
(§ 2) at lower redshifts, starting at z = 0 and increasing clockwise
to z = 1.5. Crosses mark redshift intervals of dz = 0.1. The Sb
and Sc tracks move off the plot at z ∼ 0.2–0.3 and re-enter at
z ∼ 0.7–1.0. Stars represent Galactic stars from Gunn & Stryker
(1983). The trapezoid is our selection window (equation 3) for
galaxies with 1.9 <

∼ z <
∼ 2.7.

Useful color-selection criteria must not only find galax-
ies at the targeted redshifts but also avoid those at other
redshifts. Galaxies at significantly higher redshifts will
have extremely red Un − G colors due to the strong Ly-
man break. They are unlikely to be confused with galax-
ies at z ∼ 2. The tracks on figure 10 show the col-
ors of model galaxies at lower redshifts. We considered
the templates Im, Sb, Sc from § 2 and reddened each
to E(B − V ) = 0.15 with dust that followed a Calzetti
(1997) extinction curve. At 0.3 <

∼ z <
∼ 1.0 galaxies have

red G − R colors due to the redshifted Balmer/4000Å
breaks and are easily distinguished from galaxies at
z ∼ 2. At lower and higher redshifts the potential for

confusion is greater. Young galaxies (type Im) at z < 0.3
and 1.5 < z < 1.9 have UnGR colors sufficiently simi-
lar to those of galaxies at 1.9 < z < 2.7 that a clean
separation is impossible given UnGR images alone. Our
selection criteria were designed in large part to mitigate
this contamination.

To learn how to design a selection window that would
exclude as many interloping galaxies as possible, we be-
gan in the fall of 1996 to obtain spectra of objects with
colors similar to those we expected for galaxies at red-
shift z ∼ 2. Figure 11 shows how galaxies’ UnGR colors
depend on their redshifts. In addition to the galaxies
whose redshifts we measured for this purpose, the fig-
ure includes all galaxies from the Lyman-break survey of
Steidel et al. (2003) and all galaxies from the magnitude-
limited surveys and our Balmer-break survey described
in § 4. Figures 12 and 13 present these data in a way that
may be easier to understand. Both are constructed in a
similar manner to figure 6. Figure 12 shows the typical
UnGR colors of galaxies at z < 1. These were the galax-
ies that we hoped to exclude from our sample. Figure 13
shows as a function of UnGR color the relative num-
ber density of sources (left panel), the fraction of objects
that lie in the redshift range of interest 1.9 < z < 2.7
(middle panel), and the implied relative number density
of sources in the same redshift range (right panel). Be-
cause no existing magnitude-limited surveys contain sig-
nificant numbers of galaxies at these redshifts, the right
panel was calculated by multiplying the left and center
panels together.

Fig. 11.— Spectroscopic redshifts of objects with different
UnGR colors. The hooked shaped is produced by the transition
from Balmer/4000Å absorption in the spectra of galaxies at z <

∼ 1
to Lyman absorption in the spectra of galaxies at z >

∼ 2.5. Galax-
ies at intermediate redshifts have neutral UnGR colors; those with
2.0 <

∼ z <
∼ 2.5 tend to lie within the region enclosed by the trape-

zoid (equation 3).

The following selection criteria were inspired by the

figure. In x 4 we use this example to illustrate the information
that can be deduced on the stellar populations and the inter-
stellar medium of galaxies at z ¼ 1:4 2:5 from the study of
their rest-frame UV spectra.

Figure 4 is a montage of 10 spectra of some of the brighter
BM and BX galaxies chosen to span the range of redshifts and
spectral properties seen among our sample. Broadly speaking,
the far-UV spectra of color-selected z ’ 1:4 2:5 galaxies
resemble those of Lyman break galaxies at z " 3 in terms
of continuum slope and spectral lines seen in emission and
absorption. There is some evidence to suggest that the Ly! line

appears less frequently in emission at these redshifts than at
z ’ 3: while 33% of the z " 3 LBGs in the survey by Steidel
et al. (2003) have no measurable Ly! emission, the corre-
sponding fraction in the current sample of BM and BX galaxies
at z > 1:7 (such that Ly! falls longward of "3300 Å) is 57%.
It remains to be established whether this is due to a subtle
selection effect or to real redshift evolution in the escape
fraction of Ly! photons. We intend to address this issue in
the future with simulations that are beyond the scope of this
paper.

Excluding QSOs which were already known in our survey
fields (these QSOs are all brighter than R ’ 20), we have
identified 21 QSOs and seven narrow-lined active galactic
nuclei (AGNs) among the sample of 863 objects with z > 1.
This AGN fraction of 3.2% is essentially the same as that
deduced by Steidel et al. (2002) for LBGs at z ’ 3. However,
we caution that we have not yet quantified the AGN selection
function imposed by our color criteria and spectroscopic fol-
low-up, so that the above estimate is only indicative at this
stage. On the other hand, it is encouraging that the redshift
distribution of the AGNs (both BX and BM) is similar to that
of the galaxies: hzAGNi ¼ 2:31 # 0:48 and hzGALi ¼ 2:14#
0:37), perhaps suggesting that differential selection effects may
not be too severe.

3.2. Near-Infrared Spectroscopy

In parallel with the LRIS-B optical spectroscopy, we
have been observing a subset of the BX and BM galaxies
in the near-IR, targeting in particular the H! and [N ii] kk6548,
6583 emission lines in the H and K bands. Initial results from
this aspect of the survey were reported by Erb et al. (2003).

Briefly, we use the near-infrared echelle spectrograph
(NIRSPEC) on the Keck II Telescope (McLean et al. 1998)
with a 0B76$ 4200 entrance slit and medium-resolution mode.
In the K band, this set up records a "0.4 "m wide portion of
the near-IR spectrum at a dispersion of 4.2 Å per 27 "m pixel;
the spectral resolution is "15 Å FWHM (measured from the
widths of emission lines from the night sky). In the H band,
"0.29 "m are recorded at a dispersion of 2.8 Å per pixel
and "10 Å resolution. The 4200 length of the rotatable slit is
normally sufficient to include two galaxies by choosing the

Fig. 2.—Redshift distributions of spectroscopically confirmed galaxies
from various color-selected samples. The green histogram is for z " 3 LBGs
from Steidel et al. (2003) (scaled by 0.7); the blue histogram shows the
redshifts of our current BX sample (749 galaxies), while the red histogram is
the smaller BM sample of 114 galaxies (scaled up by a factor of 3 for clarity).
The total number of new spectroscopic redshifts in the range 1:4 % z % 2:5,
including both BX and BM samples, is 694, with 244 of those in the range
1:4 % z % 2:0.

Fig. 3.—LRIS-B spectrum of Q1307-BM1163, a bright (R ¼ 21:67, G ¼ 21:87, Un ¼ 22:22) galaxy at z ¼ 1:411. The spectral resolution is "5 Å FWHM. We
have deliberately shown this spectrum before flux calibration to illustrate how the count rate varies over the typical wavelength range spanned by LRIS-B. Like
nearly all of the spectra obtained in the survey, this is the sum of three 1800 s exposures. The most prominent interstellar absorption and emission lines used to
measure galaxy redshifts between z ¼ 1:4 and 2.5 are indicated below the spectrum. [See the electronic edition of the Journal for a color version of this figure.]
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LBGs, SMGs, EROs, LAEs, QSOs, etc....
mounting evidence for high-z galaxy formation



Cosmological Hydrodynamic Simulations

TVD  (Total Variation Diminishing method:  TIGER, Cen & Ostriker)  

SPH  (Smoothed Particle Hydrodynamics: P-Gadget2,  Springel & Hernquist)

- Eulerian, mesh based, PM gravity solver
- shock capturing hydro
- radiative cooling/heating, self-consistent UV background
- star formation & SN, UV feedback
- metals

- Lagrangian, TreePM for gravity
- new `entropy-conservative’ formulation
- sub-particle multiphase gas model
- radiative cooling/heating, UV background
- star formation & SN feedback
- galactic wind model
- metals

TVD for IGM and Galaxy Evolution and foRmation

∆Ei = εi∆m∗c
2

∆m∗ = c∗
mgas

t∗
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Table 1. Simulations

Run Lbox [h−1 Mpc] Nmesh/ptcl mDM [h−1M"] mgas [h−1M"] ∆! [h−1 kpc]

TVD: N864L11a 11.0 8643 1.1 × 106 2.7 × 104 12.7
TVD: N864L22a 22.0 8643 8.9 × 106 2.2 × 105 25.5

TVD: N768L25b 25.0 7683 2.0 × 107 3.4 × 105 32.6
SPH: Q5c 10.0 3243 2.1 × 106 3.3 × 105 1.2

SPH: D5c 33.75 3243 8.2 × 107 1.3 × 107 4.2
SPH: G6c 100.0 4863 6.3 × 108 9.7 × 107 5.3

Note. — Parameters of some of the simulations on which this study is based. The quan-
tities listed are as follows: Lbox is the simulation box-size, Nmesh/ptcl is the number of the

hydrodynamic mesh points for TVD or the number of gas particles for SPH, mDM is the dark
matter particle mass, mgas is the mass of the baryonic fluid elements in a grid cell for TVD or
the masses of the gas particles in the SPH simulations. Note that the TVD uses 4323 (3843)

dark matter particles for N864 (N768) runs. ∆! is the size of the resolution element (cell
size in TVD and gravitational softening length in SPH in comoving coordinates; for proper

distances, divide by 1 + z). The upper indices on the run names correspond to the following
sets of cosmological parameters: (ΩM, ΩΛ, Ωb, h, n, σ8) = (0.29, 0.71, 0.047, 0.7, 1.0, 0.85) for (a),

(0.3, 0.7, 0.035, 0.67, 1.0, 0.9) for (b), and (0.3, 0.7, 0.04, 0.7, 1.0, 0.9) for (c).

Simulation Parameters



Color-color selection at z~2
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Fig. 1.— Color-color diagrams of simulated galaxies at z = 2 in the observed-frame Un − G

vs. G − R plane for both SPH (top 2 panels) and TVD (bottom right panel) simulations.
Only those galaxies that are brighter than R = 25.5 are shown to match the magnitude limit

of the Steidel et al. (2004) sample. The three different symbols represent three different
values of Calzetti extinction: E(B − V ) = 0.0 (blue dots), 0.15 (green crosses), and 0.3 (red
open squares). The number density of galaxies shown (i.e. R < 25.5) is given in the bottom

right corner of each panel for E(B − V ) = 0.0, 0.15, 0.30 from top to bottom, respectively.
The color-selection criteria used by Adelberger et al. (2004) and Steidel et al. (2004) are

shown by the long-dashed boxes. The upper (lower) box corresponds to their BX (BM)
criteria for selecting out galaxies at z = 2.0 − 2.5 (z = 1.5 − 2.0).

Pop Synthesis model
Bruzual-Charlot (2003) 
Chabrier IMF (~Kroupa)

[0, 100] Msun
6 metallicity 

Un, G, R filters 
E(B-V)=0, 0.15, 0.3
(cf. Shapley et al. 2001)

m!, tf , Z/Z!
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Near-IR:  K-band vs. Mstar
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Number density of galaxies @ z=2– 28 –

Fig. 4.— Number density of all galaxies with stellar mass [panel (a)], observed-frame R-band
magnitude [panel (b)], rest-frame V -band magnitude [panel (c)] above a certain value on the

abscissa. The symbols correspond to the results from the SPH D5 run (blue open squares),
the G6 run (red filled triangles), and the TVD run (green crosses).

←←

←n ∼ 1 × 10−2
h

3Mpc−3

above obs limit



Dark halo abundance and clustering 115

Figure 1. Each curve indicates the variation with redshift of the comov-
ing number density of dark matter haloes with masses exceeding a specific
value M in the standard !CDM model with "m,0 = 0.3, "!,0 = 0.7, h = 0.7
and σ8 = 0.9. The label on each curve indicates the corresponding value of
log(M/M!).

Notice also that the abundance of such low-mass haloes is actually
declining slowly at low redshifts as members of these populations
merge into larger systems faster than new members are formed. It
is interesting that haloes of mass 109 M! are as abundant at z = 20
as L∗ galaxies are today, and haloes of 1010 M! are as abundant
as present-day rich galaxy clusters. Thus a significant population
of relatively massive objects could, in principle, be present even at
these early times.

3.2 The cosmic mass fraction in massive haloes

For the upper-left plot of Fig. 2 we have used equation (15) to com-
pute lower mass limits M(z) such that the halo population contains
a given fixed fraction of all cosmic mass. As noted in Section 2,
for our ‘improved’ Press–Schechter models haloes corresponding
to >1σ and >2σ initial fluctuations contain 0.22 and 0.047 of the
cosmic mass, respectively, independent of redshift. By our conven-
tions, the 1σ limiting mass is defined as M∗, the characteristic mass
of clustering. By comparing the 1σ line in Fig. 2 with the constant
mass lines copied over from Fig. 1, one can see that M∗ drops from
just over 1013 M! at the present day to just below 107 M! at z = 6.

From the redshift zero axis on this same plot, we can see that one
per cent of all mass today is in objects more massive than 1015 M!,
ten per cent is in objects more massive than 1014 M!, but more than
half is in objects less massive than 1010 M!, one per cent of the
halo mass of the Milky Way. According to our standard model, the
mass of the Universe is currently distributed over objects with an
extremely wide range of masses. The predicted distribution of the
lower half of the mass is actually very uncertain, since use of our
formulae in this regime would involve extrapolation far below the
limits for which they have been tested against N-body simulations
(see Jenkins et al. 2001). For this reason we do not give curves for
mass fractions above 0.5.

At redshift 5, just under one per cent of all matter is in haloes
more massive than that of the Milky Way, but by redshift 10 this
fraction has dropped to 10−6. At redshift 10 there is, neverthe-

Figure 2. The comoving number density of dark matter haloes with mass
exceeding M(z) is plotted as a function of redshift for the standard !CDM
model, "m,0 = 0.3, "!,0 = 0.7, h = 0.7 and σ8 = 0.9, and for various defi-
nitions of the limiting mass M(z). In the panel at top left, solid lines show
the halo abundance when M(z) is chosen to define haloes containing a given
fraction F of all cosmic matter; the values of F are given as labels against
each curve. The particular values of F corresponding to ‘1σ ’ (or M∗) and
‘2σ ’ haloes are noted. The panel at top right shows results when M(z) is
chosen to correspond to a given virial temperature at each redshift; labels
correspond to the logarithm of the temperature in kelvins. For the panel at
bottom left, the limiting mass M(z) is chosen so that the comoving clustering
length of haloes (as measured by $8) has a given value, shown by the label
on each solid curve. Finally, for the panel at bottom right, M(z) is chosen
so that the clustering strength of the halo descendants at z = 0 (as measured
by $8,0) has a given value listed by the label on each curve. In all these
plots, dashed lines repeat the curves of Fig. 1 and so can be used to assign a
limiting mass M(z) to each point in the abundance–redshift plane.

less, still one per cent of all matter in haloes more massive than
about 1010 M! and five per cent in haloes more massive than about
108 M!. By redshift 20 only about 10−3 of all matter is in haloes
more massive than 108 M! and only about 10−6 in haloes more
massive than 1010 M!.

3.3 Halo abundance as a function of temperature

Because we define the boundary of our haloes at fixed overdensity
relative to the cosmic mean, the mass we assign to a given dark
halo will vary with redshift even in the absence of evolution. This
is actually quite a strong effect. For example, we would assign an
order-of-magnitude-smaller mass to a halo like the Milky Way’s at
redshift five than at the present day, even if its density profile were
unchanged. As a result, and also because both the ionization and the
cooling of diffuse gas within a halo depend primarily on its temper-
ature, it is often more helpful to study the abundance of haloes as a
function of characteristic temperature (or equivalently of character-
istic circular velocity) rather than of mass. We give the relationship
between these quantities in equations (1) and (4) above, and we
compare the evolution of halo abundance at fixed temperature to
that at fixed mass in the upper-right panel of Fig. 2. Again, we are

C© 2002 RAS, MNRAS 336, 112–118

Number density of DM halos
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> log(M/M!)



G-R vs. Mstar
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Fig. 5.— Stellar masses vs. G−R color of simulated galaxies at z = 2 in the observed-frame
for both SPH (top 2 panels) and TVD (bottom right panel) simulations. The red open
crosses show the galaxies that are brighter than R = 25.5, while the remainder of the points

are shown in blue dots. Here, only the case for E(B−V ) = 0.15 is shown. The most massive
galaxies are not the bluest ones owing to the underlying old stellar population. The color

range of −0.2 < G−R < 0.75, which is the G−R color range of the selection criteria shown
in Figure 1, is indicated by the vertical long-dashed lines.

redder passive 
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Mstar = 10
10

− 10
12

M!



redshift desert. In 2003 June we initiated a program of deep
Ks-band photometry of these galaxies using the Wide Field
Infrared Camera (WIRC) on the Palomar 5.1 m Hale Tele-
scope. The camera employs a 2048! 2048 Rockwell HgCdTe
array and has a field of view of 8A7! 8A7 with a spatial
sampling of 0B25 per pixel. With "12 hr integrations, the
images reach 5 ! photometric limits (in 200 diameter apertures)
of Ks ’ 21:7, sufficiently deep to detect "85% of the galaxies
with spectroscopic redshifts. In Figure 9 we show initial
results from the first three WIRC pointings (in the Q1623,
Q1700, and Q2343 fields, where only BX candidates have so
far been observed spectroscopically); while preliminary, these
data already allow a coarse comparison with other faint galaxy
samples.

As can be seen from the left-hand panel of Figure 9, "10%
of UV-selected galaxies at z " 1:9 2:5 are brighter than
K ¼ 20; thus we expect a relatively small overlap between
the BX population and the high-redshift tail of published
K-selected samples (Cohen et al. 1999a, 1999b; Cimatti et al.
2002; Daddi et al. 2004). However, going only 1 mag deeper
to K " 21 should pick up an appreciable fraction of the
spectroscopic BX sample.

It is intriguing to find a clear difference in the R$Ks colors
of BX galaxies at z " 2:2 and LBGs at z " 3 (Shapley et al.
2001), in the sense that the former are significantly redder than
the latter, on average (see right-hand panel of Fig. 9). For a
given star formation history and extinction, galaxies at z " 2:2
and z " 3:0 would have identical R$Ks color (the k-correc-
tions are identical in the two bands for model spectral energy
distributions [SEDs] that fit the observed colors), meaning that
whatever the cause, there is a significant intrinsic color dif-
ference in the UV-selected galaxies in the two redshift inter-
vals. Since the Ks and R filters straddle the age-sensitive

Balmer break at these redshifts, one interpretation of the
redder colors would be that, on average, star formation has
been proceeding for longer periods of time in the z " 2 gal-
axies as compared with similarly selected galaxies at z " 3. If
the z " 3 LBGs continued to form stars during the "800 Myr
interval between the two epochs, such reddening of the R$Ks

color would be expected. However, we caution that there may
be other reasons for the offset evident in Figure 9, possibly
related to higher dust extinction and/or larger contamination
of the broadband colors with line emission (most of the z " 2
galaxies would have H" in the K band, whereas most of the
z " 3 galaxies have [O iii] and H# in the K band—although
these tend to have roughly the same equivalent widths for the
subsamples that have been spectroscopically observed in the
near-IR), as well as to the way the different samples were
selected.9 At present, both the observed increase in one-
dimensional line widths and the reddening of the optical/IR
colors are qualitatively consistent with a significant overall
increase in stellar mass among at least a substantial fraction of
the UV-selected populations between z " 2 and z " 3.10

Ongoing near-IR spectroscopy targeting BX (and eventually
BM) galaxies with red R$Ks colors, and full modeling
of the observed optical/IR SEDs using population synthesis,
will allow us to reach firmer conclusions on the cause of the
observed evolution.

Fig. 9.—Color-magnitude diagram for the 283 BX galaxies with Ks-band measurements to date from the Q1623, Q1700, and Q2343 fields (blue points); the 5 !
detection limit is Ks ’ 22. The red points are the sample of 107 galaxies at z " 3 from Shapley et al. (2001). The dotted line indicates galaxies with R ¼ 25:5, the
limit for both spectroscopic samples. Approximately 15% of the BX galaxies with spectroscopic redshifts were not significantly detected in the images; most of these
have optical magnitudes R > 25:0. Right: The distributions of R$Ks colors for the same BX sample at hzi ¼ 2:2 (blue) as compared with that of the z " 3 LBGs
studied by Shapley et al. (2001). The BX galaxies are significantly redder in their optical/IR colors despite having been selected to span the same range of UV color
as the LBGs (see text for discussion).

9 The z " 3 sample of Shapley et al. (2001) oversampled the optically
brightest galaxies and galaxies having the reddest UV colors relative to a
random R-selected spectroscopic sample, so that the two samples may not be
exactly analogous. Possible differential selection effects will be quantified in
future work.

10 Very recently, an increase in the stellar mass of UV-selected galaxies has
been inferred between z " 4 and z " 3 in the GOODS-S field, using similar
arguments (see Papovich et al. 2003).
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I-K vs. I @ z=1

of the spectra. An advantage of the nod-and-shuffle tech-
nique is that both negative and positive versions of the two-
dimensional spectra are recorded, and consequently real
features display a distinctive pattern that is easily recognized
on the two-dimensional spectrum.

The presence of strong emission and absorption features
(e.g., [O ii] k3727, [O iii] k5007, Ca ii, Mg ii, D4000, hy-
drogen Balmer lines) immediately indicated the approximate

redshift in the majority of cases for galaxies at z< 1.2 At
higher redshifts [O ii] can be seen in star-forming objects to
z = 1.7, along with the blue UV continuum and absorption
lines (primarily Mg ii ad Fe ii). For redder objects, once H and
K become undetectable, we relied on template matching,
which proved to be an excellent aid to redshift estimation.
Many such redshifts were obtained using the interactive
template manipulation tools built into iGDDS. Good templates

Fig. 6.—Top left: Two-dimensional histogram showing the distribution in color-magnitude space of all galaxies in a 554.7 arcmin2 subset of the LCIRS,
corresponding to the parent ‘‘tiles’’ of the LCIRS from within which our GDDS fields were chosen. The labeled track on this panel shows the expected position as a
function of redshift of an M* (assumed to be MK = !23.6) galaxy formed in a 1 Gyr burst at redshift z = 10. The position of this model old galaxy at several
observed redshifts between z = 1.7 and z = 0.7 are marked with red dots and are labeled. Top right: Photometric redshifts in the LCIRS parent survey, computed
from seven-filter photometry. Bottom left: Two-dimensional histogram showing the number of independent slits assigned each cell of color-magnitude space.
Bottom right: Relative number of slits as a function of the average population in each cell expected in a wide-area survey, computed by dividing the bottom left
panel of the figure by the top left panel. These sampling weights are tabulated for each galaxy in the master data table accompanying this paper. Note that dashed
lines in each of these panels correspond to the detection limit of the survey. See text for additional details.

THE GEMINI DEEP DEEP SURVEY. I. 2463No. 5, 2004

(I-K)vega>4  suggests E(B-V) ≥ 0.4
(I-K)AB>2.6
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Fig. 9.— Panels (a)-(d): Star formation history as a function of cosmic time for selected

galaxies in the SPH G6 run. In the right side of each panel, the following values are listed:
stellar mass in units of h−1M", rest-frame V-band magnitude, observed-frame R-band mag-
nitude, and G − R color. Galaxies (a) & (b) are the two most massive galaxies, and (c) &

(d) are the two reddest galaxies with Mstar > 1 × 1010h−1M". Note that panels (a) & (b)
use a logarithmic scale for the ordinate, while panels (c) & (d) use a linear scale. Panel (e):

Cumulative SF history of galaxies (a) - (d).

Star formation histories: SPH G6 run

continuous         
+ starbursts (up to  1000 M! yr−1 )

(40 M! yr−1
× 3 Gyr ∼ 1011

M!)
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Fig. 10.— Panels (a)-(d): Star formation history as a function of cosmic time for selected

galaxies in the TVD N864L22 run. In each panel, the following values are listed: stellar mass
in units of h−1M", rest-frame V-band magnitude, observed-frame R-band magnitude, and
G−R color. Galaxies (a) & (b) are the two most massive galaxies, and (c) & (d) are the two

reddest galaxies with Mstar > 1 × 1010h−1M". Note that panels (a) & (b) use a logarithmic
scale for the ordinate, while panels (c) & (d) use a linear scale. Panel (e): Cumulative SF

history of galaxies (a) - (d).

Star formation histories: TVD

Sporadic starbursts up to 1000 M! yr−1



G6 z=2
slice 1

100 < SFR < 500 M! yr−1



G6 z=2
slice 1

G − R > 1.5 & M! > 10
10

h
−1

M"



– 17 –

Fig. 2.— Star formation rate density as a function of redshift. Panel (a): The lines corre-
spond to TVD N864L22 (solid blue line), TVD N864L11 (red short-dashed line; stopped at

z = 3 owing to its small box-size), TVD N768L25 (black dot long-dashed line), SPH ‘D5’-
run (magenta dot long-dashed line), SPH ‘G6’-run (cyan short-dash long-dash line), and the

model of Hernquist & Springel (2003, green long-dashed line) as given by equation (1). The
simulation results shown in this figure are extracted directly from the runs, without any

further adjustments. The result of the SPH Q5-run is not shown here because it follows the
Hernquist & Springel (2003) model line very closely at z ≥ 3. The sources of the (dust cor-
rected) observational data points are: Lilly et al. (1996, filled circles), Ferguson et al. (1996);

Madau (1997, filled squares), Connolly et al. (1997, open squares), Sawicki et al. (1997, filled
triangles), Treyer et al. (1998, open cross), Pascarelle et al. (1998, open circles), Cowie et al.

(1999, open diamond), Steidel et al. (1999, open stars at z = 3, 4), Iwata et al. (2003, open
pentagon at z = 5), Ouchi et al. (2003b, open inverted triangle at z = 4, 5), and Giavalisco
et al. (2004, open triangles at z = 3 − 6). Panel (b): H&S model (green long-dashed line),

semi-analytic models of Somerville et al. (2001, blue solid line), Granato et al. (2000, black
short-dashed line), and Menci et al. (2002) are compared with observations. The model of

Somerville et al. (2001) is the ‘accelerated quiescent’ model which was used in Somerville
et al. (2004), and the model of Menci et al. (2002) is the ‘no-burst’ model that was used in

Poli et al. (2003) and Fontana et al. (2003) for comparison with their data. Both simulations
and H&S model has a peak of SFR at z = 5 − 7, whereas the semi-analytic models have a
peak at z = 2 − 4.

Cosmic Star Formation History

Is there a missing galaxy problem at high-z?
Nagamine, Cen, Hernquist, Ostriker, Springel (2004)

SFR peak at z≥5
suppression of high-z SF in SA models
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Figure 9. Multiplicity function of star formation (shaded) as a function of redshift. This quantity is defined as the product of our

measurements for s(M, z) =
〈
Ṁ!

〉
/M with the Sheth & Tormen multiplicity function (solid line) for the bound mass in halos. On the

top axes of each panel, we give the corresponding virial temperature scale at each epoch, and we indicate the temperature 104 K by a
dotted vertical line.
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Figure 9. Multiplicity function of star formation (shaded) as a function of redshift. This quantity is defined as the product of our

measurements for s(M, z) =
〈
Ṁ!

〉
/M with the Sheth & Tormen multiplicity function (solid line) for the bound mass in halos. On the

top axes of each panel, we give the corresponding virial temperature scale at each epoch, and we indicate the temperature 104 K by a
dotted vertical line.
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Figure 9. Multiplicity function of star formation (shaded) as a function of redshift. This quantity is defined as the product of our

measurements for s(M, z) =
〈
Ṁ!

〉
/M with the Sheth & Tormen multiplicity function (solid line) for the bound mass in halos. On the

top axes of each panel, we give the corresponding virial temperature scale at each epoch, and we indicate the temperature 104 K by a
dotted vertical line.
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Figure 9. Multiplicity function of star formation (shaded) as a function of redshift. This quantity is defined as the product of our

measurements for s(M, z) =
〈
Ṁ!

〉
/M with the Sheth & Tormen multiplicity function (solid line) for the bound mass in halos. On the

top axes of each panel, we give the corresponding virial temperature scale at each epoch, and we indicate the temperature 104 K by a
dotted vertical line.
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d log M

Springel & Hernquist (2003)
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Fig. 1.— Development of stellar mass density as a function of redshift. Panel (a): The
black solid line is from the most recent TVD N864L22 run (consistent with the not shown
N864L11 run), and the red short-dashed line is from the TVD N768L25 run which was used

in Nagamine et al. (2001a). The blue long-dashed line is the analytical model of Hernquist &
Springel (2003), and the cyan dot-long-dashed line is the result from the SPH ‘G6’-run. The

observational data points are, from low to high redshift, Cole et al. (2001, black filled circle
at z = 0), Brinchmann & Ellis (2000, cyan open squares at z = 0.5− 1), Cohen (2002, black
open triangles at z = 0.5 − 1), Glazebrook et al. (2004, black filled triangles at z = 1 − 2),

Rudnick et al. (2003, magenta filled squares at z = 0−3), and Fontana et al. (2003, blue open
crosses at z = 0.5 − 3). The four green boxes are from Dickinson et al. (2003a) which show

the range of systematic uncertainty introduced by varying the metallicity and star formation
histories of the mass-fitting model they used to derive the stellar mass density. All the data

points are normalized to the local estimate by Cole et al. (2001) following Rudnick et al.
(2003). Panel (b): Observational data points and the H&S model are the same as panel (a).
The results of two semi-analytic models by Somerville et al. (2001, black long-short-dashed

line), Granato et al. (2000, magenta short-dashed line; GALFORM), and Menci et al. (2002,
red dot-long-dashed line) are shown. The model of Somerville et al. (2001) is the ‘accelerated

quiescent’ model which was used in Somerville et al. (2004), and the model of Menci et al.
(2002) is the ‘no-burst’ model that was used in Poli et al. (2003) and Fontana et al. (2003)

for comparison with their data.

Is there a missing galaxy problem at high-z?
Nagamine, Cen, Hernquist, Ostriker, Springel (2004)

Stellar Mass Density Ω∗(z)

70, 50, 30, 10% by z = 1, 2, 3, 5
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Fig. 4.— Fractional contribution to the total extragalactic background light from z = ∞ to

z = zmin for all models of cosmic SFR shown in Fig. 1.
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FIG. 2.— Comparison of the star formation rate history of two colliding

gas-rich spirals of mass 3.85 × 1012 M! with (red line) and without (green
line) central supermassive BHs. The merger triggers a powerful starburst at
time ∼ 1.5Gyr, which is accompanied by a phase of Eddington accretion
in the simulation with BHs. The feedback energy from accretion eventually
blows away the gas surrounding the black holes, nearly terminating star for-
mation in the remnant and stalling further growth of the black holes.

ever, to reproduce the strong trend with luminosity seen in the
mean color of the blue population of star-forming galaxies
(Balogh et al. 2004), one needs to assume that larger galaxies
are also older. Formally, we obtain a good match to the ob-
served trend if galaxies of total mass ∼ 4× 1012 M! started
forming their stars about 4Gyr earlier than galaxies of mass
∼ 1011 M!. While this trend qualitatively agrees with the
proposed notion of @cosmic down-sizing’ of star formation
(Kauffmann et al. 2003), it is important to note that our iso-
lated systems represent at best a crude model for disk forma-
tion because several cosmological effects are neglected, most
notably infall. The results therefore primarily serve to illus-
trate the color evolution of our galaxies when they do not suf-
fer a merger.

3.2. Star formation and color evolution in mergers

In Figure 2, we compare the star formation rates in col-
lisions between two large gas-rich spirals, with and without
black holes. The collision causes a nuclear inflow of gas, trig-
gering a strong starburst, and fueling black hole accretion in
the simulation with AGN. The feedback resulting from accre-
tion first only damps the starburst, but once the black hole
has accreted at its Eddington rate for several Salpeter times,
it begins to drive a powerful quasar outflow. This wind can
remove much of the gas from the inner regions of the merg-
ing galaxies, thereby nearly terminating star formation on a
short timescale. As a result, there is almost no residual star
formation in the remnant with black holes, as opposed to the
ordinary simulation where the remnant keeps forming stars
at a non-negligible rate of a few M!/yr for several Gyr. An
analysis of the dynamics and the final masses of the BHs in
these simulations is given in Di Matteo et al. (2004).

In Figure 3, we compare the temporal evolution of the u! r
color in these two merger simulations. After a brief excursion
into the extreme blue during the bursts, when much of the gas
is consumed, both remnants begin to redden. However, this

0 1 2 3 4 5 6 7

T  [ Gyr ]

0.5

1.0

1.5

2.0

2.5

u
 -

 r

FIG. 3.— Comparison of the color evolution of the merger of two colliding

gas-rich spirals of mass 3.85 × 1012 M! (Vvir = 226km s!1) with (red line)
and without (blue line) central supermassive BHs. The thin gray line marks a
fiducial color evolution assuming that no stars are formed after T = 2Gyr.

happens substantially faster when AGN feedback is included.
In fact, in our simulation set we find that for galaxies more
massive than ∼ 3× 1012 M! the color evolution of the rem-
nants is consistent with one where no stars are formed at all
after the burst – they will hence quickly evolve into extremely
red, massive elliptical galaxies.

However, we note that the magnitude of this “termination
effect” depends on the masses of the galaxies involved. Be-
cause the BHs in small galaxies grow only relatively little in
mass, consistent with the MB ! σ relation, AGN feedback is
much less efficient in smaller galaxies. Consequently, the
change in the remnant evolution is progressively weaker for
less massive galaxies. In the smallest galaxies we considered,
of virial velocity Vvir = 80kms!1, the color evolution is nearly
unchanged between simulations with and without black holes.
In mergers of these systems, the small spheroidal galaxies that
form remain relatively gas-rich and exhibit ongoing star for-
mation. Such galaxies appear to exist. For example, using
data from the DEEP survey of the Groth strip, Im et al. (2001)
show that a substantial fraction of morphologically selected
early-type galaxies at z ≤ 1 have blue colors, and that they are
likely to be low-mass, star-forming spheroids.

3.3. Relation to the bimodal color distribution

In Figure 4, we show evolutionary tracks of the color evolu-
tion of the merger simulations for different progenitor masses,
again in the u! r vs. Mr plane. The last points on the tracks
correspond to an age of ∼ 5.5Gyr after the merger-induced
starbursts. At this fiducial time, we compare to the mean color
of the red part of the bimodal color distribution in the Local
Universe, as determined by Balogh et al. (2004) for the SDSS.

The large spacings of the markers on the track of the mas-
sive disk galaxies during the transition from blue to red il-
lustrate how rapidly the color transformation proceeds. Al-
ready ∼ 1Gyr after the merger, the color has reddened to
about u ! r $ 2.0, and after a further Gyr, it reaches about
u! r $ 2.2. In contrast, without black holes the remnant takes
5.5Gyr to reach u ! r $ 2.1, and has difficulty reaching the
observed redness even after a Hubble time.

Effect of AGN feedback

↓
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FIG. 2.— Comparison of the star formation rate history of two colliding

gas-rich spirals of mass 3.85 × 1012 M! with (red line) and without (green
line) central supermassive BHs. The merger triggers a powerful starburst at
time ∼ 1.5Gyr, which is accompanied by a phase of Eddington accretion
in the simulation with BHs. The feedback energy from accretion eventually
blows away the gas surrounding the black holes, nearly terminating star for-
mation in the remnant and stalling further growth of the black holes.

ever, to reproduce the strong trend with luminosity seen in the
mean color of the blue population of star-forming galaxies
(Balogh et al. 2004), one needs to assume that larger galaxies
are also older. Formally, we obtain a good match to the ob-
served trend if galaxies of total mass ∼ 4× 1012 M! started
forming their stars about 4Gyr earlier than galaxies of mass
∼ 1011 M!. While this trend qualitatively agrees with the
proposed notion of @cosmic down-sizing’ of star formation
(Kauffmann et al. 2003), it is important to note that our iso-
lated systems represent at best a crude model for disk forma-
tion because several cosmological effects are neglected, most
notably infall. The results therefore primarily serve to illus-
trate the color evolution of our galaxies when they do not suf-
fer a merger.

3.2. Star formation and color evolution in mergers

In Figure 2, we compare the star formation rates in col-
lisions between two large gas-rich spirals, with and without
black holes. The collision causes a nuclear inflow of gas, trig-
gering a strong starburst, and fueling black hole accretion in
the simulation with AGN. The feedback resulting from accre-
tion first only damps the starburst, but once the black hole
has accreted at its Eddington rate for several Salpeter times,
it begins to drive a powerful quasar outflow. This wind can
remove much of the gas from the inner regions of the merg-
ing galaxies, thereby nearly terminating star formation on a
short timescale. As a result, there is almost no residual star
formation in the remnant with black holes, as opposed to the
ordinary simulation where the remnant keeps forming stars
at a non-negligible rate of a few M!/yr for several Gyr. An
analysis of the dynamics and the final masses of the BHs in
these simulations is given in Di Matteo et al. (2004).

In Figure 3, we compare the temporal evolution of the u! r
color in these two merger simulations. After a brief excursion
into the extreme blue during the bursts, when much of the gas
is consumed, both remnants begin to redden. However, this
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FIG. 3.— Comparison of the color evolution of the merger of two colliding

gas-rich spirals of mass 3.85 × 1012 M! (Vvir = 226km s!1) with (red line)
and without (blue line) central supermassive BHs. The thin gray line marks a
fiducial color evolution assuming that no stars are formed after T = 2Gyr.

happens substantially faster when AGN feedback is included.
In fact, in our simulation set we find that for galaxies more
massive than ∼ 3× 1012 M! the color evolution of the rem-
nants is consistent with one where no stars are formed at all
after the burst – they will hence quickly evolve into extremely
red, massive elliptical galaxies.

However, we note that the magnitude of this “termination
effect” depends on the masses of the galaxies involved. Be-
cause the BHs in small galaxies grow only relatively little in
mass, consistent with the MB ! σ relation, AGN feedback is
much less efficient in smaller galaxies. Consequently, the
change in the remnant evolution is progressively weaker for
less massive galaxies. In the smallest galaxies we considered,
of virial velocity Vvir = 80kms!1, the color evolution is nearly
unchanged between simulations with and without black holes.
In mergers of these systems, the small spheroidal galaxies that
form remain relatively gas-rich and exhibit ongoing star for-
mation. Such galaxies appear to exist. For example, using
data from the DEEP survey of the Groth strip, Im et al. (2001)
show that a substantial fraction of morphologically selected
early-type galaxies at z ≤ 1 have blue colors, and that they are
likely to be low-mass, star-forming spheroids.

3.3. Relation to the bimodal color distribution

In Figure 4, we show evolutionary tracks of the color evolu-
tion of the merger simulations for different progenitor masses,
again in the u! r vs. Mr plane. The last points on the tracks
correspond to an age of ∼ 5.5Gyr after the merger-induced
starbursts. At this fiducial time, we compare to the mean color
of the red part of the bimodal color distribution in the Local
Universe, as determined by Balogh et al. (2004) for the SDSS.

The large spacings of the markers on the track of the mas-
sive disk galaxies during the transition from blue to red il-
lustrate how rapidly the color transformation proceeds. Al-
ready ∼ 1Gyr after the merger, the color has reddened to
about u ! r $ 2.0, and after a further Gyr, it reaches about
u! r $ 2.2. In contrast, without black holes the remnant takes
5.5Gyr to reach u ! r $ 2.1, and has difficulty reaching the
observed redness even after a Hubble time.

Springel, Di Matteo, Hernquist ‘04

↑

BH sink particle + energy feedback



Summary

♠ Un,G,R selected UV bright galaxies @ z=2-3  ⇔ 

          massive galaxies in massive DM halos

stellar mass                        (z~3),            (z~2)            clustering OK.

 colors  (median E(B-V) ~ 0.15)
number density: total                           

♠ IR selected bright galaxies:

larger median E(B-V) ~0.4               (but EROs?)

BzK selection                relatively red, star-forming galaxies
                                                                                                             
                                                 (cf. Daddi et al. 04) 

 

n(> 1010
M!) ∼ 10−2

h
3 Mpc−3

Mstar ∼ 10
10

M! 10
11

M!

perhaps ~1/2 UV,  ~1/2 IR selected  

n(> 1011M!, 100M!yr−1) ∼ 10−4Mpc−3

(cf. Erb et al.)



♠ SF history:

- bursts + continuous
- SFR up to 
- peak of the Madau plot at z ≥ 5               GRBs w/ Swift
- high-z SF seems to be too suppressed in SA models

♣ Future work: 

- more on IR selected sample:  Spitzer, K21, etc. ...dust...
          (are EROs dusty starbursts or really dead&old?  50-50%?)                                                      
- SFR Intensity, b-param, SFR correlations
- bimodal color distribution, downsizing, etc.
- feedback --- SN, AGN, UV ---> faint & bright-end of LF

 

1000M! yr−1

(40 M! yr−1
× 3 Gyr ∼ 1011

M!)



Luminosity Functions: z=2
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Fig. 6.— R band luminosity function in the observed-frame for all simulated galaxies at z = 2

for both SPH (top 2 panels) and TVD (bottom left panel) simulations. For these 3 panels,
blue long-dashed, green solid, and red dot-short-dashed lines correspond to E(B−V ) = 0.0,
0.15, 0.30, respectively. The vertical dotted line indicates the magnitude limit of R = 25.5

used by Steidel et al. (2004). In the bottom right panel, a combined result is shown with
the SPH D5 (green solid line), G6 (red long-dashed), and TVD (blue dot-dashed) results

overplotted for the case of E(B − V ) = 0.15. For comparison, the Schechter functions with
following parameters are shown in short-dashed lines: (Φ∗, M∗

R, α) = (1 × 10−2, 23.2,−1.4)

for SPH D5 & G6 (top two panels), and combined results (bottom right panel), and (1 ×

10−2, 24.5,−1.4) for the TVD run (bottom left panel), respectively.
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Fig. 7.— Rest-frame V -band luminosity function of all simulated galaxies at z = 2 for both
SPH (top 2 panels) and TVD (bottom left panel) simulations. For these 3 panels, blue long-

dashed, green solid, and red dot-short-dashed lines correspond to E(B − V ) = 0.0, 0.15,
0.30, respectively. In the bottom right panel, a combined result is shown with the SPH D5
(green solid line), G6 (red long-dashed), and TVD (blue dot-dashed) results overplotted for

the case of E(B − V ) = 0.15. The magnitude limit of MV = −21.2 (for h = 0.7) for the
survey of the LBGs at z = 3 by Shapley et al. (2001) is shown by the vertical dotted line. To

guide the eye, a Schechter function with parameters (Φ∗, M∗
V , α) = (1.8× 10−3,−23.4,−1.8)

is shown in the short-dashed curve in all panels. In the bottom left panel of TVD run,

another Schechter function with parameters (Φ∗, M∗
V , α) = (3.5× 10−2,−22.5,−1.15) is also

shown as a magenta long-dash-short-dashed line.
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obs-frame R-band rest-frame V-band

α = −1.4
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α = −1.2 (TVD)

M
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M
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R = 23.2

Φ
∗

= 1 × 10
−2 ~ 0.5 mag brighter than z=3

~ 50% of stars could be missed


