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The Buildup of Early-Type Galaxies: Measuring the
Formation and Assembly of Stellar Mass Since z ∼ 2.5

Executive Summary
Most of the stars in the universe today reside in massive spheroidal systems such as elliptical
galaxies, S0 galaxies and massive spiral bulges (Fukugita, Peebles & Hogan 1998.) Over
the past decade, we have found (1) that the epoch of formation of the stars in elliptical
and S0 galaxies depends on galaxy mass, (2) that these galaxies probably have undergone
significant structural evolution in the past 10 Gyrs and (3) that there is an important coupling
between the growth of the mass of the galaxy and the growth of the super-massive black
hole in the center. The key time of vigorous star-formation, black hole growth, and mass
assembly happens at z > 1.5, a redshift difficult to observe with modern instrumentation.
With 30-m optical/near-IR telescopes (GSMT), we can directly observe the star-formation
of the progenitors of early-type galaxies at z = 1.5 − 2.5. Such observations will enable
us to establish the aging and buildup of the stellar populations, and to time the growth of
the black holes and how that relates to galaxy growth. More directly, we will assess what
galaxies formed the majority of stellar mass, when and how that stellar mass was assembled
into the early-type galaxy population we see today, and what processes stopped further star-
formation. Answering these questions will result in us establishing how the bulge dominated
galaxies, especially elliptical and S0’s, we observe today came to be.

1. Early-type Galaxy Assembly
The traditional formation model for a spheroid has been binary mergers of spiral galaxies
(e.g., Toomre & Toomre 1972). Modern high resolution simulations find that, in general,
the result of the merger of two spiral galaxies looks mostly like an elliptical or S0 with some
rotational support while mergers free of cold gas produce rounder, more slowly rotating
remnants (Cox et al. 2006, Roberston et al. 2006). The assembly of z = 0 L? spheroidal
galaxies through mergers, especially those in the most massive dark matter halos, has been
a key component in many of the semi-analytic models of galaxy formation. Because massive
dark matter halos assemble through mergers relatively late in the history of the universe,
a model where early-type galaxy formation is driven by mergers predict significant mass
assembly at relatively late times (De Lucia et al. 2006.)

In contrast, some recent hydrodynamic simulations show that the large amount of dense
gas present at high redshift can lead to the formation of spheroid-dominated galaxies (Naab
et al. 2007, Dekel et al. 2009.) This rapid formation, where most of the stellar mass is
assembled early, has some observational support. Recent galaxy surveys have found that
the mass function of galaxies with > 1011 M� changes little from z ' 1 until today (Brown
et al. 2007, as one example) while the lower mass galaxies have significantly evolved (Brown
et al. 2007; Faber et al. 2007). Studies combining models of dark matter assembly with
the observations of galaxy distribution functions, often called Halo Occupation Distribution
models, find that these galaxies with > 1011 M� at z = 0 have assembled 80% of their stellar
mass by z = 1 (Brown et al. 2008, Conroy & Wechsler 2009.)

In the next sections, we will outline the recent research in the evolution of spheroidal
dominated galaxies. The observed properties and evolution of the z < 1 early-type popula-
tion show that both significant mass assembly and star-formation occurring between z = 1.5
and z = 2.5. At these redshifts, the majority of all stars were likely formed, there was sig-
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Figure 1: Left: Galaxy age in log10 years shown as a function of both Mr (a) or stellar mass (b)
and velocity dispersion from Gallazzi et al. (2006). The colors indicate stellar population ages, the
x-axis shows either the Mr or the stellar mass, and the y-axis shows the velocity dispersion. At a
given stellar mass, galaxies with larger dispersions (i.e., deeper potential wells) formed their stars
at earlier epochs. Right: The distribution of stellar population ages in log10 Gyrs, in color, as a
function of velocity dispersion and radius from the sample of Graves et al. (2009). The dots show the
sizes and dispersions of individual galaxies. On top of the dots is the log of the average population
age of the galaxies in that part of the size-dispersion plane shown in color. The lines of constant age
appear to be roughly parallel to lines of constant velocity dispersion. Graves et al. (2009) concludes
from this, and other results, that the velocity dispersion is the important variable for determining
the formation epoch of the population.

nificant black hole mass growth, and there is evidence, from the structure of these galaxies,
that substantial mass assembly occurred.

1.1 When Did the Stars in Spheroids Form?
Elliptical and S0 galaxies in both the field and in clusters of galaxies, are clear examples of
the trend that more massive galaxies have older populations of stars. The overall trend of
increasing stellar population age for higher mass early-type galaxies has been found using
models of the stellar populations fit to the spectra of local elliptical and S0 galaxies. We
illustrate this in Figure 1. Both Gallazzi et al. (2006) and Graves et al. (2009) find that
the age of the stellar populations in a early-type galaxy depends on its velocity dispersion.
From these results, a galaxy with σ ' 170 − 200 km s−1 or 1011 M�, formed the majority
of its stars around z ' 2. Graves et al. (2009) find that the velocity dispersion, more than
the mass, is the most important determinant of the population age. Dark matter halos that
formed earlier are predicted to be denser and, therefore, have a higher dispersion than those
that formed later. The correlation between dispersion and stellar population age could be
clue that the majority of star formation occurred at a similar time as the dark matter halo
formation.

The fundamental plane of elliptical and S0 galaxies uses measurements of the velocity
dispersion and surface brightness profile to estimate the mass-to-light ratio (M/L) of a
galaxy. The evolution in M/L is rapid for young stellar populations, then slows as the
population ages. As we observe closer to the epoch of formation, the pace of the evolution
in the M/L should increase. In Figure 2, we show a number of measurements of the M/L
as a function of mass and redshift. As seen at low redshift, there is an overall trend where
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5.2. Evolution of the FP: Qualitative Results

The location of the E/S0 ( pentagons) and Sa+b (stars) gal-
axies in the FP space is shown in the five panels of Figure 13,
each panel showing galaxies in a different redshift bin. The lo-
cal relationship measured in the Coma Cluster (Jorgensen et al.
1996) is shown by a solid line for reference (see x 5.1 for dis-
cussion). The early-type galaxies define a relatively narrow FP
in each redshift bin (note that the finite size of the bin introduces
some artificial scatter), while the scatter is larger for Sa+b gal-
axies. As illustrated in T05, galaxies move away from the local
relationship as redshift increases, becoming brighter at fixed
effective radius and velocity dispersion.

The offset from the local relationship can be converted into a
change in effective mass-to-light ratio using equations (7) and
(8). The change for each individual galaxy as a function of red-
shift is shown in Figure 14. Evolutionary tracks for a simple
(single burst) stellar population11 formed at zf ¼ 1, 2, and 5 are
also shown for comparison. It is clear that even the genuine
E+S0 population spans a wide range in!!i, covering the entire
range predicted by these simple models. We show these models
only for illustration at this point; such formation epochs would
refer approximately to the luminosity-weighted age of the stel-
lar population. Even a modest fraction of younger stars would
have a significant influence on the mass-to-light ratio (Trager
et al. 2000; Treu et al. 2001a).

As discussed in T05, the observed change in the slope in
Figure 13 and increased scatter in Figure 14 with respect to local
samples are the result of mass-dependent trends, combined with
selection effects and increased intrinsic scatter of the FP. This is
illustrated in Figure 14 by plotting the offset from the local FP

as a function of galaxy mass. The most massive galaxies (M >
1011:5 M") have relatively high mass-to-light ratios, have mini-
mal scatter, and follow the passively evolving track with a high
formation epoch fairly closely. As less massive galaxies are in-
cluded, the scatter and the average offset from the local relation
increase. This possible trend was already tentatively seen in pre-
vious studies (Treu et al. 2002; van der Wel et al. 2004; for sim-
ilar results in the cluster context see Pahre 1998; Kelson et al.
2000b; Wuyts et al. 2004; Moran et al. 2005), but only with our
large sample does it seem conclusive (T05). In the next section
we obtain quantitative limits on the evolution of the mass-to-
light ratio and its scatter as a function of mass and redshift taking
due account of selection biases.

5.3. Evolution of the FP: Quantitative Results

As we have seen in the previous section, the evolution of the
FP depends on galaxy mass; therefore, we need to allow the FP
slopes to vary with redshift. In addition, since at face value it ap-
pears that the intrinsic scatter around the FP increases with red-
shift, the question of possible evolution in the intrinsic scatter
is of great interest. As shown in Treu et al. (2001a, 2002), the
evolutions of intercept, slope, and scatter are interconnected and
deeply dependent on selection effects. The larger the intrinsic
scatter, the larger theMalmquist-like bias on the evolution of the
mass-to-light ratio and therefore the larger the correction nec-
essary to recover the ‘‘unbiased’’ evolutionary trend.
The bias due to luminosity selection is illustrated in Figure 15,

where we show the location of the early-type galaxies in a dif-
ferent projection of the FP: the M-M/L plane (analogous to the
" space introduced by Bender et al. 1992). The dotted line repre-
sents the local relationship, while as in Figure 13 the pentagons
represent the early-type galaxies. Hatched regions represent those
excluded by our magnitude limit. As expected, objects with low
mass and high mass-to-light ratio are excluded a priori from the
sample. Only the two lowest redshift bins probe deep enough to
sample the entire FP. At z# 0:5 and above, selection effects begin
to dominate the low-mass trends. Although we now embark on a
rigorous modeling of the biases, we can already infer from the

Fig. 13.—Location of survey galaxies in FP space (the projection corre-
sponds approximately to an edge-on view of the local FP) binned in redshift.
Filled pentagons represent E+S0 galaxies with # $ 100 km s%1, open pentagons
represent E+S0 galaxies with # < 100 km s%1, while four-point stars represent
Sa+b galaxies. The local relationship is shown by a solid line.

Fig. 14.—Offset from the local FP for the early-type and early spiral galaxies,
coded by mass (bigger symbols represent bigger dynamical masses). Notice that
the offset from the local relationship and the scatter decrease with mass.

11 Unless otherwise stated, for consistency with previous work (Treu et al.
2001a), all evolutionary models are computed using Bruzual & Charlot stellar
population synthesis models GISSEL96, Salpeter IMF, solar metallicity, and
Kurucz atmosphere models.
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Figure 2: Left: the mass-to-light ratio (M/L) of a large sample of field elliptical and S0 galaxies
from the Sloan Digital Sky Survey (small dots) as compared with a sample of early-type galaxies
at z ' 1 selected from the HST GOODS-S survey (large symbols with error bars; van der Wel
et al. 2005.) The change in the M/L found for the galaxies around 1011 M� (blue points) , is much
larger than that found for the 1012 M� galaxies (red points). This difference can only be explained
by a more recent epoch of star-formation for at least a subsample of the lower mass galaxies. Right:
Evolution with redshift in M/L for galaxies at different masses from Treu et al. (2005). Dotted
lines show the evolution in M/L for populations with different star-formation epochs. A typical
galaxy with a mass of 1011 M�, a L? early-type at z = 0, formed most of its stars at z ' 1.5.

the most massive galaxies have the slowest evolution in the M/L and thus appear to have
the oldest stellar populations, regardless of the galaxy’s environment (Treu et al. 2005; van
der Wel et al. 2005; Holden et al. 2005).

By z = 2, we are now finding the galaxies that are the likely progenitors of the z = 0
and z = 1 early-type galaxies discussed above. Using a color criteria to select older stellar
populations (Franx et al. 2003; van Dokkum et al. 2003), a population of passively evolving
galaxies has been identified at z = 2.3. This population has galaxies with > 1011 M�, no
star-formation and lie on the red-sequence (Kriek et al. 2008). At the same redshift, star-
forming selected samples have also uncovered galaxies with both significant masses and a
large population of relatively evolved stars (Shapley et al. 2005; Erb et al. 2006.) There
are galaxies at z ' 2 with the right stellar populations to become elliptical and S0 galaxies
at low redshift. These galaxies sit at the bottom of deep potential wells and will continue
accrete gas. What prevents further significant star-formation between z = 2.3 and today?

1.2 The Black Hole Growth/Galaxy Growth Connection
The cores of all spheroidal-dominated galaxies appear to harbor super-massive black holes,
with the mass of the black hole increasing with increasing galaxy mass (see Magorrian
et al. 1998, Ferrarese & Merritt 2000; Gebhardt et al. 2000; see Novak 2006a for more
thorough discussion.) The growth of the central black hole and the growth of a galaxy’s
bulge, or spheroidal component, are clearly connected. Recent semi-analytical models have
succeeded in providing a theoretical framework for this connection using feed-back from the
output of active galactic nuclei (AGN; Bower et al. 2006; Croton et al. 2006.) In these
models, as gas falls to the center of the galaxy, fueling the black hole, the output of the black
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Figure 3: Offset of the black hole mass - galaxy mass relation as a function of redshift (Woo
et al. 2008). The low redshift data (black points) and the high redshift data (blue and red points)
all use the same black hole mass - optical line-widths relation. This relation is calibrated with the
reverberation mapping measures of black hole masses, based on the local sample (magenta). At
z = 0.57, the mass of the black hole for a given mass early-type galaxy grows by a factor of three,
demonstrating that black hole growth happens before galaxy growth.

hole prevents further gas infall, thus “quenching” star-formation in the host galaxy as well
as slowing further black hole growth.

In this model, the connection between black hole growth and galaxy growth would then
be strong, with each regulating the other. The properties of emission lines in active galactic
nuclei can be used to estimate black hole masses, when calibrated with more direct measure-
ments at low redshift. Using the same fundamental plane measurements discussed above,
various authors have found that the growth in mass of the galaxy trails behind the black hole
growth (Woo et al. 2006; Peng et al. 2006; Woo et al. 2008; see Figure 3) and, even at z = 3
there is evidence that massive black-hole growth predates substantial star-formation in the
host galaxy (Shields et al. 2006.) This raises two interesting questions. First, when did the
black hole acquire the mass it has today? Likely, this occurred at a redshift of z ' 2, when
1011 M� galaxies have a large amount of AGN activity (Kriek et al. 2007) and QSO lumi-
nosity function peaks (e.g.; Richards et al. 2006). Second, if galaxies are less massive at a
given black hole mass and black hole feedback is successful at shutting down star-formation,
how did these galaxies grow in mass between z ' 0.6 and today?

1.3 Structural Evolution In Early-type Galaxies
Early-type galaxies are observed to undergo structural evolution between z ' 2 and today.
Numerous authors have observed that at z ' 2 − 3, passively-evolving galaxies are smaller
and denser than galaxies of the same mass are today (Trujillo et al. 2004, 2006; Daddi
et al. 2005; Longhetti et al. 2007; Toft et al. 2007; Zirm et al. 2007; Cimatti et al. 2008;
Franx et al. 2008; van Dokkum et al. 2008; Rettura et al. 2009) – see Figure 4 for examples.
We show, in Figure 5, an summary plot of this evolution from van der Wel et al. (2008). This
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plot shows that the half-light radius of early-type galaxies at a fixed mass become smaller at
higher redshifts with r(z)/r(z = 0) ∝ (1 + z)−1 in a smooth manner. The result is that the
z ' 2 galaxies identified as the likely progenitors of today’s > L? early-type galaxies appear
' 3− 6× smaller and ' 20− 200× denser than the equivalent mass galaxies today.

L6 VAN DOKKUM ET AL. Vol. 677

Fig. 1.—HST NIC2 images of the nine spectroscopically confirmed quiescent galaxies from Kriek et al. (2006). Each panel spans 3.8! # 3.8!; north isz 1 2
up, and east is to the left. The small panels below each galaxy show the best-fitting Sérsic model (convolved with the PSF) and the residual after subtraction of
the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles. Note that the ellipses are significantly
smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby universe. Gemini GNIRS spectra from Kriek et al. (2006)
are also shown. Insets show Keck LGS/AO images of three galaxies.

TABLE 1
Structural Parameters

ID z

are

(kpc) ! n ! b/a !

1030-1813 . . . . . . . . . . 2.56 0.76 0.06 1.9 0.5 0.30 0.03
1030-2559 . . . . . . . . . . 2.39 0.92 0.18 2.3 0.6 0.39 0.04
1256-0 . . . . . . . . . . . . . . 2.31 0.78 0.17 3.2 0.9 0.71 0.10
1256-1967 . . . . . . . . . . 2.02 1.89 0.15 3.4 0.1 0.75 0.07
1256-142 . . . . . . . . . . . 2.37 0.93 0.04 0.9 0.3 0.35 0.04
ECDFS-5856 . . . . . . . 2.56 1.42 0.35 4.5 0.4 0.83 0.07
ECDFS-11490 . . . . . . 2.34 0.47 0.03 2.8 0.8 0.63 0.07
HDFS1-1849 . . . . . . . 2.31 2.38 0.11 0.5 0.2 0.29 0.02
HDFS2-2046 . . . . . . . 2.24 0.49 0.02 2.3 0.8 0.76 0.08

a Circularized effective radius.

filter using the NIC2 camera on HST, from 2006 June– 2007
June. Two orbits were used for each of the brightest two gal-
axies, and three orbits for each of the remaining seven. Each
orbit was split in two (dithered) exposures. The reduction fol-
lowed the procedures outlined in Bouwens & Illingworth
(2006) and R. Bouwens et al., in preparation. Before combin-
ing, we drizzled the individual exposures to a new grid with
0.0378! pixels to ensure that the point-spread function (PSF)
is well sampled. Images of the nine galaxies are shown in
Figure 1.

Three of the galaxies (1030-1813, 1256-0, and 1256-1967)
were also observed with Keck, using LSG AO to correct for
the atmosphere. The data were obtained on 2007 May 14 and
2008 January 13 using the NIRC2 wide-field camera, which
gives a pixel size of 0.04!. The reduction followed standard
procedures for near-IR imaging data. The Keck images are
shown as insets in Figure 1. They show the same qualitative
features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sérsic (1968) radial surface
brightness profile, using the two-dimensional fitting code GAL-
FIT (Peng et al. 2002). The Sérsic n-parameter allows for a
large range of profile shapes and provides a crude estimate of
the bulge-to-disk ratio. For each galaxy, a synthetic NIC2 PSF
was created by generating subsampled PSFs with Tiny Tim 6.3
(Krist 1995), shifting them to replicate the location of the gal-
axy on the individual exposures, binning these to the native
NIC2 resolution, and finally drizzling these “observations” to
the grid of the galaxy images. The resulting fit parameters are
listed in Table 1; ellipses corresponding to the best-fit param-
eters are indicated in red in Figure 1. The (circularized) effec-
tive radii were transformed to kiloparsecs using kmH p 700

s!1 Mpc!1, , and .Q p 0.3 Q p 0.7m L

Figure 4: NICMOS Camera 2 images from van Dokkum et al. (2008) of 1011 M� galaxies at
z = 2. Each image is '30 kpc on a side. Inset are three 1 hour K band Keck adaptive optics
images compared to 2 hour NICMOS images. The sizes and surface brightness measurements from
the Keck AO data agree well with those from the NICMOS data. Such AO observations will play an
increasingly important role in the future. These distant galaxies are significant smaller, ∼ 1/3−1/6
than the same mass galaxies today. We conclude that there must be significant changes in these
galaxies, either mass assembly or structural evolution, between z = 2 and today.

Simulations of early-type galaxy formation by merging, such as mentioned above (Cox
et al. 2006; Robertson et al. 2006) show that the product of the merger of two galaxies
strong depends on the size and gas content of the progenitor galaxies. The same simulations
also show a dichotomy in the distribution of axial ratios of the products of mergers (Cox
et al. 2006; Naab & Burkert 2006; Novak et al. 2006b; Burkert et al. 2008) with the gas
rich mergers generating oblate spheroids and gas-poor mergers resulting in prolate triaxial
systems. To date, studies of the axis ratio distribution of elliptical and S0 galaxies show
no evolution, at least in clusters of galaxies at z ' 1 (Holden et al. 2009) but we expect
significant changes at higher redshift, z = 1.5− 2.5, when galaxies are observed smaller and
denser at the same stellar mass.

2. Future Prospects: Observing Galaxy Assembly As it Happened

2.1 The Challenge
At both low and high redshift, we find evidence that the elliptical and S0 population is
made of stars that formed around z ' 2. At that same redshift, we find evidence of black
hole growth from studies of AGN in massive galaxies and we find that the likely progenitors
of today’s early-type galaxies are structurally different. The number density of galaxies at
z = 2 is 1/6 of the value we find today (Kriek et al. 2008), while by z = 1 almost all of
the population of massive galaxies is assembled (Brown et al. 2007). These results imply
that very substantial amounts of mass assembly occurred between z = 2 and z = 1. What
happened?

2.2 The Solution
We have the potential to directly observe the galaxy assembly process. The most impres-
sive gains will come from GSMT 30-m class telescopes and adaptive optics. In Figure 4,
we show adaptive optics images of z = 2.3 early-type galaxies, taken in good conditions
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Figure 5: The sizes of galaxies with masses of 1011 M� as a function of redshift from van der Wel
et al. (2008.) The solid red dot shows the ratio of the half-light radius of early-type galaxies from
both field and cluster samples at z ' 1 to the half-light radius of galaxies of the same dynamical
mass at z = 0. Open colored circles are a similar measurement made using a sample of cluster
galaxies with stellar mass estimates. The higher redshift points (open black squares) are from the
literature, with the solid square using the sample in Figure 4. For galaxies with masses of 1011 M�,
the galaxies half-light radius becomes smaller at higher redshift at a rate of ∝ (1 + z)−1, shown
with the red line.

but with a modest capability adaptive optics system on a 10-m telescope. Improvements
in the capabilities of future adaptive optics system will concentrate a far higher fraction of
the light in the diffraction limited core, thus providing higher signal-to-noise. The greatest
advances will come from imaging and spectroscopy coupled with adaptive optics on 30-m
class telescopes. A 30-m telescope will provide '20 milli-arcsecond images at 1.5-2.0µm,
corresponding to '200 pc at z∼2. Current AO spectroscopic efforts can only measure the
kinematic properties of star-forming regions of galaxies at z = 2 which have strong emission
lines (e.g., Förster-Schreiber et al. 2006; Law et al. 2009). Studying the dynamics of the
stellar populations is beyond their capabilities. Higher quality adaptive optics systems will
provide detailed kinematics at sub-kpc resolution of the stars as well as higher quality imag-
ing, surpassing the results from space telescopes (5× better resolution than JWST at 2µm).
A 30-m class telescope with an advanced adaptive optics system could provide absorption
line measurements of the velocity dispersions for all of the z = 2.3 galaxies in Figure 4 with
one to two hour integrations.

Combining these capabilities will mean we can answer the following questions:

• When does the black hole grow? Can we show a direct causal link between AGN
activity and the suppression of star-formation at z ' 2, when the early-type galaxy
population formed most of its stars? Because galaxy stellar populations show a mass
dependence, it is reasonable that the black hole mass growth may show a galaxy mass
dependence. Testing mass-dependent cosmic evolution out to z ' 2 with a 30-m class
telescope can lead us to understanding the role of black-hole mass in galaxy growth
and regulating star-formation.

• Do the massive compact galaxies at high redshift have much higher velocity dispersions,
as expected from their compact structure? Some models of early-type galaxy formation
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through merging predict much more oblate and rotationally supported galaxies at high
redshift, while others predict the presence of a disk in all galaxies at high redshift.
Absorption line velocity dispersions, shape measurements and measures of rotation are
needed to test these predictions.

• What mode does the mass growth of the early-type galaxies happen? is the dominant
form cold gas accretion or major mergers at z ' 2? The morphological properties and
the dynamics of infalling gas, from AO spectroscopy, will provide direct measurements
of these phenomena.

With a 30-m GSMT we could have the capability within 10 years to observe the assembly
of the majority of the stellar mass in the universe today. We would observe where the stellar
mass formed, what processes regulate star-formation, and how it was finally assembled into
the massive elliptical and S0 galaxies we see today. The formation of these galaxies is one of
the leading puzzles in astrophysics today, and the focus of a huge theoretical modeling effort.
By the next decadal survey, this puzzle could be well along the path to being resolved.
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