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Question

• Role of mergers in these transformations?
• Impact of environment and environmental processes?
• What happens with the dense galaxies seen at high z?
• Differences between central and satellite galaxies?

 transformations of present day early-type galaxies?

When, how, and it what order
morphological 

(structural)
photometric 
(color, SFR)&



A few clues (or more questions...)

Observations:
• morphology - density relation
• evolution of luminosity/mass functions of red/blue, early/late 

type galaxies
• quenching separable into stellar mass driven & 

environmentally driven (Peng+10)
• 2/3 local early types in the field have substantial gas 

reservoirs (e.g., Osterloo+11) - environment?
• 3/4 local early types are fast rotating, somewhat disky objects 

(e.g., Emsellem+07) - dissipative mergers?
• compact passive early types at high z, rare locally

Theory:
...

• high resolution numerical simulations of individual processes (binary 
mergers, ram-pressure stripping, tidal stripping, tidal stirring, 
harassment, ...)

• analytical & semi-analytical models for population studies
• challenge: predicting evolution of populations in ab-initio simulations



Why Groups?
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Rvir



Why Groups?

satellitecentral

Rvir

• Typical environments: 

• Many galaxies in the Universe live in groups,

• many groups exist (compared to clusters)

• significant fraction of local baryons is in groups

• Groups contain usually both spirals and early type galaxies

• Are believed to be places where galaxies preferentially merge

• High density environment; environmental effects: ram-
pressure stripping, starvation, tidal stripping

• Allow to simultaneously study very massive centrals and 
lower mass (but still massive) satellite galaxies



Simulation details

Zoom-in simulations of 3 groups  of MVir ~ 1013 M� in a 123 Mpc box

High resolution: 

• resolve 13 satellites with ~105 baryonic particles: (~ 1 Million CPUh)
• ~200 pc/h spatial resolution, SPH particle masses ~106 M⊙/h
Low resolution: 

• resolve central galaxies with ~105 baryonic particles
• ~0.5 kpc/h spatial resolution, baryonic particle masses of ~8!106 M⊙/h

GASOLINE

Star formation: n>0.1 cm-3, T < 15‘000 K, 
convergent flow, ε=0.05,

SN feedback: “Star” = Single Stellar Population, 4!1043 J of 
thermal energy/SN; SN Ia & II

UV background, tracking of metal production, mass loss by stellar winds

ρ̇star = c∗
ρgas

tdyn
ε

TreeSPH

Similar physics & resolution previously used to 
study individual dwarf and MW galaxies



Disk

Evolution

B, R, I band (stellar light) cold (green), hot (red) 
gas surface density



Central Galaxies

Feldmann et al. APJ, 709, 218 (2010)



Simulated Group Centrals at z=0

1

G1

G2

G3

•Massive galaxies (~few times 1011 M�)

• Surface profile close to de Vaucouleurs (n~4)

• Supported by velocity dispersion (vrot /σcen<1)

• little star formation outside central region

• almost no cold gas (fgas <1%)

• red colors (g-r ~ 0.85)

No need for AGN feedback 
(outside central ~few 100 pc)

+

- •biased towards higher masses & smaller sizes 
w.r.t. average observed mass-size relation

z=0



their ~2 progenitors
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G2 and G2−HR (see Fig. 7) indicates that our galaxies
might suffer to some degree from artificially enhanced an-
gular momentum loss, often seen in simulations of disk
galaxies, despite the fact that our model invokes rela-
tively energetic supernova feedback. Clearly, this issue
needs further studies at higher resolution. Overall, we
find that the colors and SFRs of the simulated galaxies
match the properties of optically/UV (BM/BX) selected
z ∼ 2 star-forming galaxies (Genzel et al. 2006, 2008) or
that of sBzK galaxies (Daddi et al. 2004), but not that
of high redshift “red-and-dead“ galaxies.

Measurements of the angular correlation functions al-
low us to determine the typical halo masses in which
sBzK galaxies of a given magnitude reside (Kong et al.
2006; Hayashi et al. 2007; Blanc et al. 2008; Hartley et al.
2008). The parent halo mass increases rapidly with K-
magnitude Hayashi et al. (2007): by more than 2 orders
of magnitude per 2.5 mag in K brightness. The bright-
est sBzK galaxies (Ks < 21) thus populate halos com-
parable to that of pBzK selected galaxies. Typical halo
masses of sBzK galaxies reported in the literature are
2.8 × 1011

M⊙ for a Ks < 23.2 sample (Hayashi et al.
2007), 6× 1011

M⊙ for a Ks < 23 sample (Hartley et al.
2008) and ∼ 1013

M⊙ for a Ks < 22 sample (Kong et al.
2006; Hayashi et al. 2007; Blanc et al. 2008). The halo
masses (0.5 − 1.8 × 1012

M⊙) and Ks-band magnitudes
(21.5− 22.4) of the simulated central galaxies are consis-
tent with their identification as sBzK galaxies of inter-
mediate brightness and star formation intensity at z ∼ 2.

4.4. Evolution of masses, sizes, and densities
4.4.1. Total masses and effective radii

The left panel of Fig. 7 presents the growth of the stel-
lar masses and effective radii of the central group galax-
ies as a function of redshift. Mass and size evolution are
closely linked and periods of slow/fast mass build-up cor-
respond to periods of slow/fast size growth. The central
galaxies in the groups G1 and G3 undergo at least two
major galaxy mergers (z ∼ 1, z ∼ 0.4 in the case of G1
and z ∼ 0.8, z ∼ 0.1 in the case of G3). Two of the
four major mergers occur between rotation-dominated,
disky, non gas-poor (fgas/stellar of a few percent) galax-
ies, while the other two mergers take place later between
an already gas-poor central galaxy and another gas-poor,
non-rotation supported companion. The central galaxy
in G2 (G2−HR) does not experience any major mergers
below z = 4.

The overall behavior of the mass-size evolution is
shown in the right panel of Fig. 7. It roughly follows
a relation R ∝ M

α. The large jumps with α < 1 are
major mergers, consistent with estimates from binary
merger simulations (Boylan-Kolchin et al. 2006). Peri-
ods of minor merging and star formations show a con-
tinuous growth in mass and effective radius with α � 1.
We perform a robust linear regression (with a bisquare
weighting scheme) in the log (M)− log (Reff) plane in or-
der to determine the average value of α over the redshift
range z ∼ 0 − 1, see Table 7. We now summarize the
result of this analysis.

The two major mergers below z < 0.5 have α = 0.25
and α = 0.90. In phases without major merging ac-
tivities we identify three mechanisms that drive signifi-
cant size growth at small or only moderate mass growth.
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Fig. 6.— BzK colors of the main progenitors of the central
group galaxies within a projected radius of 8 kpc between z = 3
and z = 0.5. The different lines correspond to G1 (green), G2
(red), G3 (blue), and G2−HR (magenta). The gray symbols indi-
cate the change of the colors due to different extinction corrections
(Calzetti et al. 2000) with AV ranging from 0 to 1.3. The color
evolution is shown for the default value AV = 0.8. Filled (empty)
symbols denote z > 1.4 (z < 1.4). Squares, triangles, and circles
indicate that the specific SFR within 20 kpc is > 0.5 Gyr−1, be-
tween 0.2 and 0.5 Gyr−1 or below 0.2 Gyr−1, respectively. The
black star indicates the BzK colors of a typical z ∼ 2 star-forming
galaxy (Genzel et al. 2006). The error bar at the top shows the
maximum changes that result from changing the projection direc-
tion and when the minimal star formation correction scheme is
applied. Satellite galaxies that happen to lie along the line of sight
are excluded because their presence can affect the overall colors.

These processes are (1) minor merging, (2) non-central
star formation and (3) a redistribution of either pre-
accreted or pre-formed stellar material. The latter pro-
cess may originate in a physical mechanism, such as tidal
heating due to orbiting satellites, and/or is caused by
spurious numerical effects. To assess whether the lat-
ter is the case we compare the intermediate resolution
G2 and its high-resolution analogue G2 − HR and find
a resolution dependence of α. More precisely, at higher
resolution the central galaxy seems to grow slower in size
for a given mass (α ∼ 1) compared to the corresponding
simulation at intermediate resolution (α ∼ 2). This be-
havior is partially explained by the fact that compared
with G2 the central galaxy in G2−HR is larger at high
redshift (z > 1) but of similar size at z ∼ 0. It is clear
that further work is necessary in order to tie down all
resolution-dependent effects that potentially contribute
to this difference.

We conclude that major mergers alone typically result
in a slow size growth (α < 1). Group G2 is subject to
both substantial minor merging and star formation, and
experiences a faster size growth (α ∼ 1 in the highest
resolution simulation). Finally, groups G1 and G3 show
an even faster size evolution at nearly constant mass in-
between major mergers. At least parts of this evolution
could be of spurious numerical origin. However, we do
not exclude that, e.g., heating by tidal shocks from or-

•BzK criterion: star forming 
galaxies

•SFR ~ 20-60 M�/yr 
•stellar masses ~0.5-1x1011 M�
•compact: Reff ~ 1 kpc



Density evolution
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TABLE 7
Linear regression parameters of the mass-size evolution.

SFcorr
Group (M⊙ yr−1) zmax α

G1 0 0.54 1.44±0.05

G2 0 0.40 2.06±0.03

G3 0 0.69 1.03±0.03

G2−HR 0 1.6 1.03±0.02

G1 6 0.82 1.56±0.04

G2 6 0.54 2.09±0.02

G3 6 0.82 0.97±0.04

G2−HR 6 1.6 1.04±0.02

G1 11 1.00 1.56±0.04

G2 11 0.58 2.20±0.03

G3 11 0.82 0.95±0.06

G2−HR 11 1.6 0.98±0.03

G1 16 1.00 1.48±0.05

G2 16 0.64 2.24±0.04

G3 16 0.79 0.88±0.09

G2−HR 16 1.6 0.95±0.04

Note. — The columns denote: (1) the name of the simulated
galaxy group, (2) the amount of central star formation subtracted
according to the minimal correction scheme (a value of 0 means no
corrections, while we use SFcorr=11 is the default value), (3) the
highest redshift at which the effective radius is resolved (i.e., Reff ≥
2 × �bar), (4) the best-fit exponent of a robust linear regression
to the mass–size relation from zmax to z ∼ 0 and its error (one
standard deviation).

fective radius divided by the spherical volume within the

effective radius. This density is affected by both mass

and size changes and decreases by 1-2 orders of magni-

tude between z = 1.5 and z = 0. The density within the

inner 2 physical kpc, on the other hand, stays roughly

constant over the last 9 Gyr of cosmic evolution. Major

mergers mildly increase this central density while mass

losses by stellar winds tend to decrease it gradually. This

constancy is not an artifact of our minimal star formation

correction scheme since it remains even in the case of no

correction. We infer that the central density of massive

galaxies today should correspond closely to their central

density at z ∼ 1.5, while the effective density is strongly

evolving.

Between z ∼ 0 and 1.5 the mass in the central 2 kpc

stays roughly constant, but the galaxies increase their

total stellar mass by a factor of 3-4. Therefore, they

need to accrete or form mass outside this central region.

To explore this issue we plot in Fig. 10 the time evo-

lution of the surface profile of the stellar mass outside

2 kpc. The increase in the surface mass density of the

envelope is not smooth, but undergoes phases of fast and

slow growth. For example the envelope of G2 is almost

non-evolving between z = 1.5 and z = 1, but increases

rapidly before and after this period. A similar behavior

can also be observed at different times for G1 and G3.

The growing stellar envelope can roughly be fitted with

a deVaucouleurs profile, although deviations at both low

radii, e.g., caused by the central “bulge” or the formation

of a stellar disk, and at large radii are visible.

We want to caution the reader that despite the con-

stancy of the stellar mass Mcen within a small radius

rcen (“constant central density”) the profile within rcen
could evolve. For example, one could imagine that vio-

lent relaxation processes during the initial collapse stage
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Fig. 9.— Evolution of the stellar densities in the simulations
G1 − G3 and G2 − HR. Top panel: the effective density ρeff =
M(< reff)/V (< reff) as a function of time. The density evolution
is determined by both the change of the effective radius and the
total stellar mass of the central galaxy. Bottom panel: the central
density ρc = M(< 2 kpc)/V (< 2 kpc) remains roughly constant
indicating that the mass within the central 2 kpc of the central
galaxy does not change much with time. Varying the residual SFR
correction by ±5 M⊙ yr−1 results to first order in an overall shift of
the plots by ∼ 0.3 dex, but does not change the general behavior.
Symbols are as in Fig. 7.

and/or by subsequent merger events establish a mass sur-

face profile of deVaucouleurs form. In this case one can,

for each given effective radius reff , adjust the r = 0 sur-

face mass density Σ(0) such that the mass within rcen is

Mcen. At fixed Mcen a larger reff implies a smaller Σ(0),

a larger Σ at large radii, and an increase in total mass.

Plugging in rcen = 2 kpc and Mcen ∼ 10
11M⊙, the model

predicts that a change in effective radius from 1 kpc to

5 kpc goes along with an increase in total mass from

∼ 1.5 × 10
11M⊙ to ∼ 2.8 × 10

11M⊙ and an increase in

surface mass density at r = 10 kpc from 2×10
7M⊙ kpc

−2

to 2×10
8M⊙ kpc

−2
. However, our simulations show that

the fitted effective radii of the envelopes do not strongly

change between z ∼ 2 and z = 0. We thus conclude that

at z ∼ 2 the profiles of the progenitor galaxies should

differ substantially from a single deVaucouleurs law.

4.4.3. The driver of the size growth
We now address how the stellar envelope is built and

thus which processes drive the size growth. To this end

we measure the accreted stellar mass, the stellar mass

redistributed through the effective radius, and the mass

formed by in situ star formation as a function of time.

The top row in Fig. 11 shows that mass accretion rates

in mergers can be extremely high (∼ 1000M⊙yr
−1

) for

a very short period of time (∼ 10 Myr). This number is

consistent with what one would expect for groups with

velocity dispersions of a few hundred km s
−1

, satellite

sizes of a few kpc and masses of order of 10
10M⊙. The

middle row indicates that (1) the accretion flux is due to

resolved, singular merger events and not due to a smooth

accretion of halo stars, (2) that the accretion by merg-

How do these dense high-z galaxies evolve into local not-so-dense galaxies ?

1-2 orders of mag. change

almost constant

z
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galaxy group, (2) the amount of central star formation subtracted
according to the minimal correction scheme (a value of 0 means no
corrections, while we use SFcorr=11 is the default value), (3) the
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rcen (“constant central density”) the profile within rcen
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Fig. 9.— Evolution of the stellar densities in the simulations
G1 − G3 and G2 − HR. Top panel: the effective density ρeff =
M(< reff)/V (< reff) as a function of time. The density evolution
is determined by both the change of the effective radius and the
total stellar mass of the central galaxy. Bottom panel: the central
density ρc = M(< 2 kpc)/V (< 2 kpc) remains roughly constant
indicating that the mass within the central 2 kpc of the central
galaxy does not change much with time. Varying the residual SFR
correction by ±5 M⊙ yr−1 results to first order in an overall shift of
the plots by ∼ 0.3 dex, but does not change the general behavior.
Symbols are as in Fig. 7.

and/or by subsequent merger events establish a mass sur-

face profile of deVaucouleurs form. In this case one can,

for each given effective radius reff , adjust the r = 0 sur-

face mass density Σ(0) such that the mass within rcen is

Mcen. At fixed Mcen a larger reff implies a smaller Σ(0),

a larger Σ at large radii, and an increase in total mass.

Plugging in rcen = 2 kpc and Mcen ∼ 10
11M⊙, the model

predicts that a change in effective radius from 1 kpc to

5 kpc goes along with an increase in total mass from

∼ 1.5 × 10
11M⊙ to ∼ 2.8 × 10

11M⊙ and an increase in

surface mass density at r = 10 kpc from 2×10
7M⊙ kpc

−2

to 2×10
8M⊙ kpc

−2
. However, our simulations show that

the fitted effective radii of the envelopes do not strongly

change between z ∼ 2 and z = 0. We thus conclude that

at z ∼ 2 the profiles of the progenitor galaxies should

differ substantially from a single deVaucouleurs law.

4.4.3. The driver of the size growth
We now address how the stellar envelope is built and

thus which processes drive the size growth. To this end

we measure the accreted stellar mass, the stellar mass

redistributed through the effective radius, and the mass

formed by in situ star formation as a function of time.

The top row in Fig. 11 shows that mass accretion rates

in mergers can be extremely high (∼ 1000M⊙yr
−1

) for

a very short period of time (∼ 10 Myr). This number is

consistent with what one would expect for groups with

velocity dispersions of a few hundred km s
−1

, satellite

sizes of a few kpc and masses of order of 10
10M⊙. The

middle row indicates that (1) the accretion flux is due to

resolved, singular merger events and not due to a smooth

accretion of halo stars, (2) that the accretion by merg-

How do these dense high-z galaxies evolve into local not-so-dense galaxies ?

1-2 orders of mag. change

almost constant

r [ kpc ]

 [ 
M

su
n k

pc
2  ]

2.7 ! 0.08
z Reff
0

2.9 ! 0.10.3
1.9 ! 0.10.5
2.1 ! 0.10.91
1.8 ! 0.21.1
2.1 ! 0.21.3
2.4 ! 0.21.5
4 ! 0.32

0.5 1 2 4 6 8 10 12

107

108

109

1010

1011

cf., e.g., Naab+07,+09, Bezanson+09, many more

z=2

z=0

envelope due to merging (not only “minor”)

z



Stellar mass accretion history
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at z<1: mass growth by mergers
at z>1: mass growth by in-situ SF



Satellites

Feldmann et al.  APJ,, 736, 88 (2011)

(or in short “non-central group members within Rvir”)



Hubble sequence in groups?
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Properties at z~2?

at z~2 all progenitors are:

• star forming
• blue
• gas-rich
• disky
• rotation-supported
• some not even born yet

none of the progenitors is yet in the group
(typical infall time z~0.3-1)

How and why do morphology & color change with time?



Morphological transformations
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Morphological transformations
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Color transformations
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z=2

z=1

z=0
Overall decline in SFR

Environmental effects 
+

•Earlier Infall
•Longer Exposed to Group 
Environment

•Smaller Pericenters
•Preprocessing before group infall

Passive Disks
Star forming Disks

•Not yet exhausted cold gas reservoir
•Declining star formation
•Large Pericenter: lower ram-pressure 
(or tidal) stripping

• Shutdown of Accretion, 
• Starvation, 
• Ram-pressure (minor)



The picture

z=1.1 z=1.0 z=0.9 z=0.4

• gas-rich disks merge
• form “gas-rich” elliptical
• enter high-dens environ
• over ~Gyr timescale become red & dead 

outside group within group

red elliptical:

red disk: • same, but without the merger



Density transformations

4 Kaufmann et al.

Figure 1. The massive galaxy population compared at redshift 2
(black) and at redshift 0 (red). From top to bottom plot: the stel-
lar velocity dispersion measured within the e!ective radius versus
stellar mass, e!ective radius versus stellar mass and the e!ective
density (stellar density within the e!ective radius) versus stellar
mass are shown. The measurement for the galaxies of the three
di!erent simulations are plotted using triangles (standard resolu-
tion) or squares (high resolution). Filled symbols are used for the
galaxies evolving into the most massive, central object until red-
shift 0 in each of the simulations (the ’main progenitors’). Circles
are used for the population of massive (satellite) galaxies selected
at redshift 0 in the high resolution simulation. The progenitors
of today’s ellipticals show a big spread in mass and velocity dis-
persion and are generally more compact than the massive z=0
galaxies.

et al. (2010) argue that the weak feedback prescription used
by Naab et al. (2007, 2009) artificially enhances gas con-
sumption in all galaxies at early times and speculate that
the inclusion of blastwave SN feedback such as ours would
alleviate this problem. The presence of significant gas com-
ponents in some of the satellites down to low redshift is a
reassuring aspect of our simulations, although, owing to the
use of a low star formation density threshold and a relatively
low resolution in the gas phase relative to recent zoom-in
simulations of lower mass objects (Guedes et al. 2011), the
e!ect of feedback is likely still underestimated.

A high fraction of galaxies is highly rotationally sup-
ported (disk-like) at redshift 2. The amount of rotational
support decreases for those galaxies due to mergers and
tidal stirring. Tidal stirring, namely repeated tidal shocks
due to close encounters with the central galaxy of the group
(Mayer et al. 2001), begins to operate after galaxies have en-
tered the virial radius of the main galaxy, see Fig. 3. Tidal
stirring becomes only e!ective after redshift 1.5, once a sig-
nificant number of galaxies have entered the virial radius of
the respective main galaxy (see also Feldmann, Carollo &
Mayer (2010) for further environmental e!ects). While this
result seems to agree with the observed morphology-density
relation (e.g. Postman and Geller 1984, Goto et al. 2003)
we caution that due to the selection of the galaxies fixed at
redshift 2 (and since we neglect galaxies that cross the mass
threshold at a later time) the derived fractions of various
galaxy-types are not directly comparable with observational
samples.

Fig. 2 and 3 show the evolution of stellar masses, ef-
fective radii and stellar velocity dispersions. In Fig. 3 the
stellar velocity dispersions are shown at redshift 2, 1.5, 0.7
and 0. At redshift 2 the range in velocity dispersion covers a
wide range from high stellar velocity dispersion for compact
massive galaxies to values typical for intermediate ellipticals.

Fig. 2 shows that the spread in mass in the progenitors
of todays galaxies of a factor ! 6 at redshift 2 evolves to
a homogeneous (with respect to mass) population of cen-
tral galaxies at redshift 0. The high-resolution run produces
comparable masses as the standard run. The one object of
G3 which does not merge with the central object grows in
stellar mass as well but stays a factor of ! 2.5 lower in mass.

All the main progenitors show an e!ective radius < 0.7
kpc (Fig. 2). Group G2 shows besides the massive central
galaxy only two galaxies above the mass-cut at z = 2, both
showing low velocity dispersion and low stellar mass. The
e!ective radii of the central galaxies grow then significantly
until redshift 0, mostly by acquiring a stellar envelope (see
F10). While all three simulations end up with a central
galaxy of similar mass at redshift 0 the evolutionary paths
were rather di!erent as shown in F10. The central galaxies
of groups G1 and G3 both experienced two major galaxy
mergers between z ! 1.5 and 0. Those major mergers add
significant amounts of stellar mass to the central galaxies,
see Fig. 7 in F10. The central galaxy of group G2 does not
experience any major merger during that epoch and also not
below z ! 4. It grew from minor mergers and in situ star
formation (see also Oser et al. 2011).

The z > 0 galaxies are generally more compact (i.e.
smaller e!ective radii and higher stellar velocity dispersion
versus a given mass) than the local sample of quiescent
galaxies in SDSS as shown by van de Sande et al. 2011 and
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Figure 1. The massive galaxy population compared at redshift 2
(black) and at redshift 0 (red). From top to bottom plot: the stel-
lar velocity dispersion measured within the e!ective radius versus
stellar mass, e!ective radius versus stellar mass and the e!ective
density (stellar density within the e!ective radius) versus stellar
mass are shown. The measurement for the galaxies of the three
di!erent simulations are plotted using triangles (standard resolu-
tion) or squares (high resolution). Filled symbols are used for the
galaxies evolving into the most massive, central object until red-
shift 0 in each of the simulations (the ’main progenitors’). Circles
are used for the population of massive (satellite) galaxies selected
at redshift 0 in the high resolution simulation. The progenitors
of today’s ellipticals show a big spread in mass and velocity dis-
persion and are generally more compact than the massive z=0
galaxies.

et al. (2010) argue that the weak feedback prescription used
by Naab et al. (2007, 2009) artificially enhances gas con-
sumption in all galaxies at early times and speculate that
the inclusion of blastwave SN feedback such as ours would
alleviate this problem. The presence of significant gas com-
ponents in some of the satellites down to low redshift is a
reassuring aspect of our simulations, although, owing to the
use of a low star formation density threshold and a relatively
low resolution in the gas phase relative to recent zoom-in
simulations of lower mass objects (Guedes et al. 2011), the
e!ect of feedback is likely still underestimated.

A high fraction of galaxies is highly rotationally sup-
ported (disk-like) at redshift 2. The amount of rotational
support decreases for those galaxies due to mergers and
tidal stirring. Tidal stirring, namely repeated tidal shocks
due to close encounters with the central galaxy of the group
(Mayer et al. 2001), begins to operate after galaxies have en-
tered the virial radius of the main galaxy, see Fig. 3. Tidal
stirring becomes only e!ective after redshift 1.5, once a sig-
nificant number of galaxies have entered the virial radius of
the respective main galaxy (see also Feldmann, Carollo &
Mayer (2010) for further environmental e!ects). While this
result seems to agree with the observed morphology-density
relation (e.g. Postman and Geller 1984, Goto et al. 2003)
we caution that due to the selection of the galaxies fixed at
redshift 2 (and since we neglect galaxies that cross the mass
threshold at a later time) the derived fractions of various
galaxy-types are not directly comparable with observational
samples.

Fig. 2 and 3 show the evolution of stellar masses, ef-
fective radii and stellar velocity dispersions. In Fig. 3 the
stellar velocity dispersions are shown at redshift 2, 1.5, 0.7
and 0. At redshift 2 the range in velocity dispersion covers a
wide range from high stellar velocity dispersion for compact
massive galaxies to values typical for intermediate ellipticals.

Fig. 2 shows that the spread in mass in the progenitors
of todays galaxies of a factor ! 6 at redshift 2 evolves to
a homogeneous (with respect to mass) population of cen-
tral galaxies at redshift 0. The high-resolution run produces
comparable masses as the standard run. The one object of
G3 which does not merge with the central object grows in
stellar mass as well but stays a factor of ! 2.5 lower in mass.

All the main progenitors show an e!ective radius < 0.7
kpc (Fig. 2). Group G2 shows besides the massive central
galaxy only two galaxies above the mass-cut at z = 2, both
showing low velocity dispersion and low stellar mass. The
e!ective radii of the central galaxies grow then significantly
until redshift 0, mostly by acquiring a stellar envelope (see
F10). While all three simulations end up with a central
galaxy of similar mass at redshift 0 the evolutionary paths
were rather di!erent as shown in F10. The central galaxies
of groups G1 and G3 both experienced two major galaxy
mergers between z ! 1.5 and 0. Those major mergers add
significant amounts of stellar mass to the central galaxies,
see Fig. 7 in F10. The central galaxy of group G2 does not
experience any major merger during that epoch and also not
below z ! 4. It grew from minor mergers and in situ star
formation (see also Oser et al. 2011).

The z > 0 galaxies are generally more compact (i.e.
smaller e!ective radii and higher stellar velocity dispersion
versus a given mass) than the local sample of quiescent
galaxies in SDSS as shown by van de Sande et al. 2011 and
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• dense satellites disappear (merge with central), 
• later infalling satellites are born later
• are less dense



Conclusions

High mass (> 1011 M�) centrals: 

• red, low SF, early type galaxies

• mass growth by star formation (at z>1) & merging (z<1)

• size growth of envelope (merging, SF, migration) around 
dense core

Lower mass (~ few 1010 M�) satellites: 

• span of Hubble types incl. blue disks, red disks & ellipticals

• morphological transformation induced by merging before 
group infall & before photometric transformations

• environmental effects (primarily starvation) lead to SF 
quenching, gas removal and red colors

• field ellipticals predicted to retain their gas

• dense satellites disappear (merge with central)


