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Main Approaches to Model Galaxy Formation

• Hydrodynamic simulations

• Katz & Gunn (1991) - The first 3D hydrodynamical 
simulations of galaxy formation including dark matter

• Reproducing observable properties by solving 
hydrodynamic differential equations

• Technically challenging, time consuming

• Semi-analytic models

• Introduced by White & Frenk (1991)

• Calculating galaxy properties using empirical/
theoretical prescriptions 

• Fast, easy, and simple

• Barely possible to consider precision dynamics 
governing complex physics such as turbulence or 
instability G
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Figure 4. Stellar emission of the central galaxies from G1 to G6 (left to right) without (top) or with AGN feedback (bottom) at z = 0,
as they would be observed in u-g-r filter bands. Extinction by dust is not taken into account in these images. Arbitrary units are used
for stellar emission but with similar minima and maxima for all the first fifth columns, and with decreased intensities by 0.5 dex for
the last column to avoid image saturation. The size of each panel is 140 kpc. Galaxies without AGN feedback exhibit a massive blue
disc component with a halo of stars extending to large distance. AGN feedback reduces the total amount of emitted light, and galaxies
appear more early type with a weak disc component for some of them.

mass content in galaxies early on (at z ∼ 4), but its effect is
largest at z = 0.

Thanks to an exquisite resolution, we are able to go be-
yond the global properties listed above and investigate the
internal dynamical structure of galaxies. The morphology of
galaxies is also transformed by the effect of AGN feedback
as shown in Fig. 6. Circular velocities vc =

!

GMtot(< r)/r
exhibit a peak close to the centre of the galaxy, below 5 kpc,
when AGN feedback is not included. This peak is produced
by the large concentration of material in the central region of
galaxies, where the total matter distribution is largely dom-
inated by stars (see Fig. 7), and is a characteristic feature of
the overcooling problem of baryons (e.g. Scannapieco et al.
2012; Few et al. 2012). In the opposite case, for the sim-
ulations including AGN feedback, the peak in the circular
velocity profiles disappears and profiles become flat (isother-
mal) up to very large distances away from the centre, with
values close to the circular velocity measured far away from
the centre (at r500). With the presence of AGN feedback,
the maximum of the circular velocity curves decreases, the
contribution from stars to circular velocity is strongly at-
tenuated, and replaced by its DM component (Fig. 7). Note
that the contribution from gas to the circular velocity curves
at z = 0 is negligible with or without AGN feedback, which
suggests that these massive galaxies are relatively gas-poor
independently of the presence of AGN. We notice that the
ratio of radial velocity dispersion over the circular velocity
is roughly constant and close to a factor

√
2, therefore, it

gives further evidence for an isothermal profile. It assumes
that orbits are isotropic, i.e. the velocity tensor is close to
isotropic. Further investigations along this line are left for
future work.

AGN have also important consequences for the total
amount of rotation and velocity dispersion in these massive
galaxies. Without AGN feedback, the stellar component of
the massive galaxies at z = 0 is supported by the rotation of
stars, with a comparable but lower contribution from disper-
sion, particularly within the half mass radius of the galaxy.
Such galaxies would be classified as fast rotators as the v/σ
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Figure 5. Average fraction of DM (solid), stellar (dotted), and
gas (dashed) mass within 0.1rvir as a function of redshift for the
six halos with (red) or without (black) AGN feedback. The error
bars are the standard deviation. The fraction of DM mass is in-
creased, and the fractions of gas and stellar mass are decreased
by the effect of AGN feedback.

ratio for stars approaches one (even though their masses and
colours are unrealistic). At a close distance from the centre,
the velocity support is dominated by the dispersion (com-
pact bulge of stars), and also far away, in the intra cluster
light. The picture is changed when AGN feedback is present:
velocity dispersion dominates at any distance from the cen-
tre at z = 0. The disc component has considerably shrank
and, now, is barely detectable below 5 kph at z = 0 (Fig. 7).

Fig. 8 shows the average v/σ ratio, where v is the mass-
weighted rotational velocity of stars and σ is the mass-
weighted velocity dispersion of stars measured within reff ,
where reff is the effective radius at which half of the pro-
jected stellar mass is enclosed. Both quantities are integrated
quantities of the projected distribution of stars, and the v/σ
ratios showed in Fig. 8 are averaged over the six galaxies
(with or without AGN feedback). Without AGN feedback,
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How Semi-Analytic Models work?
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How SAM Works

z=0

z=3

z=5

1.  Constructing DMH merger 
trees from N-body simulations
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2. Put baryon as ‘hot gas’ 
into DMHs

How SAM Works
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3. Forming cold gas disks by 
cooling

How SAM Works
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4. Star formation on 
disks. Stellar feedback 
works.
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5. Calculating the evolution 
of stellar components at 
the next time step

How SAM Works
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How SAM Works

6. Calculating star bursts, 
SMBH growth, QSO 
mode AGN feedback, and 
morphological evolution 
if mergers occur
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7. Calculating galaxy evolution 
until z=0

How SAM Works
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ABSTRACT

We have investigated the post-merger signatures of red-sequence galaxies in rich Abell clusters at z ! 0.1:
A119, A2670, A3330, and A389. Deep images in u′, g′, r ′, and medium-resolution galaxy spectra were taken
using MOSAIC II CCD and Hydra MOS mounted on a Blanco 4 m telescope at Cerro Tololo Inter-American
Observatory. Post-merger features are identified by visual inspection based on asymmetric disturbed features, faint
structures, discontinuous halo structures, rings, and dust lanes. We found that ∼25% of bright (Mr < −20) cluster
red-sequence galaxies show post-merger signatures in four clusters consistently. Most (∼71%) of the featured
galaxies were found to be bulge dominated, and for the subsample of bulge-dominated red-sequence galaxies, the
post-merger fraction rises to ∼38%. We also found that roughly 4% of bulge-dominated red-sequence galaxies
interact (ongoing merger). A total of 42% (38% post-merger, 4% ongoing merger) of galaxies show merger-related
features. Compared to a field galaxy study with a similar limiting magnitude by van Dokkum in 2005, our cluster
study presents a similar post-merger fraction but a markedly lower ongoing merger fraction. The merger fraction
derived is surprisingly high for the high density of our clusters, where the fast internal motions of galaxies are
thought to play a negative role in galaxy mergers. The fraction of post-merger and ongoing merger galaxies can
be explained as follows. Most of the post-merger galaxies may have carried over their merger features from their
previous halo environment, whereas interacting galaxies interact in the current cluster in situ. According to our
semi-analytic calculation, massive cluster halos may very well have experienced tens of halo mergers over the
last 4–5 Gyr; post-merger features last that long, allowing these features to be detected in our clusters today. The
apparent lack of dependence of the merger fraction on the clustocentric distance is naturally explained this way.
In this scenario, the galaxy morphology and properties can be properly interpreted only when the halo evolution
characteristics are understood first.

Key words: catalogs – galaxies: clusters: individual (A119, A2670, A3330, A389) – galaxies: evolution – galaxies:
formation – galaxies: structure

1. INTRODUCTION

The formation of massive early-type galaxies in the universe
is still in question. The hierarchical galaxy formation scenario is
widely accepted at present, which predicts that massive galaxies
form through hierarchical galaxy mergers. If each galaxy merger
induces star formation and consequent stellar mass growth in
the united galaxy, it would lead to a large scatter in the age
and metallicity of stellar populations in massive early-type
galaxies. However, the observational characteristics of early-
type galaxies, such as their red colors tightly correlated in optical
color–magnitude relations (CMRs) and their high α-elements
ratios, imply that most of the stellar contents in massive early-
type galaxies formed in a short timescale at an early epoch
(z > 1). Furthermore, the red sequence in the optical CMR
appears to be established by z ∼ 1 (Tanaka et al. 2005), and
recent observations with 8–10 m class telescopes reveal the
appearance of massive red-sequence galaxies (M " 1011 M⊙)
at z ∼ 2–3 (Kodama et al. 2007; Drory & Alvarez 2008; Kang &
Im 2009). These observational results suggest that most massive
early-type galaxies had almost completed their star formation
and mass aggregation by z ∼ 1 and then virtually passively
evolved.

There are other observational clues that indicate a significant
increase in the stellar mass density in massive red-sequence
galaxies since z ∼ 1, which is not allowed according to the
passive evolution of blue galaxies alone. Bell et al. (2004)

3 Current address: Departamento de Astronomı́a, Universidad de Concepción,
Casilla 160-C, Concepción, Chile.

showed that the B-band luminosity density of massive red-
sequence galaxies does not evolve much in the redshift range
of 0 < z # 1.1. Because the B-band light should dim as stars
get old, they argued that some young populations should be
provided regularly from blue galaxies to the red sequence during
this period. However, the simple fading of massive blue galaxies
cannot be applied, as the brightest red galaxy is always brighter
than the brightest blue galaxy throughout the redshift range.
After all, they suggested that galaxy mergers are an important
process in the formation of luminous red galaxies since z ∼ 1.
The result was supported again by Faber et al. (2007).

Residual star formation (RSF) in early-type galaxies provides
another clue about galaxy formation. RSF has been extensively
studied, recently using the UV data from space telescopes such
as the Galaxy Evolution Explorer (GALEX) and the Hubble
Space Telescope. The latest work on the UV upturn phenomenon
of early-type galaxies showed that the RSF fraction among
cluster elliptical galaxies is as high as ∼30%; it is even higher
in the field environment (Yi et al. 2011). Several studies have
claimed that the RSF in early-type galaxies is most likely
related to galaxy mergers or interactions (Kaviraj et al. 2007;
Kaviraj 2010b). Because the UV bright phase of a young stellar
population lasts only ∼1 Gyr, we can estimate that the RSF
detected at less than z = 0.1 is stimulated at a relatively low
redshift, z ∼ 0.2–0.3. Again, this is indirect evidence of the
substantial frequency of galaxy mergers given a low redshift.

Van Dokkum (2005) showed tidally disturbed features around
field elliptical galaxies at z ∼ 0.1 with optically deep im-
ages from the NOAO Deep Wide Field Survey and the
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Figure 15. Merging timescale of galaxies in a cluster of 5 × 1014 M⊙ of our
SAM along the mass ratio. If we assume that a central galaxy is the BCG, bright
satellite galaxies (Msat > 0.25 Mcen) merge into the BCG within ∼4 Gyr at z <
0.5.

in the field, it is still too high compared to the expectation
from apparent fractions of galaxy interaction in galaxy clusters.
Therefore, we propose that most of those post-merger galaxies
were assembled in a low-density region and fell into the current
cluster via halo mergers. We have supported this scenario with
theoretical predictions using a semi-analytical model.

We do not speculate the progenitors of the post-merger
galaxies in this paper, regardless of whether they are remnants
of dry mergers or wet mergers. This will be investigated in
depth in an upcoming paper which will discuss on the ultraviolet
properties of the galaxies most likely related to the RSF induced
by galaxy mergers.

We thank Yujin Yang for helping us obtain the short expo-
sure images of A389. Y. -K. Sheen is grateful to Knut Olsen,
Francisco Valdes, and Mike Fitzpatrick for their helpful com-
ments and discussions on the MOSAIC 2 and Hydra data. We
acknowledge the support from the National Research Founda-
tion of Korea to the Center for Galaxy Evolution Research and

Doyak grant (No. 20090078756) and from the Korea Astronomy
and Space Science Institute.

Facilities: MOSAIC 2, Hydra (CTIO)
Q3

REFERENCES
Q4

Bell, E. F., Wolf, C., Meisenheimer, K., et al. 2004, ApJ, 608, 752
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Bower, R. G., Lucey, J. R., & Ellis, R. S. 1992, MNRAS, 254, 601
Bundy, K., Fukugita, M., Ellis, R. S., et al. 2009, ApJ, 697, 1369
Carlberg, R. G., Yee, H. K. C., & Ellingson, E. 1997, ApJ, 478, 462
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From deep observations (μr~28mag arcsec-2 ), Sheen et al. found that the fraction of 
tidally disturbed red-sequent galaxies in clusters (~42%) is similar to that of low density 
environments (~50%, van Dokkum 2005)
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merger epochs
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Figure 7. Post-merger galaxy samples from four Abell clusters. The first column of each galaxy is a pseudo-color image generated with u′g′r ′ deep images. The
second column is a surface brightness map of the galaxy, revealing faint features which do not appear in the color image.

parameter to be determined. Rd is the disk scale length and Id
is the surface brightness at Rd. The fitting is performed using
the IDL routines in the MPFIT package (Markwardt 2008).
Usually, such a fitting procedure is very sensitive to the initial
values of the fitting parameters. To increase the success rate of
the fitting, galaxy profiles are fitted with the de Vaucouleurs
profile first. The preliminarily derived values of Ie, Re, and c are
then used as an initial guess for the more complex main fitting
with Equation (5) and all the parameters are determined again
as well as Id and Rd. The galaxy B/T is calculated using the
following formula:

B/T = R2
e Ie

R2
e Ie + 0.28R2

dId

. (6)

We present examples of the galaxy profile fitting in Figure 9.
The best fit of the surface brightness profile is drawn over the
data points using the parameters derived from the fitting. The
de Vaucouleurs profile and the exponential profile comprising

the best fit are also presented. The figure shows that the galaxy
profiles are robustly measured to µr ′ ∼ 30 mag arcsec−1.

Figure 10 shows the result of our B/T calculations for the
cluster members. In the upper panel of each graph set, galaxies
are expressed in different colors along their B/T values in the
optical CMR. The high values of the B/T of bright red-sequence
galaxies and the low values of blue galaxies are consistent with
the general expectation. In the bottom panels, the average B/T
values for RSsp are plotted along the absolute magnitude. As
the upper panels have already suggested, it was found that the
average B/T becomes smaller as the galaxies become fainter.

We also computed the averages for the post-merger galax-
ies separately, and presented them in red filled circles with
the standard deviations. The results indicate that the average
B/T values for post-merger galaxies are slightly higher than the
average of the rest of the RSsp galaxies in the magnitude range.

We classified galaxies with B/T > 0.4 as ellipticals and S0s
following the criteria applied in Somerville & Primack (1999).
The results show that a large fraction of the featured galaxies

9
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2. Testing the validity of the simple assumption
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ABSTRACT

Context. Sheen and collaborators recently found that a surprisingly large portion (38%) of massive early-type galaxies in heavy
clusters show strong merger-related disturbed features. This contradicts the general understanding that massive clusters are hostile
environments for galaxy mergers. Considering the significance of mergers in galaxy evolution, it is important to understand this.
Aims. We aim to present a theoretical foundation that explains galaxy mergers in massive clusters.
Methods. We used the N-body simulation technique to perform a cosmological-volume simulation and derive dark-halo merger trees.
Then, we used the semi-analytic modeling technique to populate each halo with galaxies. We ran hydrodynamic simulations of galaxy
mergers to estimate the lifetime of merger features for the imaging condition used by Sheen and collaborators. We applied this merger
feature lifetime to our semi-analytic models. Finally, we counted the massive early-type galaxies in heavy model clusters that would
show strong merger features.
Results. While there still are substantial uncertainties, our preliminary results are remarkably close to the observed fraction of galaxies
with merger features. Key ingredients for the success are twofold: firstly, the subhalo motion in dark haloes has been accurately traced,
and, second, the lifetime of merger features has been properly estimated. As a result, merger features are expected to last very long in
cluster environments. Many massive early-type galaxies in heavy clusters therefore show merger features not because they experience
mergers in the current clusters in situ, but because they still carry their merger features from their previous halo environments.
Conclusions. Investigating the merger relics of cluster galaxies is potentially important, because it uniquely allows us to backtrack
the halo merger history.

Key words. galaxies: clusters: general – galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation

1. Introduction

A significant progress has recently been made toward a concor-
dant picture of how our universe has achieved its current shape.
One of the remaining big questions is the origin of massive
galaxies. The current paradigm suggests that they are the result
of numerous mergers between smaller galaxies (e.g., White &
Rees 1978; Cole et al. 2000). When the masses of two colliding
galaxies are similar, such major mergers often result in a young
starburst that easily outshines the underlying majority of old
stellar populations (Lawrence et al. 1989) and sometimes even
changes the morphology of galaxies (e.g., Arp 1966; Toomre
& Toomre 1972). In this respect, understanding the frequency
of mergers and their impact on galaxy evolution is the key to
an accurate reconstruction of the apparently complex history of
massive galaxy formation.

Mergers between galaxies are expected to be much more fre-
quent in low-density regions of the universe (Ostriker 1980).
This might appear counter-intuitive, but one can demonstrate
this using advanced calculus (Binney & Tremaine 1987). The
essence of this prediction is that the spatial motion of galax-
ies is faster in a more massive halo, and mergers are less likely
when relative speeds are higher. In these high-velocity environ-
ments, fly-by interactions are possible, but very unlikely to lead
to galaxy mergers (Binney & Tremaine 1987).

A challenge to this standard expectation was raised by
the recent work of Sheen et al. (2012). These authors
used the Cerro-Tololo-Inter-American Observatory 4-m Blanco

Telescope to achieve µr = 28 mag arcsec−2 images of four
massive galaxy clusters at z ∼ 0.1. The unusually deep opti-
cal images revealed that a large portion (38%) of red early-type
galaxies showed strong merger features (tidal tails, shells, etc.).
To everyone’s surprise, the merger-featured galaxy fraction is
almost similar to what was found earlier in low-density field
environments, 49% (van Dokkum 2005).

We propose to explain this enigma using the concept of
merger relics. The theoretical expectation based on the merger
probability as a function of halo size discussed above has an im-
portant caveat: cluster halos were assumed frozen, while they are
in reality alive. A cluster halo grows in size and mass with time
as more galaxies fall into it. Furthermore, the galaxies falling in
may have been part of another halo with multiple galaxies rather
than being isolated. Therefore, it is important to first follow the
halo merger history back in time and also determine whether the
galaxies falling in have already completed their merging pro-
cess that had started in the previous halo environment. This is a
complicated task and calls for more elaborate calculations.

2. Model construction

A realistic reconstruction of the history of a cluster is challeng-
ing but possible using modern tools that are widely available.
In the first step, we ran a cosmological-volume simulation with
dark matter particles using the Gadget-2 code (Springel 2005),
assuming the WMAP-7 LCDM cosmology (Jarosik et al. 2011).
The size of the cube was roughly 300 million lightyears on one

Article published by EDP Sciences A122, page 1 of 4
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Table 1. Parameters of the cosmological simulation.

Parameter Description Value
Ωm Current matter density 0.266
ΩΛ Cosmological constant 0.734
σ8 Initial power spectrum 0.801
ns Spectral index 0.963
H0 Hubble constant (km s−1 Mpc−1) 71.0
Lbox Boxsize (h−1 Mpc) 70
npart Number of particles 5123

mpart Particle mass (h−1 M⊙) 1.9 × 108

ϵ Softening length (h−1 kpc) 2.136
nout Number of outputs 95 (z = 12 to z = 0)

side and the dark matter particle mass was 108 M⊙. Then we
traced all virialized halos using the AdaptaHOP halo-finder pro-
gram (Aubert et al. 2004; Tweed et al. 2009), and built halo
merger trees. By doing this, we constructed full merger histo-
ries of all individual halos more massive than 1010 M⊙. The ba-
sic information on the cosmological simulation runs is listed in
Table 1.

Owing to poor mass resolution even in current simula-
tions and technical challenges regarding halo-finding schemes,
subhalos are often lost near the primary halo center where the
background density can be higher than the densities inside the
subhalos. For this reason, subhalos tagged as having merged
sometimes reappear out of nothing in the halo outskirt (Onions
et al. 2012). We attempted to fix this problem by keeping sub-
halos alive until they indeed fall into the host halo center. A
short time before a subhalo was lost in the high-density region
in the host halo, we started calculating its subsequent trajectory
and lifetime using analytic formulae (Binney & Tremaine 1987;
Jiang et al. 2008). This traces subhalos for longer than is possible
with the halo finder we used and effectively lengthens the sub-
halo lifetime, roughly by a factor of two. The merging timescale
between the host and subhalos in our simulation peaks around
1.3 billion years with a smooth lognormal distribution. The over-
all uncertainty in the merger rates derived this way is probably
constrained within a factor of two (Hopkins et al. 2010).

In the second step, we constructed semi-analytic models of
galaxies (e.g., Kauffmann et al. 1993; Baugh 2006; Somerville
et al. 2008) based on the halo merger trees derived in the first
step. These models allowed us to predict the number of galax-
ies of different types and properties that populate each halo. For
most of the key ingredients, such as star formation, supernova,
and active galactic nucleus feedback efficiencies, we used up-to-
date parameters (Lee & Yi 2013). For the environmental effects
on the gas content in galaxies, we simply assumed that the distri-
bution of hot gas follows a singular isothermal profile in halos.
The hot gas components beyond a radius within which matter
is considered to be gravitationally bound to subhalos are tidally
stripped (see Kimm et al. 2011, for details). The amount of hot
gas stripped by ram pressure was calculated in a similar man-
ner. We computed a radius beyond which ram pressure can blow
away hot gas components in subhalos into their host halos by
adopting the prescriptions in McCarthy et al. (2008) and Font
et al. (2008). Figure 1 shows an example of the orbital journey
of a galaxy that encountered a major merger at z = 0.3 and still
shows its merger features at z = 0.

Semi-analytic models provide a statistically large number of
clusters and their constituent galaxies, but have no spatial infor-
mation within each galaxy and hence are unsuited for investigat-
ing surface brightness profiles or tidal features. Hence an extra

Fig. 1. Example of the orbital evolution of a galaxy assumed to have
merger features up to z = 0 with respect to the center of a cluster in
a comoving space. The solid and dotted lines show the tracks of the
galaxy with a merger feature and its merger counterpart, respectively.
The galaxy undergoes a major merger at z = 0.3 and enters the virial
radius of the cluster at z = 0.1. The black cross indicates the center of
the cluster and the orange dashed circle shows the virial radius of the
host halo at z = 0. The mass of the galaxy at z = 0.3 is 1.4 × 1010 M⊙
and the mass of the merger counterpart is 1.0 × 1010 M⊙.

step is necessary. The third step is to estimate the lifetime of the
merger features when a merger takes place. To quantify this, we
performed hydrodynamic simulations of galaxy-galaxy mergers
in an isolated environment; we used the GADGET-2 code with
additional prescriptions including cooling of gas, star formation,
and stellar feedback from type Ia and II supernovae (Peirani et al.
2009, 2010). The galaxies in this study are modeled to repre-
sent the features (bulge-to-total ratio, gas mass fraction, and disk
scale length) of Sa and Sb types. The total mass of each galaxy
is 1.7 × 1010 M⊙.

The distribution of gas and disk particles follows an ex-
ponential surface density while the distribution of dark mat-
ter (DM) and bulge particles follows the Hernquist profile
(Hernquist 1990). We adopted the concentration parameter of
C = 14 following Dolag et al. (2004) and the disk scale length of
each galaxy from Graham & Worley (2008). The particle masses
are M(DM) = 4 × 105 M⊙, M(disk) = M(gas) = 5 × 104 M⊙,
and M(bulge) = 1.5 × 105 M⊙ for dark matter, disk, gas, and
bulge, respectively. We used a gravitational softening length of
0.1 kpc for dark matter and bulge particles, and 0.2 kpc for disk
and gas particles. The details of the galaxy properties used in the
simulations are given in Table 2.

Radiative gas-cooling is based on the tabular function
(Thomas & Couchman 1992; Sutherland & Dopita 1993). We
did not consider chemical evolution in the merger simulation
but assumed all stars to have solar metallicity. For simplicity we
explored only equal-mass mergers but considered various mor-
phological combinations (between Sa and Sb types) and merger
geometries (three orbital types and three merging angles). More
detailed information on the simulations is provided elsewhere (Ji
2012) and will be available in the forthcoming companion paper
(Ji et al., in prep.).

The hydrodynamic simulation does not only trace old stars,
but allows new star formation as well which has to be traced with
particular caution. To perform ray-tracing, 2D regular Cartesian
grids were constructed using the position of each particle. We
convolved the stellar mass and age information of each stel-
lar particle with the spectral energy distribution of Bruzual &
Charlot (2003) to derive the light properties of model galax-
ies. To calculate the amount of dust extinction from hydrogen
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Fig. 3. Evolution of the mean merger relic fraction based on 28 model
clusters. A cosmological volume simulation has been run to build halo
merger trees. Semi-analytic models of galaxy formation have been con-
structed based on the halo merger trees. Galaxy mergers were identified
in this process. The lifetime of the merger features has been estimated
based on hydrodynamic simulations of galaxy mergers, specifically for
the target imaging depth of µr = 28 mag arcsec−2. Then, we count mas-
sive early-type galaxies that still show their merger features since their
latest major merger. Roughly 35% of the massive early-type galaxies
at z ∼ 0.1 are expected to show post-merger features, which explains
the recent finding of Sheen et al. The value has steadily declined since
the early universe and is much higher for early types. Late-type (disk)
galaxies in the clusters on the other hand are not expected to show major
merger features so frequently.

it may have some impact on massive early-type galaxies as well.
Even considering all these uncertainties, it is probably safe to
say that the merger relic fraction from our calculation (∼35%)
is much higher than the simple expectation based on the frozen
halo scenario discussed in the beginning and surprisingly similar
to what is observed.

We did not have to invent anything new for this success.
Some ideas have been discussed in the past (Mihos 2004; Fujita
2004), and we simply spliced pieces of modern and widely-used
techniques to reach this explanation. In-situ mergers may in-
deed be rare in heavy clusters where peculiar speeds are high.
Yet, many massive early-type galaxies in heavy clusters exhibit
strong merger features, which may be a lingering reflection from
their past.

We have learned from this exercise that correct interpretation
of galaxy properties therefore requires a realistic understanding
on their past environmental history in the first place. Conversely,
investigating the properties and positions of merger-featured
galaxies in a large number of clusters may even be used to reveal
the past history of the clusters. On the numerical simulation side,
a direct high-resolution simulation, probably adopting zoom-
in technique, may soon replace this semi-analytic approach we
present in this paper.

Acknowledgements. S.K.Y. acknowledges support from National Research
Foundation of Korea (Doyak Program No. 20090078756; SRC Program

No. 2010-0027910) and DRC Grant of Korea Research Council of Fundamental
Science and Technology (FY 2012). Numerical simulation was performed us-
ing the KISTI supercomputer under the program of KSC-2012-C2-11 and KSC-
2012-C3-10. Much of this manuscript was written during the visit of SKY
to University of Nottingham and University of Oxford under the general sup-
port by LG Yon-Am Foundation. Y.K.S. acknowledges the support provided by
FONDECYT postdoctoral research grant No. 3130470.

References
Alton, P. B., Trewhella, M., Davies, J. I., et al. 1998, A&A, 335, 807
Arp, H. 1966, ApJS, 14, 1
Aubert, D., Pichon, C., & Colombi, S. 2004, MNRAS, 352, 376
Baugh, C. 2006, Rep. Prog. Phys., 69, 3101
Binney, J., & Merrifiled, M. 1998, Galactic Astronomy (Princeton: Princeton

Univ. Press)
Binney, J., & Tremaine, S. 1987, Galactic Dynamics (Princeton: Princeton Univ.

Press)
Bohlin, R. C., Savage, B. D., & Drake, J. F. 1978, ApJ, 224, 132
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682
Cole, S., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2000, MNRAS, 319,

168
Cox, T. J., Jonsson, P., Somerville, R. S., Primack, J. R., & Dekel, A. 2008,

MNRAS, 384, 386
Davies, J. I., Alton, P., Trewhella, M., Evans, R., & Bianchi, S. 1999, MNRAS,

304, 495
Dolag, K., Bartelmann, M., Perrotta, F., et al. 2004, A&A, 416, 853
Font, A. S., Bower, R. G., McCarthy, I. G., et al. 2008, MNRAS, 389, 1619
Fujita, Y. 2004, PASJ, 56, 29
Graham, A. W., & Worley, C. C. 2008, MNRAS, 388, 1708
Hernquist, L. 1990, ApJ, 356, 359
Hopkins, P. F., Croton, D., Bundy, K., et al. 2010, ApJ, 724, 915
Jarosik, N., Bennett, C. L., Dunkley, J., et al. 2011, ApJS, 192, 14
Ji, I. 2012, M.S. Thesis (Yonsei Univeristy)
Jiang, C. Y., Jing, Y. P., Faltenbacher, A., Lin, W. P., & Li, C. 2008, ApJ, 675,

1095
Kauffmann, G., White, S. D. M., & Guiderdoni, B. 1993, MNRAS, 264, 201
Kent, S. M., Dame, T. M., & Fazio, G. 1991, ApJ, 378, 131
Kimm, T., Yi, S. K., & Khochfar, S. 2011, ApJ, 729, 1
Lawrence, A., Rowan-Robinson M., Leech, K., Jones, D. H. P., & Wall, J. V.

1989, MNRAS, 240, 329
Lee, J., & Yi, S. K. 2013, ApJ, 766, 38
McCarthy, I. G., Frenk, C. S., Font, A. S., et al. 2008, MNRAS, 383, 593
Mihos, J. C. 2004, in Clusters of Galaxies: Probes of Cosmological Structure and

Galaxy Evolution, eds. J. S. Mulchaey, A. Dressler, & A. Oemler (Cambridge:
Cambridge Univ. Press), 277

Moore, B., Katz, N., Lake, G., Dressler, A., & Oemler, A. 1996, Nature, 379,
613

Onions, J., Knebe, A., Pearce, F. R., et al. 2012, MNRAS, 423, 1200
Ostriker, J. P. 1980, Comments on Astrophys. 8, 177
Peirani, S., Hammer, F., Flores, H., Yang, Y., & Athannassoula, E. 2009, A&A,

496, 51
Peirani, S., Crockett, R. M., Geen, S., Khochfar, S., Kaviraj, S., & Silk, J. 2010,

MNRAS, 405, 2327
Sheen, Y., Yi, S. K., Ree, C. H., & Lee, J. 2012, ApJS, 202, 8
Somerville, R. S., & Primack, J. R. 1999, MNRAS, 310, 1087
Somerville, R. S., Hopkins, P. F., Cox, T. J., Robertson, B. E., & Hernquist, L.

2008, MNRAS, 391, 481
Springel, V. 2005, MNRAS, 364, 1105
Sutherland, R. S., & Dopita, M. A. 1993, ApJS, 88, 253
Thomas, P. A., & Couchman, H. M. P. 1992, MNRAS, 257, 11
Toomre, A., & Toomre, J. 1972, ApJ, 178, 623
Tweed, D., Devriendt, J., Blaizot, J., Colombi, S., & Slyz, A. 2009, A&A, 506,

647
van Dokkum, P. 2005, AJ, 130, 2647
White, S. D. M., & Rees, M. 1978, MNRAS, 183, 341

A122, page 4 of 4

Yi+13

Yi+13

• Studying the fraction of merger-
featured galaxies using SAM and 
hydrodynamic simulations

• Assuming that the features are mainly 
formed by mergers outside clusters

• Hydrodynamic simulations showed 
that merger features can remain 
longer than three times of merger 
time scales

• Investigating the fraction of featured 
galaxies in clusters

• Showing good agreement!

2. Testing the validity of the simple assumption
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ABSTRACT

Matsuoka & Kawara showed that the number density of the most massive galaxies (log M/M⊙ = 11.5–12.0)
increases faster than that of the next massive group (log M/M⊙ = 11.0–11.5) during 0 < z < 1. This appears to be
in contradiction to the apparent “downsizing effect.” We attempt to understand the two observational findings in the
context of the hierarchical merger paradigm using semi-analytic techniques. Our models closely reproduce the result
of Matsuoka & Kawara. Downsizing can also be understood as larger galaxies have, on average, smaller assembly
ages but larger stellar ages. Our fiducial models further reveal details of the history of the stellar mass growth of
massive galaxies. The most massive galaxies (log M/M⊙ = 11.5–12.0 at z = 0), which are mostly the brightest
cluster galaxies, obtain roughly 70% of their stellar components via merger accretion. The role of merger accretion
monotonically declines with galaxy mass: 40% for log M/M⊙ = 11.0–11.5 and 20% for log M/M⊙ = 10.5–11.0
at z = 0. The specific accreted stellar mass rates via galaxy mergers decline very slowly during the whole redshift
range, while specific star formation rates sharply decrease with time. In the case of the most massive galaxies,
merger accretion becomes the most important channel for the stellar mass growth at z ∼ 2. On the other hand, in
situ star formation is always the dominant channel in L∗ galaxies.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation – galaxies:
stellar content

1. INTRODUCTION

Dynamical realizations based on the concordance ΛCDM
cosmology (e.g., Spergel et al. 2007) have been remarkably
successful at reproducing large-scale structures in the universe
(e.g., Springel et al. 2006). In the common perception of this
paradigm, large galaxies grow hierarchically through numerous
galaxy mergers that follow mergers between dark halos.

Supporting this view, galaxies with disturbed features have
frequently been witnessed (e.g., Arp 1966; Schweizer & Seitzer
1988). With the advent of deep and wide-field surveys, the
arguments could be investigated in greater detail. Recent studies
based on ultra-deep imaging data are particularly noteworthy.
From the µr = 28 mag arcsec−2 deep images, van Dokkum
(2005) found that about 50% of red bulge-dominant galaxies in
field environments show tidal debris. Merger galaxy fraction has
been found to be almost as high in cluster environments (Sheen
et al. 2012). Kaviraj et al. (2007) and Kaviraj (2010) claimed that
residual star formation found in a large fraction (∼30%) of local
massive early-type galaxies is related to mergers or interactions.
As observation techniques reach deeper and hidden nature of
galaxies, “peculiar” is no longer a synonym of “rare.”

High-redshift surveys allow us to directly investigate of the
role of galaxy mergers and interactions on galaxy evolution.
Using the K-band Hubble diagram, Aragon-Salamanca et al.
(1998) found that brightest cluster galaxies (BCGs) have in-
creased their mass by a factor of two to four with no or negative
luminosity evolution during 0 < z < 1. From the GOODS
fields, Bundy et al. (2009) found that the pair fraction of mas-
sive (log M/M⊙ > 11.0) red spheroidal galaxies is higher
than that of less massive systems (log M/M⊙ ∼ 10.0). In ad-
dition, the pair fraction unaccompanied by star formation in-
creases with time. They concluded that massive galaxies grow
primarily through dry or minor mergers, at least at z ! 1.
Almost simultaneously, from the UKIDSS and the SDSS II Su-
pernova Survey, Matsuoka & Kawara (2010, hereafter MK10)

found that during z < 1 the number density of the most mas-
sive galaxies (log M/M⊙ = 11.5–12.0) increased more rapidly
than that of the next massive group (log M/M⊙ = 11.0–11.5).
They also showed that more massive systems have a lower
blue galaxy fraction than less massive systems, and that the
fraction decreases with time. All these observations seem to im-
ply that during z ! 1 massive galaxies are mainly brought up
via mergers.

Not all observations naively support the hierarchical merger
picture. The tight color–magnitude relation found among early-
type galaxies is more simply, albeit not exclusively, explained by
monolithic formation scenarios (e.g., Bower et al. 1992; Kodama
& Arimoto 1997). Furthermore, the “downsizing” effect, where
larger galaxies appear to be older and are thus suspected to have
formed earlier, seems to be inconsistent with the new paradigm
(Cowie et al. 1996; Glazebrook et al. 2004; Cimatti et al. 2004).
On the face of it, the inconsistency seems a counterevidence of
the hierarchical picture; however, some studies have pointed
out that downsizing can be understood by the hierarchical
paradigm reasonably enough. Based on semi-analytic models,
De Lucia et al. (2006) showed that the star formation rates
of all the progenitors of more massive galaxies peak earlier
and decrease faster than those of less massive galaxies. In
fact, downsizing could be a natural result of the hierarchical
clusterings of dark halos. Neistein et al. (2006) demonstrated
that downsizing appears in the total (combined) mass evolution
of all the progenitors of a dark matter halo. If the stellar mass of
a galaxy correlates with the mass of its dark matter halo (Moster
et al. 2010), downsizing may very well originate from the
bottom-up assembly of dark matter halos. Using semi-analytic
approaches, many studies have shown that the assembly and
formation history of stellar components, especially in massive,
red and luminous, or elliptical galaxies, can be different in
the hierarchical universe (Kauffmann 1996; Baugh et al. 1996;
De Lucia et al. 2006; De Lucia & Blaizot 2007; Almeida et al.
2008). More direct hydrodynamic simulations performed for
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• UKIDSS revealed that the number 
density of the most massive galaxies 
(~1011.75M⊙) has increased three times 
faster than that of the next massive 
ones (~1011.25M⊙) between z=1-0   
(Matsuoka & Kawara 2010)
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Figure 1. Cosmic star formation history. The gray dots with error bars indicate
the empirical cosmic star formation history (Panter et al. 2007). The solid line
shows the cosmic star formation history derived from the fiducial model. The
dotted line displays the contribution to the cosmic star formation history from
merger-induced starbursts.

where η = 0.1 is the standard efficiency of the conversion of
rest mass to radiation, and c is the speed of light. The reduced
cooling rate of gas is computed by

ṁ′
cool = ṁcool − LBH

0.5V 2
vir

, (17)

where the minimum of ṁ′
cool is set to be zero.

2.5. Model Calibrations

Our models are based on the conventional techniques and
ingredients used in up-to-date semi-analytic models; hence,
the output is not particularly noteworthy compared to other
successful models. Our models roughly match the global star
formation history, galaxy mass functions, black hole mass versus
bulge mass relation, etc. Figures 1 and 2 display comparisons
of the cosmic star formation history and the galaxy stellar mass
functions in the local universe from empirical data (Panter et al.
2007) and our fiducial model. While there still is a large room for
improvement, we decide to focus on the mass growth histories
of massive galaxies.

3. EVOLUTION OF GALAXY NUMBER DENSITY

MK10 presented a rapid growth of massive galaxies since
z = 1, using the United Kingdom Infrared Telescope (UKIRT)
Infrared Deep Sky Survey (UKIDSS) and the Sloan Digital Sky
Survey (SDSS) II Supernova Survey. Figure 3 shows the number
density evolution of the most massive (log M/M⊙ = 11.5–12.0)
and the next massive (log M/M⊙ = 11.0–11.5) galaxies in
the empirical data derived by MK10 and from our fiducial
model at each redshift. The empirical data clearly show that the
number of the most massive galaxies rapidly increases between
z = 1 and 0, while the next massive group experiences a milder
evolution. The reproduction of the data by our fiducial model
looks reasonably good. We also present the number density
evolution of the third massive group (log M/M⊙ = 10.5–11.0),
which makes our models “super-L∗ galaxies.”

We define “relative number density growth rate,” Γ, as the
ratio of the speeds in number density evolution of the two most

Figure 2. Galaxy stellar mass functions in the local universe derived by Panter
et al. (2007) from SDSS DR3 (gray shade) and the fiducial model at z = 0 (black
solid line). The thickness of the empirical data indicates the error range.

Figure 3. Number density evolution of massive galaxies as a function of the age
of the universe. The red represents the evolution of the most massive galaxies
(log M/M⊙ = 11.5–12.0), the blue indicates that of the next massive group
(log M/M⊙ = 11.0–11.5), and the green indicates that of the third massive
group (log M/M⊙ = 10.5–11.0) at each redshift. The diamonds with error
bars come from empirical data in MK10 and the squares with error bars
are measurements taken from Cole et al. (2001). The solid lines present the
predictions of the semi-analytic model.

massive groups of galaxies as a function of observational limit
in redshift, as follows:

Γ = nmost(z = 0)/nmost(z)
nnext(z = 0)/nnext(z)

, (18)

where nmost(z = 0) and nnext(z = 0) are the number densities
of the most massive and next massive groups at z = 0, and
nmost(z) and nnext(z) are the number densities of the two groups
at a redshift, respectively. For example, MK10 compared the
number density evolution of the two mass groups between
redshift 0 and 1, in which case the observational limit is 1 and
the relative number density growth rate becomes 3. We present

5
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shows the cosmic star formation history derived from the fiducial model. The
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cool is set to be zero.

2.5. Model Calibrations

Our models are based on the conventional techniques and
ingredients used in up-to-date semi-analytic models; hence,
the output is not particularly noteworthy compared to other
successful models. Our models roughly match the global star
formation history, galaxy mass functions, black hole mass versus
bulge mass relation, etc. Figures 1 and 2 display comparisons
of the cosmic star formation history and the galaxy stellar mass
functions in the local universe from empirical data (Panter et al.
2007) and our fiducial model. While there still is a large room for
improvement, we decide to focus on the mass growth histories
of massive galaxies.

3. EVOLUTION OF GALAXY NUMBER DENSITY

MK10 presented a rapid growth of massive galaxies since
z = 1, using the United Kingdom Infrared Telescope (UKIRT)
Infrared Deep Sky Survey (UKIDSS) and the Sloan Digital Sky
Survey (SDSS) II Supernova Survey. Figure 3 shows the number
density evolution of the most massive (log M/M⊙ = 11.5–12.0)
and the next massive (log M/M⊙ = 11.0–11.5) galaxies in
the empirical data derived by MK10 and from our fiducial
model at each redshift. The empirical data clearly show that the
number of the most massive galaxies rapidly increases between
z = 1 and 0, while the next massive group experiences a milder
evolution. The reproduction of the data by our fiducial model
looks reasonably good. We also present the number density
evolution of the third massive group (log M/M⊙ = 10.5–11.0),
which makes our models “super-L∗ galaxies.”

We define “relative number density growth rate,” Γ, as the
ratio of the speeds in number density evolution of the two most

Figure 2. Galaxy stellar mass functions in the local universe derived by Panter
et al. (2007) from SDSS DR3 (gray shade) and the fiducial model at z = 0 (black
solid line). The thickness of the empirical data indicates the error range.

Figure 3. Number density evolution of massive galaxies as a function of the age
of the universe. The red represents the evolution of the most massive galaxies
(log M/M⊙ = 11.5–12.0), the blue indicates that of the next massive group
(log M/M⊙ = 11.0–11.5), and the green indicates that of the third massive
group (log M/M⊙ = 10.5–11.0) at each redshift. The diamonds with error
bars come from empirical data in MK10 and the squares with error bars
are measurements taken from Cole et al. (2001). The solid lines present the
predictions of the semi-analytic model.

massive groups of galaxies as a function of observational limit
in redshift, as follows:

Γ = nmost(z = 0)/nmost(z)
nnext(z = 0)/nnext(z)

, (18)

where nmost(z = 0) and nnext(z = 0) are the number densities
of the most massive and next massive groups at z = 0, and
nmost(z) and nnext(z) are the number densities of the two groups
at a redshift, respectively. For example, MK10 compared the
number density evolution of the two mass groups between
redshift 0 and 1, in which case the observational limit is 1 and
the relative number density growth rate becomes 3. We present

5

3. Origin of stellar mass in massive galaxies



The Astrophysical Journal, 766:38 (11pp), 2013 March 20 Lee & Yi

Figure 7. Average mass evolution of stellar components in direct progenitors (upper) and the fraction of each component divided by the mean total stellar mass of
direct progenitors at each redshift (bottom). The left, middle, and right panels show the mean evolutionary histories of the direct progenitors of Rank 1, 2, and 3
galaxies, respectively. Each color code represents each stellar component as follows: (1) sky blue: merger accretion of stars formed in quiescent mode, (2) orange: in
situ quiescent star formation, (3) blue: in situ starburst, and (4) red: merger accretion of stars formed in burst mode.

Figure 8. Frequency of mergers (per Gyr per galaxy) with a mass ratio
m2/m1 ! 0.1 experienced by direct progenitors. The solid, dashed, and dotted
lines indicate the merger rates of Rank 1, 2, and 3 galaxies, respectively.

2003), it implies that mergers play a more important role in the
growth of massive galaxies. It should, however, be noted that
disk instability which is more effective to the smaller late-type
galaxy evolution may play a role in such progenitor galaxies of
present-day massive early types.

Figure 8 shows the merger rate evolution for baryonic mass
ratios greater than or equal to 1:10. Although merger rates
show stochastic effects, there is a clear decreasing tendency
with time, whereas the star formation rates of the three groups
drop more sharply, as shown in Figure 6. In general, more
massive galaxies are likely to be involved in galaxy mergers
more frequently, so that more massive galaxies have many more
stellar components born outside and accreted via mergers, as

discussed above. During the whole calculation, Rank 1 galaxies
undergo about 9.0 mergers with a mass ratio greater than or
equal to 1:10 while those in Ranks 2 and 3 experience 4.0 and
1.0 mergers, respectively. During 0 < z < 1, Rank 1, 2, and 3
galaxies experience 3.5, 1.8, or 0.6 mergers for the same mass
ratio criterion. This explains the higher contribution of merger
accretion in more massive galaxies, as illustrated in Figure 7.

4.3. Specific Star Formation Rates and Merger Accretion Rates

We found in the previous section that in situ star formation
and merger accretion were the two most significant channels
for the stellar mass growth of massive galaxies. In this section,
we scrutinize their time evolution in greater detail. Specific
star formation rates (SSFRs) are normalized growth rates of
star formation histories. Likewise, we hereby define the specific
stellar accretion rate (SSAR) to evaluate a normalized growth
rate via mergers as follows:

SSAR = ∆M

M(t)∆t
, (19)

where M(t) is the mass of a galaxy at an epoch, and ∆M is an
increment of mass by mergers during a time step ∆t . Because we
allow diffuse stellar components due to galaxy mergers, mass
increment can be expressed as ∆M = (1 − fscatter)M∗,sat, as
described in Section 2.1.

Figure 9 shows the evolution of the SSFRs (upper) and of the
SSARs (bottom) of direct progenitors. In general, more massive
galaxies have lower SSFRs, as observations have shown (e.g.,
Salim et al. 2007; Schiminovich et al. 2007), while they have
higher SSARs than less massive galaxies. Star formation rates
are decreased by the depression of gas cooling rates due to
an increase in the cooling timescale via the growth of halos,
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Figure 4. Relative galaxy number density growth rate, Γ, between z = 0 and
observational redshift limits. The solid line shows Γ of the most/next and the
dashed line indicates that of the next/third in our model. The cross is derived
from the empirical data in Figure 3.

their observations and our models in Figure 4. The MK10 data
point should be compared with our model for the most and
the next massive galaxy groups (solid line). The model that
compares the next massive group of galaxies with L∗ galaxies
(dashed line) exhibits a similar but milder trend. Observational
constraints are still weak but are at least roughly reproduced by
the models. The relative growth rate is always greater than 1
in the models, which indicates that the number density of more
massive galaxies undergoes a faster evolution than that of less
massive groups in the super-L∗ range. The number evolution
is most dramatic when a comparison is made against the most
massive galaxies. This is caused by the fact that the mass bin for
the “most massive” galaxies has only influx from less massive
galaxies, whereas the mass bin of less massive galaxies can have
outflux to more massive galaxy bins as well as influx from even
less massive galaxy bins.

Primarily motivated by MK10, we focus on the mass growth
histories of super-L∗ galaxies. We divide the model galaxies into
three groups according to z = 0 mass: Rank 1: log M/M⊙ =
11.5–12.0, Rank 2: log M/M⊙ = 11.0–11.5, and Rank 3:
log M/M⊙ = 10.5–11.0, where Rank 3 roughly represents L∗
galaxies. From our simulation volume, we found 49 galaxies in
Rank 1, 472 galaxies in Rank 2, and 2188 galaxies in Rank 3.

4. EVOLUTION OF MASSIVE GALAXIES IN MODELS

4.1. Evolution of Stellar Mass in Galaxies

In the hierarchical paradigm, a galaxy can have more than
one progenitor. Progenitors of a galaxy can be divided into
“direct” and “collateral” progenitors. A direct progenitor is
the galaxy in the largest halo when a merger between halos
takes place. While there can be numerous progenitors, there is
only one direct progenitor at each epoch. Collateral progenitors
are all the other galaxies that contribute to the final galaxy. In
this concept, to build the evolutionary history of a galaxy, one
should consider not only direct progenitors, but also merger
counterparts or collateral progenitors. Figure 5 shows the
average mass evolution of the direct progenitors (solid lines)
and all (direct and collateral combined) the progenitors (dotted
lines) of Rank 1, 2, and 3 galaxies. The mean stellar masses of

Figure 5. Average mass evolution of galaxies. The red, blue, and green represent
three groups of galaxies: log M/M⊙ = 11.5–12.0, log M/M⊙ = 11.0–11.5,
and log M/M⊙ = 10.5–11.0 at z = 0, respectively. The solid lines indicate
the mean mass evolution of direct progenitors and the dotted lines show the
mean mass evolution of all (direct+collateral) progenitors. The black horizontal
dashed lines denote half the mean galaxy mass at z = 0 of the groups. A1, A2,
and A3, and the arrows indicate the epochs when the total stellar masses of all
progenitors reach half of the final mass. D1, D2, and D3 with arrows show the
epochs at which the direct progenitors of the three groups acquire half of their
final mass.

the three groups at z = 0 are 4.97 × 1011 M⊙, 1.55 × 1011 M⊙,
and 5.25 × 1010 M⊙, respectively. Most of the Rank 1 galaxies
in our volume are brightest cluster galaxies.

As all the progenitors merge with each other, the dotted lines
and the solid lines finally meet at z = 0. Stellar mass loss and the
scattering of stellar components in satellite galaxies into diffuse
stellar components, which takes place when mergers occur, lead
to a gradual decrease in the total mass during the evolution. For
example, one can see a slight decline in the total stellar mass
(red dotted line at the top) after z ∼ 0.5. This effect is not clearly
visible in Rank 2 and 3 galaxies in which star formation is more
extended and mergers are less frequent than in Rank 1 galaxies.

It is useful to have a definition of the formation redshift, zf .
We define it as the redshift at which half of the stellar mass
at z = 0 has been assembled. In the case of Rank 1 galaxies,
half of the final mass is achieved at zf,D ∼ 0.7(denoted as
D1 in Figure 5) in direct progenitors and at zf,A ∼ 3.0(A1)
when all progenitors are combined. Our models suggest (zf,D,
zf,A) = (0.9, 2.1) for Rank 2, and (zf,D, zf,A) = (1.1, 1.6) for
Rank 3. Models exhibit a monotonic mass dependence of zf,D
and zf,A in the sense that, with mass, zf,D decreases while zf,A
increases. In other words, the mass of the direct progenitors of
a more massive group grows more slowly, while its total mass
of all the progenitors is assembled earlier than that of a less
massive group. The evolutionary histories of direct progenitors
are opposite to the pattern of cosmic downsizing. As Neistein
et al. (2006) and Oser et al. (2010) pointed out, however, if
the growth histories of collateral progenitors of galaxies are
also considered, downsizing would be a natural outcome of the
hierarchical concept of galaxy formation.

The difference in the growth history between the three groups
can be understood in depth through Figure 6, which presents
the evolutionary histories of star formation rates (SFRs). The
mean SFRs contain the star formation histories of both direct
and collateral progenitors. We show the best fitting log-normal
function to the three SFR curves. The star formation rates of
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ABSTRACT

We analyze the star-forming and structural properties of 45 massive (log(M/M⊙) > 10), compact
star-forming galaxies (SFGs) at 2 < z < 3 to explore whether they are progenitors of compact qui-
escent galaxies at z ∼ 2. The optical/NIR and far-IR Spitzer/Herschel colors indicate that compact
SFGs are heavily obscured. Nearly half (47%) host an X-ray bright AGN. In contrast, only about 10%
of other massive galaxies at that time host AGNs. Compact SFGs have centrally-concentrated light
profiles and spheroidal morphologies similar to quiescent galaxies, and are thus strikingly different
from other SFGs, which typically are disk-like and sometimes clumpy or irregular. Most compact
SFGs lie either within the SFR–Mass main sequence (60%) or below it (30%), on the expected evolu-
tionary path towards quiescent galaxies. Using extensive HST photometry from CANDELS and grism
spectroscopy from the 3D-HST survey, we model their stellar populations with either exponentially
declining (τ) star-formation histories (SFHs) or physically-motivated SFHs drawn from semi-analytic
models (SAMs). SAMs predict longer formation timescales and older ages ∼2 Gyr, which are nearly
twice as old as the estimates of the τ models. While both models yield good SED fits, SAM SFHs
match better the observed slope of the SFR–Mass main sequence. Contrary to expectations, some
low-mass compact SFGs (log(M/M⊙)= 10 − 10.6) have younger ages but lower sSFRs than that of
more massive galaxies, suggesting that the low-mass galaxies reach the red sequence earlier. If the
progenitors of compact SFGs are extended SFGs, state-of-the-art SAMs show that mergers and disk
instabilities are both able to shrink galaxies, but disk instabilities are more frequent (60% versus
40%) and form the most compact galaxies. We confirm this result via high-resolution hydrodynamic
simulations.
Subject headings: galaxies: starburst — galaxies: photometry — galaxies: high-redshift

1. INTRODUCTION

The formation history of the most massive galaxies is
not well understood. Present-day massive galaxies are
known to be a homogeneous population characterized by
red optical colors that follow a tight correlation with stel-
lar mass (i.e. the red sequence; Kauffmann et al. 2003;
Baldry et al. 2004). This population consists mostly
of galaxies with early-type morphologies and passively
evolving stellar populations (e.g., Djorgovski & Davis
1987; Thomas et al. 2005). However, a coherent evo-
lutionary picture of their star formation histories (SFHs)
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and the buildup of their stellar mass over cosmic time is
still lacking.

Observations at higher redshifts suggest that the first
quiescent galaxies formed very early during the first 2–3
Gyr of the Universe, becoming the dominant population
among massive galaxies as early as z ∼ 2 (Ilbert et al.
2010; Brammer et al. 2011; Muzzin et al. 2013). Recent
works have even identified, photometrically and spectro-
scopically, a small number of these galaxies at z ∼ 3 − 4
(Guo et al. 2011; Gobat et al. 2012; Stefanon et al. 2013),
indicating that a fraction of the quiescent population
formed during that brief period of time. What is perhaps
even more surprising than the quick assembly is that the
first quiescent galaxies were structurally very different
from their local analogs, having effective radii up to a
factor of ∼3− 5 smaller than those of quiescent galaxies
at z ∼ 0. (e.g., Daddi et al. 2005; van Dokkum et al.
2008; Trujillo et al. 2007; Buitrago et al. 2008; Toft et al.
2007; Saracco et al. 2010; Cassata et al. 2011; Szomoru
et al. 2011).

Theoretical models are slowly converging on an evolu-
tionary picture that describes the formation of quiescent
galaxies as a two stage process (e.g., Naab et al. 2007;
Oser et al. 2010). First, an early phase of highly dissi-
pative in situ star formation fueled by cold gas streams
(Kereš et al. 2005; Dekel & Birnboim 2008; Dekel et al.
2009a) or gas rich mergers (Hopkins et al. 2006; Hopkins
et al. 2008) leads to the formation of a compact remnant
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support this result by showing that these galaxies have,
on average, a bell-shaped SFH with a FHWM of only
∼500 Myr (shaded orange area). The average SFHs of
compact SFGs in other regions show longer duration. As
a result, galaxies in region 1 are also younger (1.8 Gyr)
than the average of other compact SFGs (2.1 Gyr). The
fact that younger compact SFGs have lower sSFRs than
the older ones (see also Figure 10) implies that, in this
case, age correlates with sSFR, contrary to intuition. We
note, however, that such correlations only apply when
using constant or declining SFHs, and when comparing
galaxies with the same formation timescale (τ). Figure 8
also illustrates that, although some SAM SFHs may re-
semble the evolution of a long-τ delayed model, in gen-
eral, they display a broad range of trends in SFR vs.
time, presenting phases of increasing, nearly constant, or
rapidly decreasing SFR.

5. EVOLUTIONARY TRACKS OF COMPACT SFGS:
LINKING PROGENITORS TO THEIR DESCENDANTS

In this section we study the evolutionary tracks of
compact SFGs in the SFR–M and UV J diagrams as in-
ferred from their best-fit SFHs. In particular, we study
the differences in the predictions of 3 different SFH-
models for the slope of the SFR–M correlation at early
times (t≪tobs), and the duration of the main-sequence
phase for the compact SFGs. Then, we compare the
galaxy number densities estimated from the forward-
extrapolation of the SFHs with the observed number den-
sity of quiescent galaxies, and thus verify the proposed
evolutionary sequence between the 2 populations. Fi-
nally, we study the distribution of compact SFGs in the
UV J diagram as a function of stellar-mass and extinc-
tion, and we discuss the implications for their formation
timescales and their history of dust production and de-
struction.

5.1. Evolutionary tracks in the SFR-M diagram

The left panel of Figure 9 shows the distribution of
compact SFGs in the SFR–M diagram based on SFRs
and stellar masses (gray circles) derived from single τ -
models. The values derived from delayed models are very
similar and thus are not shown. However, the predicted
evolution on the diagram is not the same for each model.
The light and dark blue lines illustrate the differences in
the evolutionary tracks (from the onset of star-formation
until they become quiescent) of 3 compact SFGs fitted
with single and delayed τ -models, respectively. While
both models present the same exponential decline of the
SFR at late (t ≫ tobs) times, the predicted slope of the
SFR–M correlation at early times (t ≪ tobs) is different.
For delayed models, the slope, log(SFR)= αlog(M), is
α ∼0.50, whereas for single τ models the SFR is nearly
independent of the stellar mass, α ∼0. Neither of these
however appear to follow the steeper observed slope of
the main-sequence at z ! 2 and log(M)<10 M⊙ (e.g.,
Santini et al. 2009; Whitaker et al. 2012b) suggesting
that these SFHs do not adequately reproduce the early
phases of galaxy growth. If the SFR zero-point of the
main sequence keeps increasing at z > 2, it could ex-
plain a flatter slope for an evolutionary track that follows
the main sequence as a function of time. However, the
evolution of the SFR zero-point since z ∼ 4 to z ∼ 2 is
not strong enough (∆sSFR∼-0.2 dex; Karim et al. 2011;
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Fig. 10.— Evolution of the sSFR as a function of time for
different SFHs. The light-purple line shows a single τ -model with
a fast decline, τ = 300 Myr (the typical value for compact SFGs).
The dark-purple line shows a delayed model with slow decline,
τ = 1 Gyr. The solid magenta/black lines show the averaged,
best-fit SAM SFHs for all compact SFGs using the libraries of
Pacifici et al. 2012 and Lee & Yi (2013), respectively. Both libraries
find similar SFHs, but different forward evolution (dashed lines).
The library of Lee & Yi (2013), consisting exclusively of simulated
galaxies that are quenched by z ∼ 2, predicts shorter quenching
times. The orange line shows the SAM SFH of the (low-sSFR)
compact SFGs in region 1 of the UV J (Figure 3b), which present
an abrupt decay, compared to the average evolution of compact
SFGs.

Bouwens et al. 2012) to reproduce the flat evolutionary
track of the single τ -models. This suggest that an in-
creasing SFR is more appropriate to reproduce the early
phases of stellar mass growth (e.g., Maraston et al. 2010).

In that regard, the tracks of the SAM SFHs (right
panel of Figure 9) produce the best results, following
more closely the observed slope of the main-sequence
at 2 < z < 3 (see also Pacifici et al. 2013 for a simi-
lar result at z ∼ 1), presenting a slightly steeper slope
(α = 0.63) than the delayed models. This difference
arises from a more gradual increase of the SFR at early
times (t"500 Myr) in SAM SFHs (Figure 8). Similarly,
the older ages and longer formation timescales of the
SAM SFHs lead to a long-lasting main sequence phase of
tMS ∼ 1.5 Gyr (gray line in Figure 10). To obtain a sim-
ilarly long main sequence phase with delayed models, it
would require e-folding times of 1 Gyr. However, the ma-
jority of compact SFGs are best-fitted with much shorter
timescales (∼300 Myr), leading to tMS < 600 Myr (cyan
line in Figure 10).

Not surprisingly, if we extrapolate the SFHs to es-
timate the quenching times, i.e., the time after the
epoch of observation until the galaxy becomes quiescent
(log(sSFR/Gyr−1)−1), tq =tobs-tquiescent, we also obtain
significantly larger average values for the SAM SFHs,
tq =2.5 Gyr, compared to single (tq =500 Myr) and de-
layed (tq =900 Myr) τ -models. We note however, that
this trend is strongly dependent on the choice of the li-
brary of SAM SFHs. The P12 library was created for
the analysis of local galaxies, and therefore favors long-
lived SFHs, similar to those of main-sequence galaxies
at z = 0. If we build a library of SEDs including only
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Fig. 11.— Comparison of the observed number density of com-
pact quiescent galaxies from Barro et al. (2013) (red squares and
best-fit line) with the predicted number of compact SFGs that
would be quenched by that time. We estimate this number ex-
trapolating the best-fit SFHs to: single (light-purple) and delayed
(dark-purple) τ -models, and SAM SFHs from Pacifici et al. (2012,
magenta) and Lee & Yi (2013, black). All the SFHs except those
based on the P12 library, which decline more slowly (dashed ma-
genta line in Figure 10), match the observations. This implies
that to reproduce the emergence of the quiescent population using
SAM SFHs, compact SFGs must experience an abrupt decline of
the SFR.

galaxies that have low sSFR (log(sSFR/Gyr−1)< −1) at
z = 2, the predicted quenching times became substan-
tially shorter (black vs. gray dashed lines in Figure 10).
Note that in this case we used a slightly different SAM
(Lee & Yi 2013) because it allowed a simpler selection of
the library of quenched galaxies by z = 2. As shown in
Figure 10, the best fit SFHs from this library and that of
P12 are fully consistent. Only the forward evolution of
the SFHs differ. Individual examples of short SFHs can
be found in the P12 library. For example, the orange line
shows the rapid decline in the sSFR of compact SFGs in
region 1 (t∼ 1.8 Gyr). However, if the galaxy presents
high SFR, the P12 library usually favors a long-lived for-
ward evolution over a short one.

Although this test shows that the extrapolated SFHs
have limited predictive power, i.e., the results depends
on the model choice, we can test if, assuming any of
the previous SFHs, it is possible to reproduce the emer-
gence of the quiescent population in terms of quenched
compact SFGs. In B13 we showed that the number den-
sities of these two populations are in good agreement for
quenching times between tq = 300− 800 Myr. Figure 11
shows that the single and delayed τ -models predict num-
ber densities that are also consistent, or slightly lower,
than the observed value. For SAM SFHs however there
is a strong dichotomy depending on which template li-
brary we use. While the default (long-lived) templates
under-predict the number density by more than an or-
der of magnitude, the short-lived templates are in good
agreement with the observations. If, as argued above,
SAM SFHs are better at describing the evolutionary
paths of compact SFGs, this implies that, to reproduce
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Fig. 12.— Distribution of the compact SFGs in the UV J diagram
for different bins of stellar mass. The boxed gray scale show other
massive (log(M/M⊙)> 10) SFGs at the same redshift. The low-
sSFR, low-extinction galaxies in region 1 (see Figure 3b) have lower
stellar masses than the majority of compact SFGs. This suggest
that there are different tracks to the quiescent region with different
dust formation histories. To ?? illustrate this idea, the light-
purple line shows the color-track of a dust-free single τ -model, while
the dark-purple line shows a delayed model with variable dust-
extinction modeled after the SFH (ranging from Av=0 to 2, and
then 0.5 at log(sSFR/Gyr−1)= −1). Similarly, the orange (green)
line shows the SAM SFH color-track of a compact SFG in region
1 (region 4) of the UVJ. For the SAM SFHs we also model the
evolution of the dust-extinction after the SFH.

the emergence of the quiescent population, these galax-
ies would end their lives with a sharp truncation of the
SFR on a short timescale compared to their average age
(tq ∼ 600 Myr over t= 2 Gyr; see also Stefanon et al.
2013 for a similar argument). This could indicate the
action of a strong quenching mechanism triggered (or
enhanced) by the transformation from the extended to
the compact phase.

5.2. Evolutionary paths in the UV J diagram

Figure 12 show the UVJ diagram for compact SFGs
color-coded by stellar mass. As discussed in § 3.2, we
find a strong correlation between stellar mass and ex-
tinction (∝ V − J ; see also Wuyts et al. 2011b; Bram-
mer et al. 2011). We also find that nearly all compact
SFGs in region 1 belong in the lowest stellar mass bin
(log(M/M⊙)= 10− 10.6). As shown in the previous sec-
tions, these galaxies appear to have shorter formation
timescales and younger ages than other compact SFGs.
Recent studies of the stellar populations of quiescent
galaxies at z ∼ 2 report a similar correlation between age
and stellar mass (Whitaker et al. 2012a, 2013; Newman
et al. 2013a). In those cases, however, the older galax-
ies are also more quiescent (i.e., with lower sSFRs and
redder colors), whereas for compact SFGs, this correla-
tion is reversed. The more massive (older) galaxies are
forming stars more actively than the lower mass ones.
This result suggests that at least some low-mass com-
pact SFGs arrive onto the red sequence before the more
massive ones, thus populating faster the intermediate-to-
low mass end of the quiescent stellar mass function (e.g.,
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Summary and Discussion
• 준 해석적 모형은 “현재 시점”에서 유체 역학 시뮬레이션의 상호 보완적 은하 형성 
모형으로 활발하게 개발 및 사용 중

• 큰 공간 내에 있는 많은 은하들의 진화 역사를 계산 가능

• 은하단 내 특이 적색 계열 은하의 기원을 준 해석적 모형으로 설명

• 은하단 내 조기형 은하들의 특이 형태의 기원을 준 해석적 모형으로 설명

• 거대 은하 별 질량의 기원을 준 해석적 모형으로 심층 분석

• 별 탄생이 멈춘 은하의 선조 은하 진화 과정을 준 해석적 모형으로 분석

• 대규모 전천 은하 관측 데이터를 해석하고 이해하는 데 큰 도움을 줄 수 있을 것으로 
기대됨
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• 별 탄생이 멈춘 은하의 선조 은하 진화 과정을 준 해석적 모형으로 분석

• 대규모 전천 은하 관측 데이터를 해석하고 이해하는 데 큰 도움을 줄 수 있을 것으로 
기대됨

준 해석적 모형이 어떤 특성을 계산 가능하다면

대규모 전천 은하 관측 데이터를 활용한 연구에 

도움이 될까요?


