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ABSTRACT

The physical mechanisms and timescales that determine the morphological signatures and the
quenching of star formation of typical (∼ L∗) elliptical galaxies are not well understood. To ad-
dress this issue, we have simulated the formation of a group of galaxies with sufficient resolution to
track the evolution of gas and stars inside about a dozen galaxy group members over cosmic history.
Galaxy groups, which harbor many elliptical galaxies in the universe, are a particularly promising
environment to investigate morphological transformation and star formation quenching, due to their
high galaxy density, their relatively low velocity dispersion, and the presence of a hot intragroup
medium. Our simulation reproduces galaxies with different Hubble morphologies and, consequently,
enables us to study when and where the morphological transformation of galaxies takes place. The
simulation does not include feedback from active galactic nuclei showing that it is not an essential
ingredient for producing quiescent, red elliptical galaxies in galaxy groups. Ellipticals form, as sus-
pected, through galaxy mergers. In contrast with what has often been speculated, however, these
mergers occur at z > 1, before the merging progenitors enter the virial radius of the group and before
the group is fully assembled. The simulation also shows that quenching of star formation in the still
star-forming elliptical galaxies lags behind their morphological transformation, but, once started, is
taking less than a billion years to complete. As long envisaged the star formation quenching happens
as the galaxies approach and enter the finally assembled group, due to quenching of gas accretion and
(to a lesser degree) stripping. A similar sort is followed by unmerged, disk galaxies, which, as they
join the group, are turned into the red-and-dead disks that abound in these environments.
Subject headings: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: groups: general

– galaxies: interactions

1. INTRODUCTION

Galaxy groups in the local universe harbor a large
population of massive galaxies with elliptical morphol-
ogy and quenched star formation (Kovač et al. 2010).
Observations indicate that, to a large extent, this re-
sults from environmental forcing over the past eight
billion years since redshift z ∼ 1 (Peng et al. 2010).
Many physical processes may be responsible for mak-
ing elliptical morphologies and quenching star forma-
tion; major and minor merging, ram pressure strip-
ping, accretion shocks, and removal of hot gas are
among those that have been suggested as possible
mechanisms (Gunn & Gott 1972; Larson et al. 1980;
Quilis et al. 2000; Balogh & Morris 2000; Cox et al.
2006; Birnboim & Dekel 2003; Kawata & Mulchaey
2008; McCarthy et al. 2008; Hopkins et al. 2009). The
challenge is to connect the large-scale, cosmological for-
mation of the group, which affects the global evolution of
group members, to the galactic sub-kpc scale, where star
formation and stellar feedback dominate the physics of
the gas and the galaxy morphology (Springel et al. 2005;
Governato et al. 2007).
Both numerical simulations of the galaxy population in

a cosmological context(e.g., Kawata & Mulchaey 2008;
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Simha et al. 2009; Croft et al. 2009) and semi-analytical
models of galaxy formation (e.g., Benson & Devereux
2010; Hopkins et al. 2010a,b) have, however, lacked so
far the ability to describe at once the various environ-
mental processes that can affect the baryonic compo-
nent of galaxies, due to lack of resolution or the incom-
plete knowledge of the interplay between such processes.
Therefore, despite the observational evidence that galaxy
evolution is affected by the galactic environment, how
this happens within the cold dark matter scenario for
the formation of cosmic structure is highly debated to-
day. This notwithstanding the results of detailed, small
scale numerical models, abstracted from the large-scale
cosmological context (e.g., Quilis et al. 2000; Cox et al.
2006), have repeatedly shown how mergers, tidal inter-
actions, ram pressure stripping of the cold and hot gas
phase as well as gas accretion from the surrounding inter-
galactic medium can change the morphology of individ-
ual galaxies, and alter their star formation rates (SFRs)
and colors.
Recent progress in the modeling of the formation of

galaxies in the cosmological context has finally shown
that realistic galaxies can be formed in the cold dark mat-
ter model once galaxies are resolved with ∼ 105 baryonic
particles and at a sub-kpc resolution (Governato et al.
2007; Naab et al. 2007; Guedes et al. 2011), but this has
only been achieved so far for individual galaxies in low-
density (field) environments.
Therefore, key questions remain when, and how, the

disks are transformed into spheroids, star formation is
quenched, and stellar mass is accreted in the massive
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galaxies that end up residing preferentially in the dense
environments at z = 0. We address these key ques-
tions with the help of a cosmological hydrodynamical
simulation that follows the concurrent evolution of many
galaxies before, during, and after they join a relatively
dense, group-sized virialized region with virial radius
R200 = 396 kpc and virial mass M200 = 1.1 × 1013 M⊙

at z ∼ 0.
The structure of this paper is as follows. We de-

scribe our simulation and analysis methods in Section 2
and 3, respectively. In Section 4 we present and discuss
our main results, including the properties of the group
satellite galaxies (Section 4.1 and 4.2), and the origin
of the morphological and photometric transformations
(Section 4.3). We conclude in Section 5.

2. SIMULATION DETAILS

The simulation set-up and the employed zoom-in tech-
nique is described in detail elsewhere (Feldmann et al.
2010). In brief, a group halo is selected from a
dark matter simulation of a 123 Mpc periodic box.
Higher resolution initial conditions centered on the group
with WMAP-3 cosmological parameters (Spergel et al.
2007) are generated using grafic-2 (Bertschinger 2001).
The simulation is run with the parallel TreeSPH code
GASOLINE (Wadsley et al. 2004). The mass (force) reso-
lution of the simulation is 6.4×106 M⊙ (0.5 kpc), 1.4×106

M⊙ (0.3 kpc), and 4×105 M⊙ (0.3 kpc) for dark matter,
gas and star particles, respectively, which allows us to re-
solve the half-mass radii of the massive group members
(∼ 1 kpc). We output 92 snapshots between z = 41.5
and z = 0.1 equidistant in time, i.e., with ∆t ≈ 130 Myr.
Besides following gravitational, hydrodynamical, and

optically thin radiative processes of matter in an expand-
ing universe directly, the simulation includes modeling
of star formation, feedback from type Ia and type II su-
pernovae, mass loss by stellar winds, and metal enrich-
ment. The simulation parameters were originally tuned
to produce disk galaxies in galactic halos (Stinson et al.
2006; Governato et al. 2007). We use a star formation
efficiency per free fall time of 0.05, and allow stars to
form in a probabilistic fashion if the density exceeds 0.1
cm−3, the gas temperature is lower than 15,000 K, the
gas is in an overdense (δ > 55) region, and part of a
convergent flow. A thermal feedback of 4 × 1050 erg
is injected into the gas per supernova. The cooling of
the gas is turned off for the time corresponding to the
end of the snowplow phase of a supernova type II blast
wave (Stinson et al. 2006). The cooling is not disabled
for supernovae of type Ia. The simulation includes stel-
lar mass loss due to stellar winds and a spatially uniform
UV background (Haardt & Madau 1996). The simula-
tion we present here corresponds to the run G2-HR in
Feldmann et al. (2010) where it has been used to ana-
lyze the properties of a massive, central group galaxy.
As we show in Section 4.2, the same physical prescrip-

tions produce, when used to simulate a relatively massive
potential of a group of galaxies, z ∼ 0 galaxies with a
broad range of luminosities, sizes and kinematics, which
are roughly consistent with the properties of disk and
elliptical galaxies in the local universe. They are also
adequate to produce massive, early-type galaxies at the
centers of galaxy groups (Feldmann et al. 2010).

3. HALO EXTRACTION AND THE MEASUREMENT OF
THEIR PROPERTIES

Halos and halo centers are identified with the AMIGA
HaloFinder (AHF; Gill et al. 2004; Knollmann & Knebe
2009), that is capable of detecting sub-halos (our satel-
lites) within halos (our group). Halos extend out to the
virial radius R200, which we define as the radius enclosing
a mean matter density of 200/Ωm times the mean density
of the universe, or out to the tidal radius, whichever is
smaller. The virial mass M200 is the mass within R200.
We then use the following technique to track satellites
over time. First, we identify each halo h in each snapshot
s below z = 4 that (1) has a bound mass of more than
1.4 × 1010 M⊙, (2) contains more than 50000 particles,
and (3) lies within 630 comoving kpc from the group cen-
ter. Second, for each such determined halo hs we deter-
mine its main progenitor hs−1 in the previous snapshot
and its main successor hs+1 in the following snapshot and
construct a complete timeline (h0, . . . , hs, . . . , hn) by re-
cursion. LetN1, N2 andNcommon be the number of parti-
cles in halo h1, the number of particles in halo h2 and the
number of particles common to both halos, respectively.
We then use the ratio η(h1, h2) = N2

common/(N1N2)
to define main successors and progenitors. Specifically,
we define the halo with the largest η from snapshot
s + 1 (any halo is in principle eligible, not only the
ones selected as described above) as the main successor
of halo hs and the halo with the largest η from snap-
shot s − 1 as the main progenitor (but excluding the
parent group halo). Since the group halo hG is a po-
tential main successor this algorithm sometimes finds
multiple timelines for a given halo hs. For instance,
the following timelines of halo hs could be produced:
(h0, . . . , hs, hs+1, . . . , hn), (h0, . . . , hs, hs+1, hG, . . . , hG),
and (h0, . . . , hs, hG . . . , hG). In this case, we only keep
the timeline that traces the halo hs as long as possible
as an entity separate from the group halo (which is the
first timeline in the example). Following this procedure,
we obtain ∼ 20 satellites of which 13 have not merged
with the central galaxy by z = 0.1.
Unless noted otherwise SFRs are measured within a

sphere of 20 physical kpc. The specific SFR is obtained
by dividing the SFR by the stellar mass. Stellar masses
are defined as the mass of the stellar component that is
bound to the halo (using AHF) within a sphere of 20
physical kpc. This radius encloses almost all (∼ 98% on
average, 91% for the largest galaxy at z = 0.1; ∼ 100% at
z & 1) of the stellar mass of non-central group members
within their virial (or truncation) radius.
Kinematic properties are determined from a slit that

is 24 kpc long, 2 kpc wide and contains 24 bins along
the two-dimensional major axis of an edge-on view of
the galaxy. The rotation velocities and dispersions are
determined from the moments of the line-of-sight veloci-
ties. In Figures 3 and 4 we measure the moments of the
line-of-sight velocities on inclined galaxies with an incli-
nation5 of i = 70◦ and then correct for the inclination
by diving the velocities by sin(i). Maximal rotation ve-
locities vrot are taken to be half the difference between
the maximum and the minimum rotation velocity along

5 Pizagno et al. (2007) measure the SDSS i-band Tully–Fisher
relation, see Figure 3, on a sample of disk galaxies with a median
inclination of i = 72◦.
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the slit. Central velocity dispersions σcen are measured
within a 1 kpc aperture. The measured value is increased
by a factor 1.1 to account for the radial decline of the ve-
locity dispersion (Carollo et al. 1993; Treu et al. 2001).
The quantity v/σ refers to the ratio of maximum rota-
tion velocity and central velocity dispersion.
Cold gas is defined as the gas with a temperature of

less then 3.2 × 104 K, unless noted otherwise. The neu-
tral hydrogen mass is derived from the hydrogen mass
fraction that is calculated within GASOLINE during the
simulation. Our simulation does not include an explicit
treatment of molecular hydrogen. Hence, in the analysis
we do not distinguish between atomic and molecular hy-
drogen components. Colors (all in the AB-system) are
derived from stellar synthesis models, typically from the
models of Bruzual & Charlot (2003), but we have also
tested the single stellar populations of Maraston (2005)
finding that the latter reddens the B− I color at z = 0.1
of galaxies with B−I . 1.1 by up to 0.1 mag. Hence un-
certainties in the stellar population models are unlikely
to have strong effects on our results, but can nonetheless
change colors and magnitudes by a few percent.
We reduce the effect of star formation in the cen-

tral region on the colors by fixing the mass-to-light ra-
tio from within one softening length to its value at one
softening length. In order to estimate the effect of a
very young (< 100 Myr) stellar component, we have
tested a simplified version of the dust-obscuration model
of Charlot & Fall (2000), namely, reducing the flux of
the very young stellar particles to zero as done in, e.g.,
Naab et al. (2007), but not applying any further dust
corrections. We find that galaxies with B−I colors below
∼ 1 are typically reddened by 0.05-0.1 mag and redder
galaxies are affected on a less than 0.05 mag level. Given
that the corrections are overall rather small we will re-
fer to the single stellar populations of Bruzual & Charlot
(2003) without a flux reduction of very young stars.
The smoothed particle hydrodynamics technique al-

lows us to follow the temperature history of individ-
ual gas parcels. We track the temperature history of
each gas particle over all snapshots in order to assess
whether accreted gas has been cooled from a hot halo
or whether it stayed cold since the beginning of the sim-
ulation. We determine for each gas particle its maxi-
mum temperature over its history, but ignore the times
when a gas particle is less than 30 kpc away from the
satellite center in order to avoid that its maximum tem-
perature is set by supernova feedback, see Brooks et al.
(2009). We identify gas particles with a maximum tem-
perature above (below) 2.5 × 105 K as contributors to
hot (cold) accretion (Kereš et al. 2005, 2009). Despite
its simplicity this temperature-based split into hot/cold
accretion gives similar results compared to more sophis-
ticated treatments (Brooks et al. 2009). Since each star
particle is spawned from a unique gas particle we can
also use the maximum temperature of the spawning gas
particle to asses whether a star particle has been formed
from gas that was accreted hot or cold.
To obtain the net, instantaneous accretion rates of gas

and stars onto a satellite galaxy we first determine its
center-of-mass velocity from all particles within a sphere
of 20 kpc. Radial velocities vr of gas and star particles
are then computed in the rest frame of the satellite. We
then estimate the net mass flux of, e.g., gas with a max-

Fig. 1.— Simulated group at z = 0.1. A massive central galaxy
is surrounded by a large number of massive satellite galaxies. The
image is 1.2 Mpc × 1.2 Mpc across and shows the projected mass
densities of dark matter (blue; from 1.45 to 1450 M⊙ pc−2), neutral
hydrogen (green) and stellar matter (yellow; both from 0.36 to 365
M⊙ pc−2). The white circle indicates the virial radius R200 = 396
kpc of the group. The properties of the satellites with a stellar
mass > 1010 M⊙ (numbered) are shown in Figure 2. The galaxies
are either entering the group for the first time (e.g., galaxy 1), or
orbit within the virial radius of the group, or already crossed the
group and are now at an apocenter (e.g., galaxy 4).

imum temperature below 2.5× 105 K, by summing over
all particles of the relevant type in a spherical shell at
r = 35 kpc distance from the center

dM/dt ≈ 4πr2ρ
∑

i

miv
r

i /
∑

i

mi = 4πr2
∑

i

miv
r

i /V.

Here, ρ and V are the mean density and volume of the
spherical shell. Its thickness is 10 kpc to ensure that
it contains at least several hundred particles. For the
accretion of bound material we only include the particles
identified as bound to the satellite by AHF, otherwise we
use all the particles in the shell.
We quantify the mass loss of cold gas due to consump-

tion and stripping by tracing forward in time the cold
gas particles that are contained within 20 kpc at a snap-
shot ∼ 100-200 Myr before infall time. We consider that
an initially cold gas particle may be kept as gas particle
within a 20 kpc distance (“kept”), that it may be kept af-
ter being transformed into a star particle (“consumed”),
or that it leaves the 20 kpc radius (“stripped”). A small,
but non-negligible fraction of the “kept” gas is heated,
e.g., by supernova feedback. However, to first order the
heating and cooling of gas should balance and hence the
heated gas mass will be replaced by a similar gas mass of
cooled gas. Hence, the “kept” gas mass should roughly
correspond to the kept cold gas mass. The stated mass
fractions and errors refer to the mean and the standard
deviation of the various mass fractions for all z = 0.1
gas-poor satellites.
We measure single component Sersic indices nsersic

on face-on and edge-on mock images with GALFIT
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Fig. 2.— Massive (M > 1010M⊙) galaxies orbiting within the group at z = 0.1. Each composite image shows an edge-on view, i.e.
a view along the intermediate axis of the reduced moment-of-inertia tensor of the stellar component within 10 kpc, of a satellite galaxy.
The galaxies are arranged with respect to their color, Sersic index, rotational support, star formation rate, and gas fraction. Fundamental
galaxy properties are shown at the top right of each panel (v/σ, B − I color, Sersic index, stellar mass in M⊙, SFR in M⊙ yr−1, HI
fraction). Galaxies 1, 2 and 6 are classified as normal disk galaxies, 3−5 as gas-poor disks and 7−13 as elliptical galaxies. A representative
of each class is marked with a colored star. (Red star) This galaxy has a red color, hosts virtually no neutral gas, is almost spherical
(sphericity of the stellar component c/a = 0.77), has a steep surface mass profile, and its kinematics is dominated by velocity dispersion.
(Yellow star) The galaxy is a red, gas-poor, rotating disk galaxy (c/a = 0.38) with an I-band exponential scale length aI = 1.4 kpc. (Blue
star) This galaxy hosts ∼ 109 M⊙ of HI, has a bluer B − I color, and harbors a rotating stellar disk (c/a = 0.36) with aI = 2.3 kpc. The
RGB color channels of the images correspond to the surface brightness in the rest-frame Bessel B, R and I filter bands (Bessell 1990),
respectively, and range from 16 mag arcsec−2 to 24.5 mag arcsec−2. Green contour lines indicate the column densities of neutral hydrogen
corresponding to 0.1, 1, 10, and 100 M⊙ pc−2, while thin (thick) red contours correspond to column densities of 1 (10) M⊙ pc−2 of bound
hot (T > 2.5× 105 K) gas. The asymmetric gas contours in the two top left panels reveal the action of ram-pressure as the satellites move
through the intragroup medium. The scale of all images is indicated in the bottom right panel. The green circle at the bottom-left corner
of panel 13 has a radius of two gravitational softening lengths and indicates the resolution limit of the simulation.

(Peng et al. 2002). In particular, we compute noise
(“sigma”) maps based on the particle-per-pixel number
in mock images of the surface mass density assuming a
Poisson statistics. We exclude the central three soften-
ing lengths from the fit and use the average value of the
face-on and edge-on nsersic value. This approach sub-
stantially reduces the spurious effects of “overcooling”
(e.g., Mayer et al. 2008) in the morphological classifica-
tion, as it puts weight on the mass profile outside the
very central regions. Our classification criterion, albeit
coarse, allows us nonetheless to distinguish between the
disk and elliptical satellites which are discussed in the
main text.

4. RESULTS

4.1. A Hubble Sequence in a Galaxy Group

The simulation was evolved down to redshift z =
0.1. At this epoch, 13 well-resolved galaxies, with stel-

lar masses > 1010 M⊙, orbit in, or near, the galaxy
group, see Figure 1. The stellar mass budget of the
group is dominated by an early-type galaxy at its cen-
ter, whose properties are discussed in detail elsewhere
(Feldmann et al. 2010). The mass range of these satellite
galaxies straddles across the transition mass of ∼ 3×1010

M⊙ below (above) which disk (early-type) galaxies are
more numerous than galaxies with early-type (disk) mor-
phology. Indeed, Figure 2 shows that, at z = 0.1,
the simulated satellite galaxies span a broad range in
morphological properties, from very flat disks to al-
most spherical spheroids, as well as in rotational sup-
port (vrot/σcen ∼ 0.4 − 1.3), color (B − I = 0.6 − 1.3
mag), neutral hydrogen fraction (fgas ∼ 0% − 5%), and
SFRs. Properties range from passively evolving galaxies
to moderately star-forming systems, with SFRs that are
typical of similar mass z ∼ 0 disks, i.e., ∼ 1 M⊙yr

−1.
Bulge to disk decompositions remain challenging even
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at the sub-kpc resolution of our simulation. However,
based on standard morphological classification criteria
that use global galactic properties such as the ratio of
stream-to-dispersion velocities, and the index of single-
component Sersic fits to the surface brightness profiles,
we identify six group members as rotationally supported,
disk galaxies (vrot/σcen ≥ 1, nSersic < 2.5). These
galaxies show a range of colors and SFRs that range
from those of normal star-forming spirals to those of
passive spirals/S0 galaxies. Specifically, three of the
disk galaxies have red colors (B − I ∼ 1.2 − 1.3), con-
tain no significant amount of neutral hydrogen (< 1%),
and have stopped forming stars (top right in Figure 2).
The three other disk galaxies, instead, have bluer colors
(B−I ∼ 0.6−0.9), significant neutral hydrogen fractions
(& 3%), and SFRs of ∼ 1 M⊙ yr−1 (top left in Figure
2). The remaining seven satellites have properties that
are typical of early-type (hereafter “elliptical”) galaxies,
i.e., nSersic ≥ 2.5 and vrot/σcen < 1.

4.2. Scaling Relations of the Simulated Satellite
Galaxies

Real galaxy populations are observed to obey funda-
mental scaling laws, such as the fundamental plane (FP)
relation (Dressler et al. 1987; Bender et al. 1992) and the
Tully–Fisher (TF) relation (Tully & Fisher 1977). The
FP for elliptical galaxies shows that most such galaxies
populate a thin two-dimensional surface in the three-
dimensional space of characteristic stellar velocity σ,
half-light radius reff , and surface brightness within the

half-light radius, Σeff . The FP reflects the virial relation
between masses, sizes, and velocities; the observed tilt
relative to the virial plane is interpreted as a dependence
of the mass-to-light ratio with galaxy mass. Similarly,
the TF relation connects the luminosity of disk galax-
ies and their rotation velocities. Observations indicate
L ∝ V α

rot with α = 3 − 4 depending on wavelength and
how dust extinction is modeled.
We use these scaling laws to assess how similar, in their

global properties, our simulated objects are to real galax-
ies. For this purpose, we extract from the last simulation
snapshot (z = 0.1) the following properties for the satel-
lites in the Bessel B band (Bessell 1990) and the Sloan
Digital Sky Survey (SDSS) i band (Fukugita et al. 1996):
(1) circular effective radii reff , that include half the total
flux within projected 20 kpc. The flux from within one
baryonic softening length is derived from the included
mass and the mass-to-light ratio at one softening length.
(2) The surface brightness which is proportional to the
flux divided by r2eff . (3) The flux-weighted stellar line-of
sight velocity dispersion and rotation velocity. (4) The
line-of-sight rotation velocity of neutral hydrogen for the
two disk satellites with a sufficient cold gas content at
z = 0.1, measured as for the stellar component.
In the left panel of Figure 3, we analyze the position of

the simulated galaxies within the FP. Four of the seven
early-type galaxies in our simulated sample have FP
properties of real galaxies of similar type. The remain-
ing three are slightly more compact. Numerical effects
or missing physical ingredients are likely to play a role in
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Fig. 4.— Rotation velocities and velocity dispersions of the
two z = 0.1 disk satellites with extended gas disks as function
of radius. The kinematic properties of galaxy 1(2), see Figure 2,
are shown in blue (red). Filled (empty) star symbols correspond
to stellar rotation velocities (stellar velocity dispersions) along the
slit. Dark (light) shaded areas show HI rotation velocities (HI
velocity dispersions). The width of the shaded regions indicates
the errors in the HI kinematic quantities. Errors are computed for
each radial bin separately via bootstrapping.

Fig. 5.— Kinematic properties of massive z = 0 satellites and
their progenitors. Shown is the ratio of maximum stellar line-of-
sight rotation velocity and central velocity dispersion vs. stellar
mass Mstar(z). Plotted are the 13 satellites with mass in excess of
1010M⊙ at z = 0.1. The redshift z is indicated by color: z = 0.1
(black), z = 1 (red), and z = 2 (green); Circles (stars) indicate
galaxies with a sphericity larger (smaller) than 0.45; filled (empty)
symbols denote galaxies that are classified at z = 0.1 as ellipti-
cal (disk) galaxies. At z ∼ 1 − 2 most progenitors are rotation-
supported galaxies.

generating this effect (Meza et al. 2003; Feldmann et al.
2010). For instance, spurious angular momentum loss
due to limited resolution may increase the amount of
gas that overcools in the central region (Mayer et al.
2008). The lack of feedback from an active galactic nu-
cleus (AGN) (Teyssier et al. 2011) and of galactic out-
flows (Davé 2009; Oppenheimer et al. 2010) may increase
the fraction of gas that cools and is converted into stars
in the central region of the galaxy. Finally, the low star
formation threshold may reduce the efficiency of the su-
pernova feedback (Governato et al. 2010).
In the right panel of Figure 3 we show how the ro-

tation velocities of the simulated disk galaxies compare
with the observed TF relation (Pizagno et al. 2007). At
z = 0.1 only two of our six disk galaxies have extended
gas disks and thus allow us to measure rotation veloc-
ities based on HI. The luminosities and rotation veloc-
ities of these two galaxies are in good agreement with
the observed TF relation. The figure also demonstrates
that rotation velocities derived from the stellar compo-
nent are not a good proxy for the rotation velocity of
the gaseous component, because a significant fraction of
the kinetic energy of stars is in unordered motions. This
latter point can also be seen in Figure 4, where we show
the radial dependence of the HI and stellar kinematics,
respectively, of the two disk galaxies with extended gas
disks. Clearly, neutral hydrogen has a larger rotation
velocity and a smaller velocity dispersion than the stel-
lar component. The figure further shows that one of the
galaxies has a “flat” rotation curve both in HI and in the
stellar component. The gas disk of the other galaxy is
highly asymmetric due to ram-pressure stripping and we
can measure its HI rotation velocity out to about ∼ 5
kpc. At larger radii we observe a declining rotation ve-

TABLE 1
The Classification of z = 0.1 Group Satellites with

Stellar Masses above 1010 M⊙ and Their Main Progenitors

Satellite Classification z = 0.1 z = 0.5 z = 1 z = 2

# Red 9 4 0 0

# Blue 4 9 13 13

# Gas-poor 10 (9) 5 (2) 1 (1) 0 (0)

# Intermediate-gas 3 (3) 8 (6) 9 (3) 2 (1)

# Gas-rich 0 (1) 0 (5) 4 (9) 11 (12)

# Quiescent 9 4 1 0

# Star-forming 4 7 6 1

# Strongly SF 0 2 6 12

# Quiescent (total) 8 1 0 0

# Star-forming (total) 4 8 4 0

# Strongly SF (total) 1 4 9 13

Note. — The rest frame B − I color is used to define red
(B − I ≥ 1) and blue (B − I < 1) galaxies. Galaxies are defined
as gas-rich if they have a HI-to-stellar mass ratio or (for the val-
ues given in brackets) a cold gas-to-stellar mass ratio in excess of
10%. Gas-poor galaxies have fgas <1%. Galaxies with fgas in the
range 1%–10% are referred to as intermediate-gas systems. Galax-
ies with specific SFRs (SSFRs) < 0.02 Gyr−1 are defined as quies-
cent galaxies, and otherwise as star forming galaxies. Galaxies are
furthermore considered to be “strongly star forming” if their SSFR
is larger than the inverse of the age of the universe, i.e., SSFR >
0.08 Gyr−1 at z = 0.1. The classification in the last three rows
differs from the one in the previous three rows due to the inclu-
sion of the star formation occurring within the unresolved central
softening length ǫbar. Note that at z ∼ 1− 2 most progenitors are
blue, gas rich, star-forming galaxies.
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Fig. 6.— Assembly histories since z = 2 of all z = 0.1 group
members with a stellar mass above 1010 M⊙. Red solid (blue
dashed) lines show the stellar mass of z = 0.1 elliptical (disk)
satellites as function of time (bottom axis) and redshift (top axis).
Filled (empty) symbols indicate the time when the progenitor of
a z = 0.1 gas-poor (intermediate-gas) satellite enters the virial
radius of the group. Sudden increases in stellar mass are caused
by merger events, often before infall into the group, while close
pericentric passages that lead to tidal stripping reveal themselves
through a step-wise stellar mass loss occurring after their entrance
in the group. The gas-poor disk satellites do not grow significant
stellar mass after they enter the group, due to quenching of their
star formation. One of the elliptical satellites does not show signs
of significant merging since z ∼ 2.2 (red triangle). This galaxy
assembles most of its stellar mass early on, before such epoch, i.e.,
much earlier than most disk satellites, and, not surprisingly, this
results in a massive, very compact spheroidal.

locity in the stellar component.
We conclude that, overall, the simulated galaxies

match the fundamental scaling laws obeyed by the .
L∗ z = 0 galaxy population reasonably well. Of
course, the match between real and simulated galax-
ies is neither expected nor observed to be yet per-
fect. Yet, we have come a long way in reproduc-
ing the rich diversity of the z = 0 galaxy population,
from disks to ellipticals. This is achieved with nu-
merical recipes for star formation and stellar feedback
which were originally tuned to produce a Milky-Way-
type galaxy (Stinson et al. 2006; Governato et al. 2007).
Despite this success in reproducing galaxies with ap-
proximatively realistic properties, we should point out,
however, that the stellar mass to halo mass6 ratios of
the group satellites are similar to the ones obtained in
previous cosmological simulations of galactic halos (∼
20% − 80%); e.g., Abadi et al. (2003); Governato et al.
(2007); Scannapieco et al. (2009); Agertz et al. (2011).
Halo abundance matching approaches based on the ob-
served stellar mass function typically predict stellar mass
to halo mass ratios that are lower by a factor of a
few, e.g., Guo et al. (2010). This mismatch may have

6 The latter is defined as the mass of the halo when the satellite
first enters the virial radius of the group.

Fig. 7.— Events in the life of the group satellites. The x-axis
indicates the time of the first pericentric passage tperi. The y-
axis indicates the following events: the time when the satellite first
crosses the virial radius of the group (shown using blue squares),
the time when the HI-to-stellar mass ratio drops below 1% (green
triangles), and the time when the B−I color increases above 1 (red
circles). Note that some satellites have not turned into gas-poor
or red galaxies by z = 0.1 and, therefore, for these galaxies green
triangles or red circles are missing. Galaxies that are identified as
disks (ellipticals) at z = 0.1 are shown with empty (filled) sym-
bols. Linear fits with unity slope are shown as colored solid lines,
and the fit errors as dotted lines. The satellites approach their
first pericentric passage typically 0.4± 0.1 Gyr after infall into the
group and, by then, turn into gas-poor (fgas < 1%) galaxies. On
average 0.6 ± 0.5 Gyr later the galaxies become red. The error of
a typical data point that arises from the limited time resolution of
the simulation is indicated at the top left. The arrow at the top
right highlights a gas-rich disk that has not yet completed its first
pericentric passage. A Spearman rank test shows a correlation, at
the level of 2.8σ and 2.2σ, respectively, between pericentric time
and both the time when fgas drops below 1% and the time when
the galaxy turns red.

its origin in an over-efficient conversion from gas to
stars in simulations indicating that the feedback pre-
scription is incomplete and that additional mechanisms
that remove gas from the galaxies, e.g., radiation pres-
sure (Hopkins et al. 2011), or supernova driven outflows
(Guedes et al. 2011), are required.

4.3. The Drivers of the Transformation Processes

At z & 1, the most massive progenitors of the z = 0
group satellite galaxies are blue (B − I < 1), strongly
star-forming (specific SFR > t−1

H ), gas-rich (fgas ∼ 20%),
and rotationally-supported (vrot/σcen ≥ 1), see Table 1
and Figure 5. In the simulation we can trace when,
and how, the progenitor disks of the passively evolving
spheroids and “gas-starved” disks, exhausted and/or ex-
pelled their fuel for star formation, and when and how
they transformed their morphologies (in those cases they
did).
Major galaxy mergers are in most cases responsible

for the morphological transformation of disk galaxies
into systems with an elliptical morphology. Remark-
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Fig. 8.— Gas accretion history of (left) a z = 0.1 gas-poor disk satellite (3 in Figure 2), (middle) a z = 0.1 intermediate-gas disk satellite
(2 in Figure 2), and (right) a z = 0.1 elliptical satellite (13 in Figure 2). Shown are the instantaneous accretion rates of gas that was
never heated above Tthres = 2.5× 105 K (cold accretion; blue line), and of gas heated above that threshold (hot accretion; red line). The
dotted vertical line denotes the infall time into the group, and arrows indicate subsequent pericentric passages. The solid line includes only
particles bound to the respective satellite, while the dashed line includes all particles (only shown before infall). The right panel also shows
the mass accretion rates of stellar particles that are formed by gas particles once heated (cyan) or not heated (magenta) above Tthres.
The gas accretion of disk satellite progenitors (left and middle panel) proceeds in a smooth fashion, but is very irregular for the z = 0
elliptical satellite. The gas accretion of the gas-poor disk is already quenched at t ∼ 7 Gyr, when it resides in a small neighboring group.
The gas accretion of the intermediate-gas disk is terminated after infall to the main group. Just before the infall the density of the hot
gas increases as the satellite enters the group halo, which is filled with hot, shock-heated intragroup gas. Shortly afterward, ram pressure
stripping removes a large fraction of the satellite’s own hot halo gas (McCarthy et al. 2008). In the case of the elliptical satellite cold
accretion dominates at early times (t < 4 Gyr). At later times, but before the fall into the group, the gas accretion history is dominated
by mergers. At the latest epochs the group environment quenches any further gas accretion onto the satellite.

Fig. 9.— Fate of the cold gas in (left) a z = 0.1 gas-poor disk satellite (3 in Figure 2), (middle) a z = 0.1 intermediate-gas disk satellite
(2 in Figure 2), and (right) a z = 0.1 elliptical satellite (13 in Figure 2). The cold gas particles contained within a sphere of 20 kpc radius
around the satellite are identified in a snapshot before infall time (vertical dotted line) and traced forward in time. The solid black line
shows the total mass of all successor particles of the selected cold gas particles. This mass is not conserved but slightly increases due to
stellar winds from the satellite’s own stellar population. The mass that remains within (< 20 kpc) the satellite is shown as dashed black
line, while the mass of stripped (> 20 kpc) particles is shown with a dot-dashed black line. The other lines correspond to the amount
of gas that remains and stays cold (dashed green line), that is transformed into stars that remain within the satellite (dashed cyan line),
that is stripped (dot-dashed black line), that is stripped and heated (dot-dashed red line), that is stripped and stays cold (dot-dashed blue
line), or that is transformed into stripped stars (dot-dashed cyan line). Most of the cold gas reservoir present before infall into the group
is converted into stars within 1 Gyr or less, while a small fraction is stripped between infall time and the first pericentric passage (vertical
arrow).

ably, and rather unexpectedly, however, these transfor-
mations happen before galaxies enter the virial radius
of the group. They produce six out of the seven ellipti-
cals that are present in the group by the present epoch.
Therefore, while groups have always been considered as
the natural site for major galaxy mergers given their
low velocity dispersion, we find that elliptical galaxies in
groups are the result of pre-processing at z & 1, caused
by interactions occurring when galaxies are still distinct
objects embedded in their individual halos. The galaxies

are also still gas-rich when they undergo such mergers,
and they will lose their gas only later when they will fall
into the virialized region of the group. Figure 6 shows
that the progenitors of z = 0.1 elliptical satellites all suf-
fered from (moderately dissipative, fgas ∼ 10% − 20%)
major (> 1 : 6) merger events over the z ∼ 1 − 2 pe-
riod. In contrast, the progenitors of z = 0 disk satellites
have a rather quiet and uneventful history: none of them
experiences a significant (> 1 : 10) stellar merger after
redshift z ∼ 2. These galaxies grow their stellar mass by
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Fig. 10.— Effects of pericenter passages in the evolution of the
satellites. The figure shows the average cold gas transformation
rates obtained after stacking all satellites together on normalized
axes. The time axis is normalized in units of tperi − tinfall, while
the rates of each individual satellite are normalized to its maxi-
mum value. Thick (thin) lines denote the median (lower/upper
quartile) of the satellite population. Most of the cold gas that
resides in satellites just before they infall into the group (green
dashed lines; shown with the negative of the mass loss rate for
better visualization) is either continuously transformed into stars
(blue dot-dashed lines) or stripped (black solid lines) in pericen-
tric passages. Some satellites show enhanced star formation rates
close to pericenter time. However, overall, the conversion of cold
gas into stars is strongly reduced after the first pericentric passage.
Within a timescale of about tperi − tinfall after pericenter passage,
the cold gas reservoir is exhausted and the mass loss rates become
negligible.

in situ star formation, which typically proceeds at a rate
∼ 1 M⊙ yr−1 at z < 1. The mergers that produce the
elliptical morphologies naturally lead to a faster growth
of stellar mass relative to in situ star formation.
The group potential plays on the other hand a cru-

cial role in removing the gas reservoir of all galaxies and
truncating their star formation (Figure 7). As a result,
the photometric evolution of ellipticals into the passively
evolving early-type galaxy population observed at the
present epoch lags behind by several Gyr the time at
which their spheroidal morphology is established in the
mergers at earlier epochs. Likewise, the transformation
of normal star-forming disks into gas-poor, “starved”
red disks appears to be mostly a consequence of their
infall into group environment. Indeed, the three disk
galaxies that are gas-poor and quiescent by z = 0 en-
ter the group at earlier epochs than the three z = 0
star-forming disks (respectively, z = 0.35, 0.49, 0.80 and
z = 0.13, 0.19, 0.26), and are exposed for longer periods
to the physical processes that are most effective in the
group environment. Such processes are, precisely, sup-
pression of gas accretion as well as ram pressure stripping
of both the hot and cold gas reservoir; in situ star forma-
tion is responsible for consuming a substantial fraction
of the residual gas. In detail, a galaxy that plunges into
the depth of the group potential is first observed to stop

Fig. 11.— Formation of a z = 0.1 elliptical galaxy that lives
today in the relatively dense potential of a∼ 1013M⊙ galaxy group.
(Top left) Edge-on view of the z = 1.1 main progenitor of the
elliptical galaxy 13 in Figure 2; the progenitor has both a stellar
and a gas disk. (Top right) A gas-rich merger occurs ∼ 400 Myr
later, destroying the stellar disk. (Bottom left) Another 300 Myr
later the stellar component of the galaxy has relaxed to an elliptical
morphology while still showing blue colors. Also, a small gas disk
begins to grow again, out of the remaining cold gas. (Bottom right)
At z = 0.38 the galaxy completes its first pericentric passage. By
this time the galaxy has lost most of its cold gas, its star formation
is quenched, and the colors of the galaxy are now typical of “red
sequence”, passively evolving galaxies. Column densities of neutral
hydrogen are indicated by green contour lines which correspond to
0.1, 1, 10, and 100 M⊙ pc−2, respectively.

accreting gas after the infall. Subsequently, a substantial
amount of its hot halo gas is removed by ram-pressure
stripping on its first orbit within the group, namely on a
timescale of a Gyr or so, consistent with a “starvation”
picture (Larson et al. 1980; Kawata & Mulchaey 2008),
see Figure 8. Most of the cold gas (∼ 90± 10%) is then
lost within the following ∼ 1 Gyr, through star formation
(∼ 70%) as well as nearly instantaneous gas stripping at
pericenter passages (Figures 9, and 10). For galaxies
falling into the final virialized group halo, the first peri-
center passage is reached 0.4±0.1 Gyr after infall into the
group, i.e., the characteristic crossing time of the group
(Figure 7).
In Figure 11 we illustrate, as an example, how the

transformation into a gas-poor, quiescent, red, velocity-
dispersion supported elliptical galaxy takes place as a
two-step process, starting from gas-rich, star-forming,
blue, rotating galaxies. First, at z ∼ 1.1 and at ∼ 1
Mpc distance from the group center, a gas-rich merger
with a stellar mass ratio ∼ 1 : 2 destroys the stellar disk
of the more massive progenitor. The remnant relaxes in a
few hundred Myr to an elliptical morphology, but its col-
ors remain blue and it still hosts a substantial amount
(∼ 109 M⊙) of HI within 20 kpc. During the merger
the SFR is substantially enhanced (Mihos & Hernquist
1996); at its peak, it is about a factor five higher than the
average rate that the galaxy experiences throughout its
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Fig. 12.— Evolution of morphological, kinematic, and photometric properties of (left) a z = 0.1 gas-poor disk satellite (3 in Figure 2),
(middle) a z = 0.1 intermediate-gas disk satellite (2 in Figure 2), and (right) a z = 0.1 elliptical satellite (13 in Figure 2). Shown are
the line-of-sight velocity dispersion (magenta line with error bars), the maximum of the line-of-sight rotation velocity (red line with error
bars), v/σ (blue line with error bars), the non-sphericity 1- c/a (black solid line), the amount of cold gas (< 3.2 × 104 K) within 20 kpc
(green dot-dashed line), the star formation rate within 10 kpc (upper red dotted line), within 10 kpc excluding one softening length (red
dot-dashed line), within 10 kpc excluding two softening lengths (lower red dotted line), and the B − I color (magenta shaded area; the
upper and lower limits are measured within 10 kpc excluding and including the central two softening lengths, while the magenta line is
measured by excluding the central softening length). The red arrow at the top left is the time when half of the stellar mass is formed. The
vertical dotted line denotes the time of infall into the group and the black arrows on the bottom right denote pericentric passages. The
vertical shaded areas in the right panel denote prominent mergers (red) or a fly-by (blue).

history. Thereafter the HI reservoir and the SFR gradu-
ally decrease. After the first pericenter, the SFR and the
HI content become negligible and the galaxy turns into
a red, passively evolving elliptical (∼ L∗ in the SDSS
z = 0.1 redshifted r-filter; Blanton et al. 2003) with a
final B − I = 1.34.
We note that one of the seven z = 0 elliptical satellites

does not undergo any substantial merger since z ∼ 2.2
(red triangle in figure Figure 6). This galaxy assembles
most of its stellar mass early on, i.e., much earlier than
most disk satellites. Not surprisingly, this results in a
massive and very compact spheroidal system. We specu-
late that the very diverse stellar density and velocity dis-
persion properties observed in the z ∼ 2 passive galaxy
population (van Dokkum et al. 2009) could be, at least
in part, explained by a spread in the assembly epochs of
its constituent galaxies.

4.4. Environmental Effects before Infall into the Group

Although the ultimate quenching of galaxies is caused
by stripping of the gas reservoir and the resulting sup-
pression of star formation after galaxies enter the group
potential, we note that their star formation histories start
being affected by environmental effects also prior to their
infall. For most galaxies, the SFR peaks around z ∼ 2
at a distance of ∼ 1 Mpc (∼ turn around radius) from
the center of the assembling group. Afterward, a differ-
ent behavior is seen in the progenitors of the present-
day population of, respectively, disk and elliptical galax-
ies. In the progenitors of disks, star formation declines
smoothly from high to low redshift until truncation en-
sues, reflecting the fact that these galaxies evolve in near
isolation before joining the group. In contrast, the SFR
of the progenitors of ellipticals, which are gas-rich, mas-
sive disk-like objects, shows high variability, with bursts
caused by galaxy interactions and mergers (Figure 12).
As similar dichotomy occurs for gas accretion, which

happens predominantly in the “cold mode” for all galax-

ies prior to infall onto the group. In galaxies which re-
main disks down to z = 0, the accretion rate decreases
gradually with time (Sommer-Larsen et al. 2003), see
Figure 8. In the early-type galaxies, the rate is instead
rather bursty and strongly modulated by the mergers
these systems endure. In some galaxies, the decrease in
the cold accretion rate is exacerbated by “truncation” of
the streams due to the reduction of the tidal radius of
the satellites (driven by the tidal effects of the group halo
potential; Hahn et al. 2009). This leads to quenching of
gas accretion already at a few virial radii away from the
group center. In at least one of the gas-poor disks (Fig-
ures 8, and 12), the supply of cold gas is already termi-
nated when it resides in the vicinity of a ∼ 5 × 1011M⊙

halo that falls into the main group at a substantially later
time.

5. CONCLUSIONS

Our work shows that the formation of . L∗ elliptical
galaxies and “starved” red disk galaxies in high-density
environments such as galaxy groups is the result of the
combined effect of merging, gas removal and gas con-
sumption processes as well as halted gas accretion natu-
rally occurring as the potential of the group is assembled
hierarchically in a ΛCDM universe. Our simulations do
not include feedback from AGNs and thus show that it
is not an essential ingredient in order to form elliptical
galaxies with quenched star formation in z ∼ 0 galaxy
groups.
Specifically, we find that elliptical galaxies are formed

by mergers at high redshift prior to the formation of the
final group, which is consistent with the fact that ellipti-
cal galaxies are found to be already in place at high red-
shift even in the field (Cimatti et al. 2006; Scarlata et al.
2007; Bolzonella et al. 2010). The lag of photomet-
ric transformations relative to the morphological trans-
formations seen in our simulation indicates that many
of the “excess” blue L∗ galaxies observed at z ∼ 1,
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which are thought to become L∗ ellipticals, but which
appear to have an irregular morphology at blue rest-
frame wavelengths (Scarlata et al. 2007; Bolzonella et al.
2010), should show an elliptical morphology when ob-
served at longer rest-frame wavelengths. This is a
straight prediction of our simulations since at the time
when their old stars acquire an elliptical morphology
through mergers, the simulated galaxies still host a star-
forming, gaseous component. This also indicates that
the tight correlation of colors and Hubble types, as well
as the standard classification based on the Hubble se-
quence, does not hold for galaxies at redshifts higher
than about 1.5− 2, in good agreement with state-of-the-
art studies of galaxy morphologies at such high redshifts
(Cameron et al. 2010).
In addition, our model predicts that the star formation

and gas accretion rates of progenitors of elliptical galax-
ies in the considered mass range (∼ 3× 1010M⊙) should

be highly irregular due to gas-rich galaxy interactions
and mergers at intermediate redshifts z & 1. Therefore,
these galaxies should show a large scatter in the ages of
their stellar populations and differ from single, high red-
shift burst models (Gallazzi et al. 2005; Thomas et al.
2005). Future multi-wavelength observations capable of
characterizing with unprecedented detail both the SFR
evolution and the evolution of the gas content of galaxies,
atomic and molecular, as a function of redshift, such as
the Atacama Large Millimeter Array, the James Webb
Space Telescope, and the Square Kilometer Array, will
be able to test this scenario.
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