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Dressler 1980 Butcher & Oemler 1984 

Key ingredients governing `environmental revolution’ 
•  Morphology – density relation (T – Σ) 
•  Rising blue fraction fB(z) 

The Environmental Revolution 

Slide	
  from	
  Richard	
  Ellis’	
  talk	
  at	
  “Galaxy	
  EvoluEon	
  and	
  Environment”	
  Malaysia	
  2009	
  



•  Galaxies	
  in	
  dense	
  environments	
  are	
  more	
  massive,	
  redder,	
  show	
  less	
  SF;	
  also	
  
older	
  and	
  more	
  concentrated	
  than	
  galaxies	
  in	
  less	
  dense	
  environments;	
  
established	
  over	
  0	
  <	
  z<	
  1,1.5	
  in	
  a	
  range	
  of	
  galaxy	
  environments	
  (e.g.	
  Dressler	
  
1980,	
  Kauffmann	
  et	
  al.	
  2004,	
  CucciaE	
  et	
  al.	
  2010,	
  Kovač	
  et	
  al.	
  2010,2014,	
  Quadri	
  
et	
  al.	
  2012)	
  

•  Emerging	
  picture:	
  galaxies	
  are	
  ge\ng	
  transformed	
  from	
  blue,	
  SF	
  (and	
  late)	
  to	
  
red,non-­‐SF	
  (and	
  early)	
  

•  EvoluEon	
  mainly	
  driven	
  by	
  mass	
  

A	
  delay	
  in	
  physical	
  processes	
  or	
  an	
  
indica0on	
  of	
  two	
  different	
  processes?	
  

The Environmental Evolution 

M. Bolzonella et al.: zCOSMOS: Environmental effects on GSMF

Fig. 7.Mcross of photometric types in the extreme quartiles D1 and D4.
Blue: low-density environments. Red: high-density. The points are lo-
cated at the median redshift of the early plus late samples and error bars
represent the width of the redshift bin and the error in the GSMF ratio
from 1/Vmax method. A linear fit to the points is also shown.

In a scenario that is consistent with these data, which indi-
cate there is an increase in early-type galaxies with cosmic time,
blue intermediate-mass galaxies are being transformed into more
massive red galaxies, after quenching their star formation in a
more efficient way in overdense than underdense regions. A pos-
sible way to quantify this difference in evolutionary speed is by
analysing the evolution with redshift ofMcross, which represents
the mass above which the GSMF is dominated by early-type
galaxies. We show this quantity computed from 1/Vmax points
in Fig. 7 for different photometric types. We can see that since
z ∼ 1, where the Mcross values in low and high density envi-
ronments were similar, the subsequent evolution produces a sig-
nificant difference between the two Mcross values. The ratio of
Mcross in the highest to lowest redshift bins implies an evolu-
tion of a factor ∼2 in low density and ∼4.5 in high density re-
gions. From a different point of view, the plot in Fig. 7 indicates
that the environment begins to affect the evolution of galaxies at
z ∼ 1, causing in the lowest redshift bin a delay of ∼2 Gyr in
underdense relative to overdense regions before the same mix of
galaxy types is observed in high density regions.

5. Discussion
5.1. Comparison with literature data

As mentioned in Sect. 1, a similar analysis of the influence of en-
vironment on the evolution of the GSMF of red and blue galax-
ies was carried out by Bundy et al. (2006) using DEEP2 data.
They considered a sample in the redshift range 0.4 < z < 1.4,
partially overlapping with ours, and a the definition of galaxy
types and environment that slightly differed; their galaxy types
are defined on the basis of the rest-frame colour U − B and their
under- and overdense environments are defined with respect to
the average local density for the majority of their analysis. Since,
as the authors also state, most of the galaxies belong to regions

Fig. 8. Evolution of the fractional contribution of the early-type/red
galaxies to the global MFs in low and high density environments from
the surveys SDSS, zCOSMOS, and DEEP2. In the low redshift bin,
red and blue lines are computed from Eq. (10) by Baldry et al. (2006),
representing the fraction of red galaxies in the highest and lowest en-
vironmental densities in their SDSS analysis. In the other redshift bins,
red solid lines and filled squares represent the zCOSMOS high-density
sample D4, and blue long-dashed lines and filled circles the low-density
sample D1. Orange and cyan lines and empty symbols represent the val-
ues of the analogous fractions taken from Bundy et al. (2006). The verti-
cal dashed lines markMmin in zCOSMOS, and vertical dotted lines rep-
resent the Ks-band completeness limits in Bundy et al. (2006). Redshift
ranges between brackets refer to DEEP2 binning.

around the average density, we do not expect to find that the en-
vironment has a significant influence of the redshift evolution of
galaxies. However, they also considered the extremes of the den-
sity field in their Fig. 11, where they present the evolution with
redshift in the fractional contribution of red and blue galaxies.

We compare our results obtained using our definitions of en-
vironment and galaxy types, with the Bundy et al. (2006) paper
in Fig. 8. At low redshift, we plot for reference the results of
Baldry et al. (2006), who used SDSS data divided into density
bins and galaxy types separated by means of the colour bimodal-
ity. The lines in the plot are derived from their Eq. (10), adopt-
ing their highest and lowest density values. The results from
the two high-z surveys are in reasonably good agreement. The
largest difference is in low density environments in our redshift
bin z = [0.70, 1.00], but results are marginally consistent with
each other. When we study the evolution of the mass function
fractions derived from the three surveys, the main visible trend
is the continuous increase with time in the fractional contribution
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Bolzonella,	
  Kovač	
  +	
  zCOSMOS	
  2010	
  

Environment	
  is	
  equivalent	
  to	
  >	
  2	
  Gyr	
  
retarda0on	
  



1.   Con0nuous	
  environments	
  =	
  =	
  galaxy	
  counts	
  

2.   Groups/clusters	
  =	
  =	
  virialised	
  (bound)	
  structures	
  

Kovač	
  et	
  al.	
  (2010)	
  

1 + δ = 3	


What	
  is	
  environment?	
  (Gray,	
  Mamon)	
  	
  

Final thoughts!

•  assembly history, preprocessing important!
–  internal processes vs external processes!
–  cluster processes vs group processes!
–  gas processes vs gravitational processes!
!

•  (at least) three axes to consider:!
–  stellar mass!
–  redshift!
–  environment (however you measure it, including dark matter, 

galaxies, and gas)!

•  please be specific when you talk about environment!!
–  tell us how you measured it, and remember that ‘high density’ 

isn’t really meaningful!
–  different measures will be appropriate to probe different 

physical regimes!
!

Gray:	
  

-­‐	
  not	
  so	
  simple	
  in	
  pracEce	
  

Dcz	
  

R.A.	
   Dec	
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11 < log10 Mgroup < 12
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12 < log10 Mgroup < 15
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Tojeiro	
  (also	
  Cibinel)	
  

env	
  class:	
  void,	
  filament,	
  
sheet,	
  cluster	
  

Are	
  our	
  environment	
  measures	
  too	
  simplisEc?	
  

“TentaEve	
  statement:	
  
	
  at	
  fixed	
  group/halo	
  
mass	
  ...	
  no	
  dependence	
  of	
  
the	
  stellar	
  assembly	
  Eme	
  
on	
  geometric/global	
  
environment”	
  



Moving	
  to	
  z>1.5,2	
  1 + δ = 3	



Kovač	
  et	
  al.	
  (in	
  prep)	
  

First 3D Map of Cosmic Web at z > 2 (?)

Note: Negative δF corresponds to higher densities

K.-G. Lee (MPIA) Lyα Forest Tomography

<-­‐	
  Number	
  counts	
  (zCOSMOS)	
  

K.-­‐G.	
  Lee:	
  	
  	
  Lyα Forest as a Probe of the Cosmic Web
In the modern ’fluctuating Gunn-Peterson’ model, the Lyα absorption traces

the quasi-linear matter overdensity, ∆ ≡ ρdm(x)/〈ρdm〉, probing the range
0 ! ∆ ! 10. This is modulated by IGM astrophysics

τ(x) ∝
T0

−0.7

Γ
∆(x)2−0.7(γ−1)

! IGM temperature at mean
density, T0

! UV background ionization rate, Γ

! Temperature-density relationship,
γ (where T(∆) ∝ ∆γ−1 )

Credit: AmSci/R. Simcoe

In this talk, I assume that the Lyα forest traces large-scale structure
not ‘gas’ !

K.-G. Lee (MPIA) Lyα Forest Tomography

-­‐>	
  

z
z	
  

R.A.	
   Dec	
  

Orsi,	
  Lemaux,	
  Koyama,	
  Gray:	
  Tracing	
  protoclosters	
  
•  Lyα	
  blobs	
  
•  Radio	
  galaxies	
  
•  Quasars	
  



M★,	
  SFR,	
  ΔMS	
  distribution	
  	
 

: Field 

: Cluster 
(MAHALO) 

(HiZELS) 

Excess  of  
massive  galaxies  
in  proto-­‐‑cluster  
PKS1138-­‐‑262	


(Koyama et al. 2013b) M	
 

SF
R	
 

M	
 

SF
R	
 

M	
 

SF
R	
 

consistent  with  
Lemaux,  also  
zCOSMOS-­‐‑deep	




SFR	
  vs	
  environment	
  

•  (s)SFR	
  of	
  star-­‐forming	
  galaxies	
  do	
  not	
  dependent	
  on	
  environment	
  (Peng	
  et	
  al.	
  
2010,	
  McGee	
  et	
  al.	
  2014)	
  

Peng,	
  Lilly,	
  Kovač	
  et	
  al.	
  2010	
  

Kauffmann	
  et	
  al.	
  2004	
  

Steele:	
  
Holds	
  also	
  for	
  all	
  “emission	
  class”	
  objects	
  in	
  GAMA	
  	
  



Cluster	
  vs.	
  Field	
  comparison	
  out	
  to	
  z~2	
 

(Koyama	
  et	
  al.	
  2013b,	
  MNRAS,	
  434,	
  423)	
  

Hα  emi&ers  with  EWr  >  30A	
 

The	
  MS	
  location	
  is	
  always	
  independent	
  of	
  environment	
  since	
  z~2	
  !	
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From  rest-­‐‑frame  	

R-­‐‑band  photometry	

+  M/L  correction	
 



Haines+2013!
!

LoCuSS !
MIPS 24um + 

optical spectra   
of clusters at  
z=0.15-0.3 

!
SFR/M* in massive 
cluster galaxies is 

suppressed by 
~30% relative to 

the field

The Main Sequence is influenced by Environment at 
Low Redshift

SF
R

/M
*

Clusters:	
  SSFR	
  depends	
  on	
  environment	
  

The Astrophysical Journal, 768:118 (13pp), 2013 May 10 Noble et al.
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Figure 9. Caustic diagram for all spectroscopically confirmed cluster members.
The symbols are the same as in Figure 7. We plot caustic profiles—lines of
constant (r/r200) × (∆v/σv)—at 0.1 and 0.4 to isolate virialized (within the
inner caustic), backsplash (between caustics), and infall galaxies (along and
outside the outer caustic).
(A color version of this figure is available in the online journal.)

In order to isolate contamination in low projected radial
bins from infalling/backsplash interlopers, we divide the space
into three distinct regions based on the location of main and
sub-main-sequence galaxies. Combining the results of Haines
et al. (2012) and Mahajan et al. (2011), these regions should
primarily correspond to: virialized galaxies that were accreted
when the cluster core was forming; a mix of all types but
where backsplash galaxies are most likely to exist; and infalling
galaxies that were recently accreted—at low, intermediate, and
high values of (r/r200)× (∆v/σv), respectively. We calculate the
median D4000 in each region for both mass bins (filled stars),
which confirms the declining age (i.e., epoch of accretion) with
(r/r200) × (∆v/σv).

We demonstrate the utility of these caustic regions in refer-
ence to our own sample in Figure 9. We plot lines of constant
r ×v at 0.1 and 0.4 (r200 ×σv), based on the regions in Figure 8.
The innermost caustic line seems to preferentially select the
older (virialized) population of cluster members that were most
likely accreted at early times, including three out of the seven
MIPS sources belonging to the sub-main-sequence branch. Al-
though rare, it is not inconceivable that recent star formation
has occurred within the virialized population; Mahajan et al.
(2011) estimate that 11% of the virialized population are galax-
ies with ongoing or recent efficient star formation that could be
attributable to rapid flybys. However, we note that their level
of star formation is certainly suppressed compared to the main
sequence.

Between the two caustic profiles, we expect a distribution
of galaxies that were accreted early, recently, and somewhere
in between. Indeed, in this intermediate region of 0.1 <
(r/r200)×(v/σv) < 0.4, there exists a mix of old, main-sequence
galaxies and young, sub-main-sequence galaxies, which could
result from a backsplash population. The significance of the
backsplash population has been demonstrated before in various
simulations. Balogh et al. (2000) found that over half of the
galaxies within 1–2r200 have been inside the virial radius at an
earlier time and rebounded outward. Moreover, 90% of these
backsplash galaxies have plunged deep into the potential well,
within the inner 50% of the virial radius (Gill et al. 2005).

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 10. SSFR for star-forming galaxies as a function of caustic environment,
(r/r200) × (∆v/σv). The sub-main-sequence galaxies (pink squares) primarily
inhabit low values of (r/r200) × (∆v/σv) compared to the main-sequence
galaxies. In contrast to Figure 4, there is now a clear depression (0.9 dex)
of the average SSFR (green stars) toward low caustic values, where we expect
to isolate galaxies accreted at earlier times. The gray vertical lines indicate the
limits of the bins.
(A color version of this figure is available in the online journal.)

The region exterior to the 0.4 (r200 × σv) caustic profile
should preferentially pick out galaxies that have been recently
accreted (Haines et al. 2012). Based on the fractions from
Mahajan et al. (2011), it should additionally favor infalling over
backsplash galaxies. Moreover, Gill et al. (2005) observed that
backsplash galaxies are kinematically distinct from infalling
galaxies, as the latter have much higher relative velocities.
Although this velocity bimodality can get slightly washed out in
projected space, there still exists an average trend toward lower
velocities for backsplash galaxies. Notably, this region contains
the majority of young main-sequence galaxies, which are most
consistent with an infall population given their age and SFRs.
As stated in Section 5.1, the lone sub-main-sequence galaxy
in this region could statistically be a virialized galaxy outside
the core; however, we also note that we expect one chance
alignment between MIPS sources and spectroscopic members
(Section 3.1), which could be manifested here. Alternatively,
this galaxy and another old, sub-main-sequence galaxy at
high projected radius could both belong to groups that have
been accreted into the cluster. In this scenario, the lower
SFRs of these galaxies could be due to pre-processing (e.g.,
Zabludoff & Mulchaey 1998) in the group environment prior
to accretion. McGee et al. (2009) found that the accretion
of galaxy groups onto a massive z ∼ 1 cluster accounts
for a significant proportion (!30%) of the galaxy population,
and moreover, galaxies that derive from group environments
are more massive. Indeed, the two outliers are both more
massive than the majority of main-sequence galaxies and
exhibit suppressed SFRs. However, the sparse spectroscopy at
these high radii precludes us from reliably identifying infalling
groups.

5.3. A Kinematic Approach to the Environmental
Dependence on the Specific Star Formation Rate

In hopes of disentangling radial contamination from the
environment, we consider the SSFR as a function of r × v,
normalized by the cluster velocity dispersion and r200, in
Figure 10. As shown in Figures 8 and 9, and Figure 3 from
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Galaxies	
  accreted	
  at	
  earlier	
  Eme	
  

z	
  ≈0.9	
  
Noble	
  

Haines	
  



Mass	
  and	
  environment	
  in	
  the	
  galaxy	
  evoluEon	
  

Baldry	
  et	
  al.	
  2006	
  

KK+	
  in	
  prep	
  Red	
  fracEon	
  of	
  galaxies	
  depends	
  both	
  on	
  stellar	
  mass	
  and	
  environment	
  (also	
  ChangHoon	
  	
  
Hahn	
  PRIMUS	
  results):	
  
	
  
f_red	
  (ρ,m)=1	
  –	
  exp[(-­‐((ρ/p1)^p2)	
  –	
  ((m/p3)^p4)]	
  (Baldry	
  et	
  al.	
  2006,	
  Peng	
  et	
  al.	
  2010)	
  	
  
	
   	
   	
  =	
  εm(M*)+	
  ερ	
  (δ)	
  –	
  εm	
  (M*)ερ	
  (δ)	
  	
  

	
  	
  
	
  
	
  

Kovač	
  et	
  al.	
  2014	
  

z=0	
  

Separability	
  holds	
  to	
  a	
  good	
  degree	
  at	
  least	
  up	
  to	
  z<0.7;	
  possible	
  cross-­‐term	
  within	
  the	
  errors	
  



Mass	
  and	
  environmental	
  quenching	
  over	
  Eme	
  

KK+	
  in	
  prep	
  

Dominant	
  mechanism	
  for	
  the	
  quenching	
  of	
  galaxies	
  changes	
  with	
  Eme	
  	
  

Model	
  from	
  Peng	
  et	
  al.	
  
(2010)	
  based	
  on	
  the	
  
assumpEon	
  of	
  
separability	
  of	
  the	
  mass	
  
and	
  environmental	
  
quenching	
  up	
  to	
  high	
  
redshi~	
  

Importance	
  of	
  the	
  environmental	
  quenching	
  increases	
  with	
  cosmic	
  Eme	
  and	
  with	
  
decreasing	
  stellar	
  mass	
  –	
  qualitaEvely	
  consistent	
  with	
  the	
  growth	
  in	
  the	
  LSS	
  and	
  infall	
  
of	
  (lower	
  mass)	
  satellites	
  to	
  the	
  larger	
  structures	
  producing	
  the	
  observed	
  
environmental	
  effects	
  
LucraEve	
  idea	
  from	
  the	
  theory:	
  many	
  physical	
  processes	
  suggested	
  



Satellite	
  quenching	
  efficiency	
  (z=0)	
  

(Peng	
  et	
  al.	
  2012)	
  

At	
  z~0	
  and	
  log(M*/Msol)<11:	
  1)	
  red	
  fracEon	
  of	
  centrals	
  does	
  not	
  show	
  strong	
  
dependence	
  on	
  environment	
  

2)	
  satellite	
  quenching	
  constant	
  with	
  mass	
  and	
  responsible	
  for	
  most	
  of	
  the	
  observed	
  
environmental	
  quenching	
  

	
  	
  
εsat	
  (m)	
  	
  =	
  [fr,sat(m)	
  –	
  fr,cen(m)]/[fb,cen(m)]	
  

	
  	
  
εsat	
  (m,ρ)	
  	
  =	
  [fr,sat(m,ρ)	
  –	
  fr,cen(m,ρ)]/[fb,cen(m,ρ)]	
  

also	
  van	
  den	
  Bosch	
  et	
  al.	
  (2008)	
  	
  



Satellites	
  are	
  the	
  major	
  drivers	
  of	
  the	
  overall	
  observed	
  	
  
environmental	
  effects	
  up	
  to	
  (at	
  least)	
  0.7	
  

Knobel,	
  Lilly,	
  KK+	
  et	
  al.	
  2013	
   Kovač	
  et	
  al.	
  2014	
  



6 Hirschmann et al.

Figure 3. Quiescent fraction of all (red-dotted), central (yellow-dashed) and satellite (green-solid) galaxies versus the projected density
of a 1 Mpc cylinder (top row) and of a 0.2 Mpc cylinder (bottom row) for the observations (symbols) and for the Guo model (lines).
Different columns correspond to different stellar mass bins as indicated in the legend. At stellar masses below 3× 1010M!, observations
show a strong correlation between the quiescent fraction and density of both satellites and centrals. For stellar masses above 1010M!

there is only very weak difference between observed centrals and satellites which is insignificant contrast to the model predictions.

Figure 4. Distribution of central (yellow-dashed) and satellite (green-solid) galaxies (fractions are normalized to the total number of
centrals and satellites in each mass bin considered) as a function of the 1 Mpc density for different bins of stellar mass. Model predictions
are shown as solid lines, while observational data are shown as symbols. The agreement between models and observations is very good.
The fractions given in each panel correspond to the fractions of central galaxies in models and observations living at densities above
log(Σ1Mpc +1) = 0.3 (as indicated by the vertical dashed line), where data show a strong density dependence for quiescent centrals (see
Fig. 3).

10.5. Overall it shows, that the recipes for the physical pro-
cesses working on both satellite and central galaxies need to
be further refined.

4 THE DEPENDENCE OF QUIESCENT

GALAXIES ON THEIR ENVIRONMENT

4.1 The fraction of quiescent galaxies as a

function of density

In this section, we investigate how model predictions of qui-
escent fractions as a function of environment deviate from
observations. We consider the importance of halo mass, cen-

c© 2002 RAS, MNRAS 000, 1–24

✦ Observations: 
    overall density dependence mainly driven by satellites (Kovac et al.,2013)

    similar behavior of centrals & satellites & strong density dependence

Hirschmann+14

5

✦ Models: centrals & satellites behave differently & weaker density   
    dependence

Quiescent galaxy fractions

➱ Over-estimating quiescent 
    satellites (e.g. Kimm+09)  

➱ Under-estimating 
    quiescent centrals 

Stellar mass

Does it just reflect a dependence 
on halo mass, a theoretical 
measure for environment?

Hirschmann	
  



6 Hirschmann et al.

Figure 3. Quiescent fraction of all (red), central (yellow) and satellite (green) galaxies versus the projected density of a 1 Mpc cylinder
(top row) and of a 0.2 Mpc cylinder (bottom row) for the observations (symbols) and for the Guo model (lines). Different columns
correspond to different stellar mass bins as indicated in the legend. At stellar masses below 3 × 1010M!, observations show a strong
correlation between the quiescent fraction and density of both satellites and centrals. For stellar masses above 1010M! there is only very
weak difference between observed centrals and satellites which is insignificant contrast to the model predictions.

Figure 4. Distribution of central (yellow) and satellite (green) galaxies (fractions are normalized to the total number of centrals and
satellites in each mass bin considered) as a function of the 1 Mpc density for different bins of stellar mass. Model predictions are shown as
solid lines, while observational data are shown as symbols. The agreement between models and observations is very good. The fractions
given in each panel correspond to the fractions of central galaxies in models and observations living at densities above log(Σ1Mpc+1) = 0.3
(as indicated by the vertical dashed line), where data show a strong density dependence for quiescent centrals (see Fig. 3).

more relaxed, delayed strangulation assumption in the Guo
model (compared to the instantaneous strangulation) is not
sufficient to solve the well-known “over-quenching problem”
of satellite galaxies with masses below log(Mstellar/M!) <
10.5. Overall it shows, that the recipes for the physical pro-
cesses working on both satellite and central galaxies need to
be further refined.

4 THE DEPENDENCE OF QUIESCENT

GALAXIES ON THEIR ENVIRONMENT

4.1 The fraction of quiescent galaxies as a

function of density

In this section, we investigate how model predictions of qui-
escent fractions as a function of environment deviate from
observations. We consider the importance of halo mass, cen-
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(top row) and of a 0.2 Mpc cylinder (bottom row) for the observations (symbols) and for the Guo model (lines). Different columns
correspond to different stellar mass bins as indicated in the legend. At stellar masses below 3 × 1010M!, observations show a strong
correlation between the quiescent fraction and density of both satellites and centrals. For stellar masses above 1010M! there is only very
weak difference between observed centrals and satellites which is insignificant contrast to the model predictions.

Figure 4. Distribution of central (yellow) and satellite (green) galaxies (fractions are normalized to the total number of centrals and
satellites in each mass bin considered) as a function of the 1 Mpc density for different bins of stellar mass. Model predictions are shown as
solid lines, while observational data are shown as symbols. The agreement between models and observations is very good. The fractions
given in each panel correspond to the fractions of central galaxies in models and observations living at densities above log(Σ1Mpc+1) = 0.3
(as indicated by the vertical dashed line), where data show a strong density dependence for quiescent centrals (see Fig. 3).

more relaxed, delayed strangulation assumption in the Guo
model (compared to the instantaneous strangulation) is not
sufficient to solve the well-known “over-quenching problem”
of satellite galaxies with masses below log(Mstellar/M!) <
10.5. Overall it shows, that the recipes for the physical pro-
cesses working on both satellite and central galaxies need to
be further refined.

4 THE DEPENDENCE OF QUIESCENT

GALAXIES ON THEIR ENVIRONMENT

4.1 The fraction of quiescent galaxies as a

function of density

In this section, we investigate how model predictions of qui-
escent fractions as a function of environment deviate from
observations. We consider the importance of halo mass, cen-
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Figure 6. Top row: the quiescent fraction of model central galaxies (solid lines with yellow areas) in different stellar mass bins (different
columns) versus the 1 Mpc density distinguishing between centrals having always been centrals (true centrals, dashed lines with dark
red areas) and centrals having been satellites in the past (backsplash population, dotted lines with orange shaded areas). The quiescent
fractions of backsplash centrals are responsible for the overall density dependence of quiescent model centrals. Bottom row: The total
fractions of backsplash (orange) and true (dark red) central galaxies versus the 1 Mpc density in different stellar mass bins. The lower
the galaxy stellar mass and the higher the density, the higher is the probability that a central galaxy was a satellite galaxy in the past.

center passages - they could have left their parent halo and
become central galaxies again (outside the virial radius of
the previous parent halo). We refer to these present-day cen-
tral galaxies as “backsplash” centrals. Strictly speaking, of
course, such backsplash centrals are not affected by environ-
ment of super-halo scales but have been subject to environ-
mental effects while orbiting within a more massive halo in
the past.

The galaxy formation model accounts for such a back-
splash effect automatically as it uses the kinematic input
from dark matter simulations (i.e. it follows the orbits from
the simulations): as long as the backsplash central galaxy
is a satellite, it is assumed to be affected by tidal and ram
pressure stripping. After ejection from the parent halo, the
backsplash central is treated as a “normal” central galaxy
which means that such a galaxy does not experience any en-
vironmental effects anymore. Instead, it can (re-)accrete gas
which can cool and form stars. Nevertheless, its hot halo
content is reduced due to the time spent as satellite and
thus, a backsplash central galaxy evolves differently to if it
had always been a central galaxy in the past.

Alternatively, central galaxies, which have never been
satellites in the past, might suffer environmental effects on
super-halo scales. This was nicely demonstrated in recent
study of Bahé et al. (2013) using hydrodynamical simula-
tions. They found that a direct interaction with an extended
hot gas ’halo’ of a group or cluster can be sufficiently strong
to strip the hot gas atmospheres of infalling galaxies as far

out as ∼ 5 × rvir. However, the hot gas stripping was not
found to significantly affect the on-going star formation and
the quiescent fraction of galaxies outside the virial radius. It
may, thus, be expected to have only a minor impact. So far,
there is no recipe in the models to account for this second
effect.

4.3.1 Backsplash population

To quantify the statistical relevance of the backsplash popu-
lation in the models (note that this information is of course
not accessible in the observations), we make use of the
galaxy merger trees of the Guo model and trace the main
progenitors of the central galaxies back in time to analyse
whether they have been a satellite in the past.

The top row of Fig. 6 shows the 1 Mpc density depen-
dence of the quiescent fraction of all model centrals (solid
lines with yellow shaded areas as shown before in Fig. 3).
We additionally distinguish between quiescent centrals hav-
ing always been centrals, i.e. “true” centrals, (dashed lines
with dark red shaded areas) and quiescent centrals having
been satellites in the past, i.e. “backsplash” centrals (dotted
lines and orange shaded areas). For the true and backsplash
centrals, we have calculated their quiescent fractions with
respect to the total amount of centrals, i.e.:

fquiescent =
nqu,bsp/true

ncent
, (5)
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The different pattern of fq|sat in panel (b) reflects the
combination of mass quenching effects (at high masses)
and mass-independent “environment quenching” domi-
nating at lower masses. Once we take out the mass effects
via εsat we also reproduce the remarkably weak depen-
dence of εsat on m∗ for fixed δ in panel (c). Since at
low masses, where environmental effects dominate (Peng
et al. 2010), the number of satellites in high density envi-
ronments far outweighs the number of centrals, it is clear
that, as correctly stated by both Peng et al. (2012) and
Kovač et al. (2014), satellites are responsible for most of
the δ-dependence within the overall population of galax-
ies. The dominance of singleton centrals also accounts for
the differences in the shape, at low masses, of the mass
function of passive central and satellite galaxies that was
highlighted in Peng et al. (2012), i.e., the prominence
of the second Schechter component for satellites and its
absence for centrals.
However, two related points should be noted. First, as

can be seen from the white contours in Figure 3, and also
from the histograms in Figure 2 and the figures in Peng
et al. (2012), the bulk of centrals and satellites occupies
different regions in the (m∗, δ)-plane, and especially in δ.
The peak of the centrals is at log(δ + 1) ∼ −0.5, while
the peak of the satellites is at log(δ + 1) ∼ 1. Second,
98% of our centrals inhabit groups with Nabs ≤ 2. That
is, the sample of centrals is overwhelmingly dominated
by galaxies for which the estimated δ is based on length
scales that are typically much larger than the virial radii
of the halos concerned and the weak dependence of δ for
the centrals could conceivably be a consequence of the
fact that we are not measuring, for most centrals, the
actual local environment, which may be most relevant
for the quenching of galaxies.
To look at the centrals that are in the same groups as

the satellites, we first recompute fq|cen after constraining
the sample of centrals to groups with Nabs ≥ 3 (see Fig-
ure 3, panel (d)), i.e., the centrals of the satellites we are
considering. Careful inspection shows that the fq|cen of
these centrals is systematically higher than for the gen-
eral set of centrals and is actually comparable or even
larger than the fq|sat of the satellites. To see this more
clearly, we show two further panels in Figure 3.
First, in panel (e) we show a new quenching efficiency

that is computed for the centrals in the groups using ex-
actly the same general fq|cen for the background sample
as was used to compute the εsat in panel (c). We denote
this new quantity in formal analogy to Equation (4) by

εcen(m∗, δ) =
fq|cen(m∗, δ)|Nabs≥3 − fq|cen(m∗)

1− fq|cen(m∗)
. (12)

Here fq|cen(m∗, δ)|Nabs≥3 denotes the quenched fraction
of centrals restricted to groups with Nabs ≥ 3. This
therefore represents an environmental quenching effi-
ciency for centrals. It can be seen in panel (e) that,
over the limited range of mass where this is defined, εcen
is very similar to the εsat surface, emphasizing the simi-
larity in the (m∗, δ)-plane in the quenching of satellites
and their associated centrals.
Second, in panel (f), we show a modified satellite

quenching efficiency εsat,δ(m∗, δ) that is now computed
with the density-dependent fq|cen of the centrals (see Sec-
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Figure 4. Comparison of the quenched fraction fq of centrals
(red) and satellites (blue) for different samples. For panel (a) we
used all centrals (i.e, Nabs ≥ 0), while for all other panels we used
only the centrals of the groups, in which our satellites are (i.e.,
Nabs ≥ 3). In the the panels (a) and (b) we match the samples of
centrals and satellites only with respect to stellar mass, while in
panel (c) we match them in m∗ and δ and in panel (d) in m∗, δ, and
R. The number of galaxies within the matched samples is indicated
at the bottom of each panel. If we consider only centrals in groups
with Nabs ≥ 3, we do not detect any significant difference in the
quenched fraction. This remains true as we additionally match in
δ and R.

tion 3.2) with Nabs ≥ 3. This is, over the region that can
be computed, close to zero or even negative. This again
illustrates the similarity in the quenching of centrals and
satellites in the same groups.
A more direct comparison between fq|cen and fq|sat is

given in Figure 4 that is based on carefully matched
samples of satellites and centrals. Here we compare
the mean values of fq|cen and fq|sat for different sets
of mass-matched samples of centrals and satellites. In
panel (a), we mass-match a set of general centrals (i.e,
Nabs ≥ 0) and satellites, without regard to the richness
of the groups or to the over-densities δ. As expected,
the mass-matched centrals have a systematically lower
fq than the equivalent satellites. This is a reflection of
the average εsat ∼ 0.4 derived by van den Bosch et al.
(2008), Peng et al. (2012), and at higher redshifts by
Knobel et al. (2013), and indeed we can compute from
the numbers in this panel an average εsat for this overall
sample of εsat % 0.41.
In the other panels to the right, we now consider only

those centrals in Nabs ≥ 3 groups and then additionally
match the environment δ and distance R for the centrals
and satellites. It is obvious that the difference between
the quenched fractions of centrals and satellites in the
leftmost panel completely disappears as soon as we focus
on only the Nabs ≥ 3 groups, and remains as we addition-
ally match in δ and R. However, as can be seen from the
numbers in Figure 4, the regions in the parameter space
where the centrals with Nabs ≥ 3 and satellites over-
lap are relatively small, so that these carefully matched
samples now constitute only a very small fraction of the
original samples.
In summary, we find that we cannot detect any differ-

ence in the quenched fractions of centrals and satellites
if we focus only on the centrals and satellites in the same
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mon variable(s)” will be different for the quenched and
non-quenched samples of galaxies, leading to the corre-
lation of quenched satellites with quenched centrals that
we call galactic conformity, even when other known vari-
ables have been matched.
Given the extensive correlations between the variables

that are encountered in descriptions of galaxies and their
environments, a hidden variable could well be corre-
lated with one of the variables that had previously been
matched. However, in this case, it is clear that it is only
that component of the hidden variable that is orthogonal
to those previously matched variables which can cause
any (remaining) conformity.
If we were now to include a previously hidden variable

(that was previously producing conformity) by addition-
ally matching the values of this variable between the sam-
ples of satellites with quenched and non-quenched cen-
trals, then the conformity would disappear (or at least
be reduced if further hidden variables remained hidden).
We stress that conformity should therefore be thought
of as arising from the analysis rather than being some
kind of absolute physical effect. The same set of galax-
ies will show conformity when analyzed in one way, but
this will be reduced or eliminated as more variables are
introduced and matched.
Obvious possibilities for potential hidden common vari-

ables include variables that are (i) relatively easy to ob-
serve and therefore “unhide”, like halo mass or local over-
density (as in this paper), or (ii) presently unobservable
for most groups, like the gas entropy or the presence of
shock heating or of cold gas flows, or (iii) almost unob-
servable, such as the time that has elapsed since some
particular event such as group formation.
As an example of the last case, Hearin et al. (2014)

argued that the “2-halo conformity” (i.e., conformity
on scales larger than the virial radius, which we have
not studied in this paper) could arise naturally as a
consequence of an “assembly bias”. To demonstrate
this, they produced simulated galaxy mock catalogs for
SDSS, in which – at a given stellar mass – SFRs were
randomly drawn from the corresponding distribution of
SDSS galaxies (at this mass) and assigned to the mock
galaxies (at this mass) according to the relative “age” of
their (sub)halos (i.e., the older the (sub)halo the lower
the SFRs). The “age” of a (sub)halo was quantified by
the (sub)halo property zstarve, which correlates with the
epoch of star formation cessation within the (sub)halo
(for details see Hearin & Watson 2013). They did not
differentiate between centrals and satellites nor did they
attribute any special role to the virial radius of the ha-
los. As a result they observe a strong conformity signal
within these mock catalogs on the scale 1-5 Mpc without
the need of introducing any additional quenching for the
satellites after they fall into the halos.
Another important complication is that the (unknown)

residuals that arise from observational scatter in the
practical estimation of the observables (like halo mass)
will effectively also act as a hidden variable.
To summarize, the existence of galactic conformity in

a given sample and in a given analysis tells us primar-
ily that there are still additional hidden variables which
must affect in some way the quenching of both central
and satellite galaxies and whose value must be shared in
some way by centrals and satellites. When a complete de-
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Figure 8. Quenched fraction fq and satellite quenching efficiency
εsat for two matched samples of satellites. The red and the blue
points correspond to satellites with quenched centrals and to satel-
lites with star forming centrals, respectively, which have been
matched to each other with respect to stellar mass msat and all
4 remaining environmental parameters (i.e., mh, mcen, δ, and R).
The number of galaxies within the matched samples is indicated
in the right panel. For the mean parameter values of the matched
sample see Table 4.

scription of quenching (with noiseless data) is achieved,
then conformity will have disappeared.

6.2. Galactic Conformity in the Current Sample

In the following, we denote the satellite quenching effi-
ciency for satellites with a star forming central by εsat,SF
and for satellites with a quenched central by εsat,q. Av-
eraged over all parameters, we measure a mean satel-
lite quenching efficiency 〈εsat,q〉 # 0.44 around quenched
centrals and 〈εsat,SF〉 # 0.17 for the ∼ 8% of satellites
that are found around star forming centrals. In other
words, within the general (unmatched) satellite popula-
tion and taking out the effects of stellar mass (by using
εsat), the environmentally-driven quenching of satellites
is 2.6 times stronger in satellites with quenched centrals
than in those with star forming centrals. However, in
the context of the discussion in Section 6.1, this differ-
ence could arise simply because of the dependencies of
εsat on the the other variables (i.e., msat, mh, mcen, δ,
R) that is shown in Figure 5, if these variables are also
affecting the quenching of the centrals.
Accordingly, we construct a sample of satellites with

quenched centrals that is matched to the sample of satel-
lites with non-quenched centrals with respect to all five
of these parameters. The result is shown in Figure
8. We can see immediately that, although the mean
〈εsat,q〉 # 0.38 of the matched sample and the mean
〈εsat,SF〉 # 0.16 of the matched sample are both slightly
lower, there is still a clear difference between the two
satellite quenching efficiencies.
In other words, after removing the effects of stellar

mass and the four environmental variables through this
matching of the samples, we still find that satellites
around quenched centrals are 2.4 times more likely to
be environmentally quenched than those around non-
quenched centrals, very similar to the factor of 2.6 ob-
tained simply by averaging across all satellites without
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Figure 3. Age Matching prediction of 2-halo conformity. All panels are the same as in Fig. 2, only here the age matching
model is used to investigate the relationship between galaxy assembly bias and 2-halo conformity. The top panel shows the 2-halo
conformity prediction of age matching, in which galaxy assembly bias in both centrals and satellites is quite strong. For the model
shown in the bottom left panel, we have scrambled the SFRs of central galaxies residing in halos of similar mass Mvir, which erases
the strong signal shown in the top panel. In the bottom right panel, we have instead scrambled the SFRs of satellite galaxies,
which only marginally influences the 2-halo conformity signal. Together with Fig. 2, these results provide strong support for the
conclusion that the level of 2-halo conformity measured in K13 is driven by central galaxy assembly bias (see §5.1 for further
discussion).

history of a galaxy is directly tied to the mass assem-
bly history of the galaxy’s parent (sub)halo. Therefore
a natural feature of age matching is that the SFRs of
galaxies in the same large-scale environment are corre-
lated, regardless of whether the galaxies occupy distinct
dark matter halos.

In light of the discussion and results in §4.2, a nat-

ural question to ask is whether the conformity signal in
age matching is driven by central galaxies or satellites.
In fact there are many “beyond Mvir” phenomena pre-
dicted by age matching, including both intra-halo effects
and also large-scale effects exhibited by both central and

c© 0000 RAS, MNRAS 000, 000–000

Hearin	
  et	
  al.	
  2014	
  

SFR	
  of	
  a	
  galaxy	
  is	
  determined	
  by	
  its	
  dark	
  ma�er	
  halo	
  formaEon	
  history	
  	
  Predicting Galaxy Star Formation Rates 9

10.0 10.5 11.0
log10(M* [MO •])

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

Fo
rm

at
io

n 
R

ed
sh

ift SATELLITES

CENTRALS

10.0 10.5 11.0
log10(M* [MO •])

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

< 
sS

FR
 >

SA
TS

 - 
< 

sS
FR

 >
C

EN
S

Figure 6. Left Panel: Formation epoch of central (blue curve) and satellite (red curve) galaxies as a function of stellar mass. Satellites
in our model are more quenched than central galaxies of the same stellar mass simply because subhalos form earlier than host halos.
This fact about structure formation in CDM is what drives satellite quenching in the age matching model. Right Panel: The difference
between the average SFR of satellite and central galaxies as a function of stellar mass for SDSS (filled, black circles) and our age
matching prediction (black solid line). Poisson errors are shown for both data and the model. At fixed stellar mass satellites have lower
SFRs than their central galaxy counterparts.

the subhalo formed (see Fig. 6 of Paper II). Nonetheless,
we will show in a pair of companion papers to this one that
recent observations of SFR trends in the low-redshift uni-
verse do favor a scenario in which quenching is impacted
by physical processes that operate on scales far larger than
Rvir, even for central galaxies, as discussed in the following
section.

5.2 Discriminating between Competing

Quenching Models

As discussed in detail in Zentner et al. (2013), the success
of age matching has exposed fundamental degeneracies
in traditional approaches to galaxy-halo modeling such
as the Halo Occupation Distribution (HOD, e.g., Seljak
2000; Cooray & Sheth 2002; Berlind & Weinberg 2002;
Berlind et al. 2003; Zheng et al. 2005; Skibba & Sheth
2009a; Watson et al. 2010, 2012) and Conditional
Luminosity Function (CLF, e.g., Yang et al. 2003;
van den Bosch et al. 2013). While it is true that age
matching is based on Vmax to set the stellar mass or
luminosity content of halos, the assignment of the addi-
tional galaxy properties of color or SFR is based on halo
assembly history. Conversely, HOD modeling beyond just
stellar mass- or luminosity - dependent clustering, i.e.
the color or SFR dependence (e.g., Zehavi et al. 2005,
2011; Skibba & Sheth 2009b; Tinker et al. 2013; Guo et al.
2014b), is still exclusively governed by Mvir and no other
halo property. And yet, both classes of models give very
good descriptions of a wide variety of measurements of the
galaxy distribution.

These considerations apply equally well to degenera-
cies with semi-analytic models of galaxy evolution (SAMs,
e.g., Somerville et al. 2008; Guo et al. 2011). Indeed, SAMs,
HODs, and CLFs all enjoy comparable levels of qualitative

successes in reproducing observed statistics such as those
presented in this work and the previous age matching pa-
pers. There is thus some legitimate cause for concern that
conventional statistics describing the galaxy distribution are
inadequate to conclusively discriminate between competing
models. This concern has been brought into high relief in
the recent paper Lu et al. (2013), who showed that three
independently developed SAMs with qualitatively different
parameterizations of star formation and feedback processes
all make quite similar predictions for the star formation his-
tory of galaxies across cosmic time (see also Cohn & White
2013, for another extensive comparison of a wide variety
galaxy evolution models at z = 0.5).

In the context of model discrimination, one particu-
larly interesting measurement is that of galactic confor-
mity, a feature in the galaxy distribution first discovered
by Weinmann et al. (2006). In their analysis of an SDSS
galaxy group catalog, Weinmann et al. (2006) showed that
in group systems of the same halo mass, satellites in groups
with a red central tend to be redder than satellites in groups
with a blue central. In another recently reported detection
of conformity, Kauffmann et al. (2013) showed that in an
SDSS sample of central galaxies of the same stellar mass,
the environment surrounding quenched central galaxies ex-
hibits, on average, an attenuated SFR relative to the en-
vironment around star-forming centrals, a correlation that
persists out to scales of R ∼ 5Mpc, far outside the virial
radius of the host halo of the centrals.

As will be shown in future work (Hearin 2014, in prep),
these closely related signals are formally distinct in the fol-
lowing sense: the Weinmann et al. (2006) notion of con-
formity pertains to SFR correlations between central and
satellite galaxies in the same dark matter halo, while the
larger scale Kauffmann et al. (2013) signal pertains to SFR
correlations in distinct halos. We contend that no galaxy
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Fig. 6.— The same PPS as in Figure 6 is shown, but with added information: As before, massive galaxies
(M∗ > 1010M") are represented with darker and larger filled circles, HI-detected galaxies are enclosed by
a blue open circle, and grey countours follow the number density of the galaxies. In addition, galaxies are
divided into red-sequence and blue cloud, as defined in the top panels of Figure 2. Furthermore, galaxies
with EW[OII]> 4Å have an open orange diamond around them and galaxies with recent star formation
(NUV − r < 5, see bottom panels of Figure 2) are marked with a cross. The dashed grey line delimits
the area in PPS (left of the line) where a MW galaxy is expected to be completely stripped as it falls into
the cluster. The solid green line (and shaded area) delimit the area where the model galaxies are stripped
enough to fall out of the detection limit of our survey (see Section 5). As in Figures 3 and 5, the dark solid
lines divide the regions were most HI-detections are found, from the “stripped” area, with the dotted line
being the extrapolation of the solid line in the region without datapoints.

gion of complete stripping. The region to the left
of the black dashed line instead, represents the
area in PPS where most galaxies are considered
to be ”virialized”, or at least not on their first
infall. Both of these regions are mostly devoid
of HI-detections, which coincides with the region
where simulated galaxies that have been stripped
of their gas are located in PPS, regardless of their
time since infall (Figure 5). To the right of these
dashed lines we have the region where galaxies
that recently joined the cluster are located. This
is full of HI-detections.

6.1. HI stripping in PPS

We first focus on the distribution of HI-detected
galaxies (blue open squares), that notably avoid
the region to the left of the dashed lines. As
shown in Section 5, this area coincides with the
simulation’s predicted location in PPS of stripped
galaxies. Our results clearly reflect how galaxies
infalling into the cluster for the first time, will in-
crease their velocities as they approach the clus-
ter centre, and eventually cross the dashed green
line of Figure 6 for the first time. This, on aver-
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16 Asa F. L. Bluck et al.

Figure 13. Passive fraction vs. stellar mass (left panel) and halo mass (right panel) both divided by bulge mass range as indicated on the stellar mass plot. The
1� error on the passive fraction computed via the jack-knife technique, and bin size, are displayed as the error bars. Note the large variation in the passive
fraction across bulge mass ranges at both a fixed stellar mass and halo mass. This can be compared to the variation in the passive fraction at a fixed bulge mass
with stellar mass (Fig. 10 top middle panel) and halo mass (Fig. 11 top left panel). There is distinctly less variation in the passive fraction at a fixed bulge mass
with varying stellar and halo mass ranges than at a fixed halo or stellar mass with varying bulge mass ranges.

Figure 14. Left panel: Passive fraction vs. bulge mass divided by disk mass range, as indicated on the plot. Right panel: Passive fraction vs. disk mass divided
by bulge mass range, as indicated on the plot. The 1� error on the passive fraction computed via the jack-knife technique, and bin size, are displayed as the
error bars. Note that there is larger variation in the passive fraction at a fixed disk mass with varying bulge mass than at a fixed bulge mass with varying disk
mass, which demonstrates that bulge mass is more constraining of the passive fraction than disk mass. However, there is still significant variation in the passive
fraction at a fixed bulge mass due to variation in disk mass, which implies that disk mass is a significant secondary correlator to the passive fraction.

Comparing these values to the values for bulge mass split by halo
mass (A(�fp) = 0.10+0.01

�0.01; �fmax
p = 0.42+0.02

�0.01), and stellar mass
(A(�fp) = 0.10+0.01

�0.01; �fmax
p = 0.48+0.02

�0.03), reveals that variation at
a fixed bulge mass with halo mass and stellar mass leads to signif-
icantly smaller areas contained and lower maximum differences in
the passive fraction than with varying bulge mass at fixed stellar
and halo masses. Thus, we conclude that whatever process(es) give
rise to the transition from the blue cloud to the red sequence in cen-
tral galaxies are coupled primarily to bulge mass, over halo mass,
stellar mass, and B/T.

Given that we have established that there is least variation in
the passive fraction at a fixed bulge mass in terms of the remainder
of our observables, we are now in a position to assess what is next
most important. At a fixed bulge mass, we have seen that there is

some residual widening of the passive fraction relation due to both
stellar mass and B/T ratio. This immediately suggests that the disk
properties may be the root cause of the variation at a fixed bulge
mass. To test this we show the fpassive - Mbulge relation in Fig.
14 (left panel), split by disk mass. There is a larger variation at a
fixed bulge mass with varying disk mass than for any other vari-
able (compare to Figs. 10 – 12, bulge mass plots), implying that
disk mass is the next most constraining variable after bulge mass,
even though as a contender for the dominant position it performed
particularly poorly (see, e.g., bottom right panels of Figs. 11 & 12).

Statistically, we find that the area contained within the fpassive
- Mbulge relation sub-divided by disk mass is A(�fp) = 0.20+0.02

�0.02,
with a maximum difference �fmax

p = 0.62+0.02
�0.01. These are signifi-

cantly higher values than for any other variable used to sub-divide
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Figure 1. The specific rate of formation of galaxies through major mergers

as a function of redshift. The seven curves refer to product galaxies with stel-

lar mass in seven disjoint ranges, identified by labels with units of 1010 M!.

A galaxy is considered to have just formed through a major merger if its two

largest progenitors in the preceding Millennium Run output differ by less

than a factor of 3 in stellar mass. The dimensionless measure of merger rate

used here is the fraction of all galaxies in the given stellar mass bin at redshift

z which form through a major merger per unit time, multiplied by the age

of the universe at redshift z. Error bars give Poisson uncertainties derived

from the number of new merger products in each bin at each redshift. The

probability that a galaxy has just formed through a major merger is a strong

function of stellar mass, but a weak function of redshift.

dependence of R(M∗, z) on stellar mass is very strong. The proba-

bility of formation through major mergers is about 40 times higher

for the most massive galaxies we consider than for the least massive

galaxies. Galaxies comparable in mass to our Milky Way (∼6 ×

1010 M!) form through major mergers at a rate of about 25 per cent

of the population per Hubble time, while for galaxies with a stellar

mass ∼4 × 1011 M!, the corresponding rate is about eight times

higher.

To see more clearly the stellar mass dependence of the specific rate

of formation through major mergers, we plot in Fig. 2 the relation

between 〈R(M∗, z)〉 and stellar mass. Here, we have averaged the

data of Fig. 1 over the redshift interval from z = 2 to 0 (or, for

massive galaxies, over redshifts where there are more than 15 major

mergers in total). Error bars show the rms variation in the rate over

the redshift range used. The relative formation rate through major

mergers is approximately proportional to stellar mass 〈R〉 ∝ M∗,

although the plot suggests a more complex behaviour with an initial

steepening towards higher mass followed by a (possible) saturation

at the highest mass.

Galaxies grow not only through major mergers, but also through

minor mergers and star formation. In order to compare the relative

importance of these processes, we now calculate mean growth rates

for galaxies in each of these channels as a function of stellar mass and

redshift. In analogy to equation (1), we define mean dimensionless

growth rates due to major mergers, all mergers and star formation

as

Rm,major(M∗, z) =
Mmajor(M∗, z)/δt(z)

Mgal(M∗, z)/t(z)
, (2)

Figure 2. The relation between the stellar mass of galaxies and their specific

formation rate through major mergers. The rates given here average the data

plotted in Fig. 1 over the redshift range 0 ! z ! 2 (except for the highest

stellar mass bins where there are insufficient objects to determine a rate at

the higher redshifts). The error bars indicate the rms fluctuation in rate over

these redshift intervals. Clearly, the probability that a galaxy has just formed

through a major merger increases approximately linearly with stellar mass

in this galaxy formation simulation.

Rm,merger(M∗, z) =
Mmerger(M∗, z)/δt(z)

Mgal(M∗, z)/t(z)
, (3)

Rm,gas(M∗, z) =
Mgas(M∗, z)/δt(z)

Mgal(M∗, z)/t(z)
, (4)

where Mgal(M∗, z) is the total stellar mass of all galaxies at redshift

z with individual stellar masses in the bin centred on M∗ and M with

subscripts ‘major’, ‘merger’ and ‘gas’ indicates the total stellar mass

added to the main progenitors of these galaxies since the previous

output time through major mergers, all mergers and star formation,

respectively. This includes star formation over this time interval

in all the progenitor galaxies, as well as in quiescent and merger-

related starburst modes. δt(z) and t(z) have the same meaning as

before. These rates represent the recent growth of galaxies prior to

the time, they are observed in terms of the fractional increase in

their stellar mass per current Hubble time occurring in each of the

three modes. For example, Rm,gas > 1 represents a class of galaxies

whose recent average star formation rate exceeds their past average

star formation rate.

In Fig. 3, we plot these growth rates as a function of redshift for

the same seven bins of stellar mass already illustrated in Fig. 1. The

orange curves give the dimensionless growth rate through major

mergers and so are very similar to the curves already plotted in

Fig. 1. Indeed, the ratio of the two is just the average of the ratio

of the stellar mass of the smaller galaxy in a major merger to the

stellar mass of the merger product. Thus, the dimensionless growth

of galaxies through major mergers also depends little on redshift but

strongly on stellar mass (as in Fig. 2). Only for the most massive

galaxies does Rmajor approach unity; for galaxies of Milky Way mass

it is around 10 per cent at all redshifts.

The green curves in Fig. 3 give mean growth rates due to

all mergers. For all but the more massive galaxies at the lowest

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 384, 2–10
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of all stellar mass. This remains true to lower redshift for lower

stellar mass.

If we compare the mean growth rates due to star formation with

those due to (all) mergers, we see that, except at the highest stellar

masses, star formation dominates at sufficiently high redshift. This

is true all the way down to z = 0 for galaxies less massive than the

Milky Way, but for higher mass systems mergers are the dominant

growth mode at low redshift. It is interesting that the Milky Way

mass, which is also approximately the characteristic stellar mass

at the knee of the galaxy luminosity function, marks the boundary

between the two regimes. This is not a coincidence. It is built into

the model by the physical assumptions required to get a good fit

to the observed galaxy luminosity function. In low-mass systems,

cooling is very efficient and supernova feedback has to be invoked

to prevent overproduction of stars. Even with such feedback, a sig-

nificant fraction of the baryonic material gained by small haloes is

turned into stars, and most of this accreted material is associated

with objects which were too small to contain stars of their own.

Hence, star formation is a more effective growth mode than merg-

ing. At Milky Way mass, cooling is still efficient, particularly at

early times, and supernova feedback is less effective in preventing

star formation. On the other hand, much of the infalling material is

in objects which are massive enough to contain substantial numbers

of their own stars. Thus, stellar mergers become competitive with

star formation. For higher stellar masses, the model invokes ‘ra-

dio mode’ AGN feedback to suppress cooling and star formation.

The steep quasi-exponential tail of the stellar mass function is then

populated almost exclusively by mergers.

4 G ROW T H R AT E S F O R F O F G RO U P S

As discussed in Section 1, the relation between galaxy mergers and

mergers of their host haloes is less straightforward than one might

expect. In this section, we investigate merger and growth rates for

dark haloes in a way which allows direct comparison with the re-

sults presented for galaxies above. For the purposes of our study,

it is convenient to identify dark haloes as the FOF groups initially

identified in the Millennium Simulation, and to approximate the

mass of each FOF group by the sum of the masses of its identi-

fied subhaloes. This loses the mass of a certain number of ‘diffuse’

particles which are not bound to any subhalo, but this systematic

is relatively small for most haloes and is of no consequence for

our analysis. This scheme provides a straightforward way for us

to deal with the problem that simulated haloes, unlike those in ex-

tended Press–Schechter (EPS) models (e.g. Lacey & Cole 1993) or

the galaxies discussed above, often fragment into pieces which can

become parts of different haloes at a later time. This means that the

progenitors of an FOF halo may include only part of an earlier FOF

halo. Tracking individual subhaloes allows us to account for this,

since the Millennium halo data base is set up so that each subhalo

has a unique descendent, ensuring that the progenitors of an FOF

group are a unique set of subhaloes which may form all or part of

several FOF haloes.

We bin the FOF groups at each redshift according to mass, with

each bin spanning a factor of 3.8 in mass. The six bins for which

we present results then correspond very roughly to haloes whose

central galaxies lie in the upper six stellar mass bins of Figs 1

and 3.

In Fig. 4, we plot the redshift dependence of the specific rate of

formation of FOF haloes through major mergers for our six bins of

halo mass. A halo is defined to have just undergone m major mergers

if its progenitor subhaloes at the previous output come from at least

Figure 4. For comparison with Fig. 1, we plot redshift against the specific

formation rate of FOF groups through major mergers, averaged over groups

in six different mass bins as indicated by label colour. The mass unit here is

1010 M!.

m + 1 different FOF haloes, and if the total subhalo mass coming

from m of the subdominant FOF progenitors is more than a third of

that coming from the main FOF progenitor. This merger count can

then be used to define a merger rate in direct analogy to equation (1).

The six curves of Fig. 4 can be compared directly with the curves

for the six most massive classes of Fig. 1. The behaviour is quite

different, however. In Fig. 4, there is a strong and monotonic depen-

dence of formation rate on redshift, but there is little dependence on

halo mass. This is the exact contrary of what we found for galaxies,

where the mass dependence was strong and the redshift dependence

was weak. The redshift dependence of these curves is reasonably

well described as a simple proportionality to (1 + z). For all masses,

the rates exceed unity for redshift beyond one or two. Recall that

in Fig. 1, we found the corresponding rates for galaxies to exceed

unity only for the most massive systems. Major mergers are thus a

much more significant growth mode for dark haloes than they are

for most galaxies.

Fig. 5 shows dimensionless growth rates for FOF haloes as a

function of redshift for the same six halo mass bins. These rates

are defined in exact analogy to equations (2) through (4) and refer

to growth through major mergers (orange), all resolved mergers

(green) and accretion of ‘diffuse’ particles (i.e. simulation particles

not assigned to any FOF halo with more than 20 particles; the black

curve). Again the growth rate through major mergers parallels the

specific formation rate already plotted in Fig. 4; the ratio of the two

is just the average mass of the smaller partner in a major merger

in units of the final halo mass. Both the growth rate through major

mergers and the growth rate through all (resolved) mergers are near

power laws of similar slope. The growth rate through all resolved

mergers exceeds that through major mergers by a larger factor for

high-mass haloes than for low mass ones. This primarily reflects the

fact that the resolution limit of the simulation corresponds to a much

lower mass ratio limit for identifying a merger in the former case.

This is not the whole story, however, as one can see by the fact that
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