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Star formation can get quenched by...

A) Internal processes 
(nature) 

B) External processes 
(nurture)

best traced by isolated centrals 
(see e.g. Hirschmann, DeLucia+13b)

Feedback 
from stars, SN 
(e.g. Hirschmann, Naab

+13a) & AGN Merger 
events 

Environment

How relevant is environment for quenching galaxies?
( e.g. Font+08, vandenBosch+08, Kimm+09, Weinmann +09/10, Peng+10, Tinker+11, Woo+12, 
Cucciati+12, Wetzel+12/13, DeLucia+13, Bahe+13, Kovac+13, Mok+14...)
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Star formation can get quenched by...

Our approach: analyse the environmental history!
✦ Environmental effects important for centrals (super-halo scales)?
✦ Typical quenching time-scales of satellites?

Method: Comparing galaxy formation models to observations 

A) Internal processes 
(nature) 

B) External processes 
(nurture)

best traced by isolated centrals 
(see e.g. Hirschmann, DeLucia+13b)

Feedback 
from stars, SN 
(e.g. Hirschmann, Naab

+13a) & AGN Merger 
events 

Environment

How relevant is environment for quenching galaxies?
( e.g. Font+08, vandenBosch+08, Kimm+09, Weinmann +09/10, Peng+10, Tinker+11, Woo+12, 
Cucciati+12, Wetzel+12/13, DeLucia+13, Bahe+13, Kovac+13, Mok+14...)
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Theoretical models
✦ Millennium-Simulation 
   (Springel at al. 2005): 
      5123 particles in a (500Mpc/h)3 box, merger 
      trees & spatial distribution of the halos

✦ Semi-analytic model, Guo et al., 
    2011, assuming a gradual 
    stripping of the hot halo gas:   
     Populate dark matter halos with galaxies, same 
      selection criteria as in observations

Observational data
✦ Density catalogue of Wilman 

 et al. (2010) using SDSS (DR8): 
  z = 0.015-0.08, Mr<-18, 

      ∆v = +/-1000km/s + Vmax correction

✦ Cross-correlated with 
    Brinchmann et al. (2004) & 
    Yang et al. (2007): 
      Estimates for stellar masses, SFRs (Halpha 
      emission lines), galaxy types

Density estimation: Σri,ra =
Ngal

π(r2a − r2i )

ri = 0 Mpc, ra = 1 Mpcwith:
see  Wilman+10

Quiescent galaxies: sSFR ≡ SFR

Mstellar

<
0.3

tHubble see  Franx+10

Method
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I. How well do current models 
(Guo) reproduce the obser- 

ved quiescent fractions?

Quiescent/red 
fractions are dependent 

on both stellar mass 
and density

(e.g. Peng+10)
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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

Quiescent galaxy fractions
Stellar mass

Does it just reflect a dependence 
on halo mass, a theoretical 
measure for environment?
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✦ Models: centrals & satellites behave differently & weaker density   
    dependence

Quiescent galaxy fractions
Stellar mass

Does it just reflect a dependence 
on halo mass, a theoretical 
measure for environment?
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✦ Models: centrals & satellites behave differently & weaker density   
    dependence

Quiescent galaxy fractions

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

Stellar mass

Does it just reflect a dependence 
on halo mass, a theoretical 
measure for environment?
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✦ Models: centrals & satellites behave differently & weaker density   
    dependence

Quiescent galaxy fractions

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

➱ Under-estimating 
    quiescent centrals 

How can we theoretically understand the 
density dependence of centrals and 

satellites?

Stellar mass

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

✦ Models and observations agree well

✦ Satellites: Halo mass is related with 1Mpc-density 
    at all stellar masses

✦ Centrals: Halo mass is unrelated with 1Mpc-density 
    (except for the most massive galaxies >1011 M⊙)

see also Haas+12, 
Muldrew+12

Influence of environment and its history 5

Figure 3. Median parent halo mass versus the 1 Mpc density (top rown) and versus the 0.2 Mpc density (bottom row) in different stellar
mass bins (different columns) using the Guo model (shaded areas) and observations (symbols). We also distinguish between satellites
(green areas and symbols) and centrals (yellow areas and symbols). The shaded areas and the error bars of the symbols refer to the 25th
and 75th percentiles, respectively. Observartions and models are in good agreement, the parent halo mass of satellites scales with their
density, but interestingly, in both, the halo mass of centrals correlates with density only for the most massive galaxies (right column).

lites, particularly in group environments. Note that we have
tested the effect of contamination being independent of stel-
lar mass and density, but in reality it is more complicated
and the contamination fractions may additionally be depen-
dent on density. In contrast and basically by definition, the
modeled fractions exhibit significantly larger differences be-
tween the quiescent satellites and centrals and for satellites
with stellar masses below 1010.5M! an overall weaker de-
pendence on both the 0.2 Mpc and the 1 Mpc density. For
centrals, this applies only for the 1 Mpc density (while the
dependence of the quiescent central fraction on the 0.2 Mpc
density is similarly strong in models and observations).

The agreement between observations and model pre-
dictions is reasonably good for massive galaxies (Mstellar >
3 × 1010M!) and for galaxies in high-density regions
(log(Σ1Mpc + 1) > 1[Mpc2]). Apart from that, at a given
density and stellar mass below Mstellar < 3 × 1010M!, the
Guo model partly under-predicts the amount of quiescent
centrals and significantly over-predicts the one of quiescent
satellites. It is interesting to note that the under-estimation
of quiescent centrals in the models is mainly due to galax-
ies in low-mass halos (Mhalo < 1012M!). If we exclude in
observations and models galaxies with halo masses below
1012M! (or with even undefined halo masses in the obser-
vational data), then the quiescent fraction of model central

galaxies is larger than in observations.1 Overall, the dis-
agreement between observations and model predictions for
satellite galaxies gets worse with decreasing galaxy mass and
decreasing density (see e.g. green lines and symbols in the
left column in Fig. 2).

Comparing the 1 Mpc density with the smaller scale
0.2 Mpc density in observations, for both the central
and satellite quiescent fractions with stellar masses below
Mstellar < 1011M! the dependence on the 0.2 Mpc density
is slightly weaker than the one on the 1 Mpc-density, as e.g.
at the low density end the quiescent fractions are generally
lower and at the high density end higher for the 1 Mpc den-
sity than for the 0.2 Mpc density. This may indicate that
scales above 0.2 Mpc seem to have a non-negligible envi-
ronmental effect on both centrals and satellites. In contrast
to the observations, models show only a slightly weaker de-
pendence on the 0.2 Mpc density for quiescent satellites: at
the low 0.2 Mpc density end, the fraction of satellites in the
models is higher than at the low 1 Mpc density end.

1 We have also tested this result using the Guo model applied to
the Millennium-II simulation (with an increased resolution).

c© 2002 RAS, MNRAS 000, 1–16
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Stellar mass
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c© 2002 RAS, MNRAS 000, 1–16

Halo mass is a ‘theoretical’ explanation for the 
density dependence of satellites, 

(consistent with Woo et al., 2012) 
but not for the one of centrals!
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II. Central galaxies

Their density 
dependence...

... environmental effects 
on superhalo scales?

(as 1Mpc is larger than the size of 
1012 M⊙)

(see also Haines+09, von der Linden+10, Wilman
+10,Geha et al. 2012, Rasmussen+12)

✦ Backsplash 
  population of centrals
  (see also Balogh+00, Mamon+04, Ludlow+11, Knebe
  +11, Wetzel et al. 2014)

✦ Direct interaction with 
  an extended hot halo

Fraction of galaxies with a hot 
gas fraction above 0.1 

(Bahe+13)



Backsplash population

satellites in 
the past always 

centrals

✦ True centrals: No dependence on density

✦ Backsplash centrals: Responsible for over-all density depen-
   dence ➱ environment mainly relevant for low mass centrals at 
   high densities

Spend on average 1.5-3 Gyrs at z=0.5-2 as a satellite (depending 
on density & mass)
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Influence of the environmental history 9

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)

c© 2002 RAS, MNRAS 000, 1–24

Stellar mass
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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)

c© 2002 RAS, MNRAS 000, 1–24

Stellar mass

But... dependence on density in observations seems to be 
stronger (out to ~1Mpc!)

➱ Missing effects?
✦ Backsplash centrals continue to behave like satellites
          (e.g. Wetzel+14)

✦ True centrals directly interact with a hot, extended halo
           (e.g. Bahe+13)



9

III. Satellite galaxies

✦ ... density correlates 
   with parent halo 
   mass

✦ density also 
   correlates with the 
   radial distance to the 
   parent halo center

➱ Density dependence 
is a 

superposition of both 
halo mass & radial 

distance dependence (Woo+13)

D
en

si
ty

log(r/rvir)



Radial distance to the halo center

✦ Observations: Environmental effects mainly affecting low-mass 
                              satellites in massive halos

Residual effects on the radial distance on top of halo mass

r/rvir = <0.2
r/rvir = 0.2-0.5
r/rvir = 0.5-1

12 Hirschmann et al.

Figure 8. Mean radial distance versus the 1 Mpc density for satellites in different stellar mass bins (different panels) in observations
(symbols) and models (lines with shaded areas). Density and radial distance are strongly correlated for densities above log(Σ+1) > 0.5.

Figure 9. Quiescent fractions of satellite galaxies divided into bins of their radial distance to the halo centre (different colours as
indicated in the legend) are plotted versus the parent halo mass for observations (symbols) and the Guo model (lines with shaded areas).
Different panels correspond to different stellar mass bins. Interestingly, observations mainly reveal a dependence on the radial distance
for lower mass satellites.

for the quiescent fraction of centrals versus the small-scale
0.2 Mpc density, binned in different large-scale 0.2-1 Mpc an-
nulus densities. Different panels show different stellar mass
bins. While observations show the typical, strong residual
effects for all stellar mass bins on top of the 0.2 Mpc den-
sity, models reveal such a trend only at low densities for the
low and the intermediate stellar mass bins considered. The
trend in the model is, however, less pronounced than in the
observations. For high densities and more massive galaxies
models do not predict any residual trend – in contrast with
observations.

In the middle and bottom row of Fig. 7, we again split
the central galaxy sample into backsplash and true centrals,
respectively, to investigate their contribution to the overall
residual effects shown in the top row. As before, the back-
splash and true central quiescent fraction are estimated with
respect to the total amount of central galaxies (see equation
5). This clearly shows that any residual density effect on
scales above 0.2 Mpc in the model is caused by the backsplash
population.

Low-mass, true central model galaxies do not reveal any
residual effect of the large-scale density on top of a given
small-scale density. For more massive true centrals, an anti-
correlation between their quiescent fraction and the large-
scale density emerges: at a given small scale density, the
quiescent fraction of true centrals increases with decreas-

ing large-scale density. This behaviour can be understood
as follows: the quiescent fraction of true centrals is given
by equation 7, which is the product of the quiescent, true
central fraction with respect to all true centrals ntrue and
the true fraction of all centrals ncent. The former is not de-
pendent on the (large-scale) density, while the latter (the
true fraction of centrals) increases with decreasing large-
scale density (see bottom row in Fig. 4). This means that
the more isolated central galaxies are (lower density), the
higher is the true fraction of centrals and thus, the prob-
ability that they have always been central galaxies. As a
consequence, the plotted fraction nqu,true/ncent will increase
with decreasing large-scale density (simply because the true
central fraction is increasing).

The discrepancy between observations and models with
respect to the density dependence of quiescent centrals on
super-halo scales between 0.2 - 1 Mpc indicates that models
might miss environmental effects working on centrals. Pos-
sible solutions will be discussed in section 6.2.2.

4.4 Satellite galaxies

In this section, we turn to quiescent satellite galaxies and
explore the physical origin of the density dependence of the
quiescent fraction of satellites. We have already pointed out
in section 4.2 that their density dependence is partly caused
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Figure 10. Mean radial distance versus the 1 Mpc density for satellites in different stellar mass bins (different panels) in observations
(symbols) and models (lines with shaded areas). Density and radial distance are strongly correlated for densities above log(Σ1Mpc+1) >
0.5.

Figure 11. Quiescent fractions of satellite galaxies divided into bins of their radial distance to the halo centre (different colours and line
thickness as indicated in the legend) are plotted versus the parent halo mass for observations (symbols, increasing line thickness with
increasing distance to the halo center) and the Guo model (lines with shaded areas). Different panels correspond to different stellar mass
bins. Interestingly, observations mainly reveal a dependence on the radial distance for lower mass satellites.

sity (and not on stellar mass) indicating the relevance of
environment for star formation quenching in this regime.

We have verified (not shown here) that at fixed density
and stellar mass, there is hardly any residual dependence
on parent halo mass or on radial distance. This means that
the increasing fraction of quenched satellites as a function
of density is fully explained by the trend as a function of the
parent halo mass and radial distance. Equivalently, the halo
mass and radial trends can be viewed as components of the
trend with density.

In contrast to the observations, model satellites show
a significant residual dependence on the radial distance on
top of the host halo mass up to large stellar masses of
log(Mstellar/M!) = 11. In addition, models extremely over-
estimate the quiescent satellite fractions at a given halo mass
and radial distance, particularly in the innermost parts of
their parent haloes. Low-mass model satellites in low-mass
host haloes have a strong dependence on the radial distance,
while most of the satellites residing in massive host haloes
are already quenched irrespectively of the radial distance.
In contrast, observations reveal just the opposite trends.

Overall, these results confirm and strengthen our earlier
conclusion that model satellites, particularly the low mass
ones, suffer from too strong environmental effects leading
to too short quenching time-scales. Moreover, these strong
environmental effects predict excessive residual dependence

on the radial distance for log(Mstellar/M!) > 10 which is
not displayed by observations.

5 CONSTRAINING QUENCHING TIME

SCALES FOR SATELLITES

In this section, we estimate which time scales for quenching
star formation in satellite galaxies should be predicted by
the models so that their quiescent fractions would be con-
sistent with observations. For that, we take advantage of
our knowledge of the environmental history of model galax-
ies and correlate it with observational estimates for the to-
tal fraction of satellites that became quiescent after being
accreted. These fractions will be referred to as “transition
fractions” and are defined in Section 5.2 below.

To constrain quenching time-scales we make the simple
assumption that galaxies are quenched after having spent a
given amount of time in a halo more massive than some crit-
ical threshold. Comparing the theoretical estimates with the
observed transition fractions allows us to constrain both the
typical time-scale for quenching and the typical environment
(halo mass) where satellite galaxies get quenched.

The fraction of satellites that became quiescent only af-
ter the infall into their host halo is not a directly observable
quantity. Indeed, the observed quiescent satellite fraction

c© 2002 RAS, MNRAS 000, 1–24
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Figure 8. Mean radial distance versus the 1 Mpc density for satellites in different stellar mass bins (different panels) in observations
(symbols) and models (lines with shaded areas). Density and radial distance are strongly correlated for densities above log(Σ+1) > 0.5.

Figure 9. Quiescent fractions of satellite galaxies divided into bins of their radial distance to the halo centre (different colours as
indicated in the legend) are plotted versus the parent halo mass for observations (symbols) and the Guo model (lines with shaded areas).
Different panels correspond to different stellar mass bins. Interestingly, observations mainly reveal a dependence on the radial distance
for lower mass satellites.

for the quiescent fraction of centrals versus the small-scale
0.2 Mpc density, binned in different large-scale 0.2-1 Mpc an-
nulus densities. Different panels show different stellar mass
bins. While observations show the typical, strong residual
effects for all stellar mass bins on top of the 0.2 Mpc den-
sity, models reveal such a trend only at low densities for the
low and the intermediate stellar mass bins considered. The
trend in the model is, however, less pronounced than in the
observations. For high densities and more massive galaxies
models do not predict any residual trend – in contrast with
observations.

In the middle and bottom row of Fig. 7, we again split
the central galaxy sample into backsplash and true centrals,
respectively, to investigate their contribution to the overall
residual effects shown in the top row. As before, the back-
splash and true central quiescent fraction are estimated with
respect to the total amount of central galaxies (see equation
5). This clearly shows that any residual density effect on
scales above 0.2 Mpc in the model is caused by the backsplash
population.

Low-mass, true central model galaxies do not reveal any
residual effect of the large-scale density on top of a given
small-scale density. For more massive true centrals, an anti-
correlation between their quiescent fraction and the large-
scale density emerges: at a given small scale density, the
quiescent fraction of true centrals increases with decreas-

ing large-scale density. This behaviour can be understood
as follows: the quiescent fraction of true centrals is given
by equation 7, which is the product of the quiescent, true
central fraction with respect to all true centrals ntrue and
the true fraction of all centrals ncent. The former is not de-
pendent on the (large-scale) density, while the latter (the
true fraction of centrals) increases with decreasing large-
scale density (see bottom row in Fig. 4). This means that
the more isolated central galaxies are (lower density), the
higher is the true fraction of centrals and thus, the prob-
ability that they have always been central galaxies. As a
consequence, the plotted fraction nqu,true/ncent will increase
with decreasing large-scale density (simply because the true
central fraction is increasing).

The discrepancy between observations and models with
respect to the density dependence of quiescent centrals on
super-halo scales between 0.2 - 1 Mpc indicates that models
might miss environmental effects working on centrals. Pos-
sible solutions will be discussed in section 6.2.2.

4.4 Satellite galaxies

In this section, we turn to quiescent satellite galaxies and
explore the physical origin of the density dependence of the
quiescent fraction of satellites. We have already pointed out
in section 4.2 that their density dependence is partly caused
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Figure 10. Mean radial distance versus the 1 Mpc density for satellites in different stellar mass bins (different panels) in observations
(symbols) and models (lines with shaded areas). Density and radial distance are strongly correlated for densities above log(Σ1Mpc+1) >
0.5.

Figure 11. Quiescent fractions of satellite galaxies divided into bins of their radial distance to the halo centre (different colours and line
thickness as indicated in the legend) are plotted versus the parent halo mass for observations (symbols, increasing line thickness with
increasing distance to the halo center) and the Guo model (lines with shaded areas). Different panels correspond to different stellar mass
bins. Interestingly, observations mainly reveal a dependence on the radial distance for lower mass satellites.

sity (and not on stellar mass) indicating the relevance of
environment for star formation quenching in this regime.

We have verified (not shown here) that at fixed density
and stellar mass, there is hardly any residual dependence
on parent halo mass or on radial distance. This means that
the increasing fraction of quenched satellites as a function
of density is fully explained by the trend as a function of the
parent halo mass and radial distance. Equivalently, the halo
mass and radial trends can be viewed as components of the
trend with density.

In contrast to the observations, model satellites show
a significant residual dependence on the radial distance on
top of the host halo mass up to large stellar masses of
log(Mstellar/M!) = 11. In addition, models extremely over-
estimate the quiescent satellite fractions at a given halo mass
and radial distance, particularly in the innermost parts of
their parent haloes. Low-mass model satellites in low-mass
host haloes have a strong dependence on the radial distance,
while most of the satellites residing in massive host haloes
are already quenched irrespectively of the radial distance.
In contrast, observations reveal just the opposite trends.

Overall, these results confirm and strengthen our earlier
conclusion that model satellites, particularly the low mass
ones, suffer from too strong environmental effects leading
to too short quenching time-scales. Moreover, these strong
environmental effects predict excessive residual dependence

on the radial distance for log(Mstellar/M!) > 10 which is
not displayed by observations.

5 CONSTRAINING QUENCHING TIME

SCALES FOR SATELLITES

In this section, we estimate which time scales for quenching
star formation in satellite galaxies should be predicted by
the models so that their quiescent fractions would be con-
sistent with observations. For that, we take advantage of
our knowledge of the environmental history of model galax-
ies and correlate it with observational estimates for the to-
tal fraction of satellites that became quiescent after being
accreted. These fractions will be referred to as “transition
fractions” and are defined in Section 5.2 below.

To constrain quenching time-scales we make the simple
assumption that galaxies are quenched after having spent a
given amount of time in a halo more massive than some crit-
ical threshold. Comparing the theoretical estimates with the
observed transition fractions allows us to constrain both the
typical time-scale for quenching and the typical environment
(halo mass) where satellite galaxies get quenched.

The fraction of satellites that became quiescent only af-
ter the infall into their host halo is not a directly observable
quantity. Indeed, the observed quiescent satellite fraction
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Figure 8. Mean radial distance versus the 1 Mpc density for satellites in different stellar mass bins (different panels) in observations
(symbols) and models (lines with shaded areas). Density and radial distance are strongly correlated for densities above log(Σ+1) > 0.5.

Figure 9. Quiescent fractions of satellite galaxies divided into bins of their radial distance to the halo centre (different colours as
indicated in the legend) are plotted versus the parent halo mass for observations (symbols) and the Guo model (lines with shaded areas).
Different panels correspond to different stellar mass bins. Interestingly, observations mainly reveal a dependence on the radial distance
for lower mass satellites.

for the quiescent fraction of centrals versus the small-scale
0.2 Mpc density, binned in different large-scale 0.2-1 Mpc an-
nulus densities. Different panels show different stellar mass
bins. While observations show the typical, strong residual
effects for all stellar mass bins on top of the 0.2 Mpc den-
sity, models reveal such a trend only at low densities for the
low and the intermediate stellar mass bins considered. The
trend in the model is, however, less pronounced than in the
observations. For high densities and more massive galaxies
models do not predict any residual trend – in contrast with
observations.

In the middle and bottom row of Fig. 7, we again split
the central galaxy sample into backsplash and true centrals,
respectively, to investigate their contribution to the overall
residual effects shown in the top row. As before, the back-
splash and true central quiescent fraction are estimated with
respect to the total amount of central galaxies (see equation
5). This clearly shows that any residual density effect on
scales above 0.2 Mpc in the model is caused by the backsplash
population.

Low-mass, true central model galaxies do not reveal any
residual effect of the large-scale density on top of a given
small-scale density. For more massive true centrals, an anti-
correlation between their quiescent fraction and the large-
scale density emerges: at a given small scale density, the
quiescent fraction of true centrals increases with decreas-

ing large-scale density. This behaviour can be understood
as follows: the quiescent fraction of true centrals is given
by equation 7, which is the product of the quiescent, true
central fraction with respect to all true centrals ntrue and
the true fraction of all centrals ncent. The former is not de-
pendent on the (large-scale) density, while the latter (the
true fraction of centrals) increases with decreasing large-
scale density (see bottom row in Fig. 4). This means that
the more isolated central galaxies are (lower density), the
higher is the true fraction of centrals and thus, the prob-
ability that they have always been central galaxies. As a
consequence, the plotted fraction nqu,true/ncent will increase
with decreasing large-scale density (simply because the true
central fraction is increasing).

The discrepancy between observations and models with
respect to the density dependence of quiescent centrals on
super-halo scales between 0.2 - 1 Mpc indicates that models
might miss environmental effects working on centrals. Pos-
sible solutions will be discussed in section 6.2.2.

4.4 Satellite galaxies

In this section, we turn to quiescent satellite galaxies and
explore the physical origin of the density dependence of the
quiescent fraction of satellites. We have already pointed out
in section 4.2 that their density dependence is partly caused
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Figure 10. Mean radial distance versus the 1 Mpc density for satellites in different stellar mass bins (different panels) in observations
(symbols) and models (lines with shaded areas). Density and radial distance are strongly correlated for densities above log(Σ1Mpc+1) >
0.5.

Figure 11. Quiescent fractions of satellite galaxies divided into bins of their radial distance to the halo centre (different colours and line
thickness as indicated in the legend) are plotted versus the parent halo mass for observations (symbols, increasing line thickness with
increasing distance to the halo center) and the Guo model (lines with shaded areas). Different panels correspond to different stellar mass
bins. Interestingly, observations mainly reveal a dependence on the radial distance for lower mass satellites.

sity (and not on stellar mass) indicating the relevance of
environment for star formation quenching in this regime.

We have verified (not shown here) that at fixed density
and stellar mass, there is hardly any residual dependence
on parent halo mass or on radial distance. This means that
the increasing fraction of quenched satellites as a function
of density is fully explained by the trend as a function of the
parent halo mass and radial distance. Equivalently, the halo
mass and radial trends can be viewed as components of the
trend with density.

In contrast to the observations, model satellites show
a significant residual dependence on the radial distance on
top of the host halo mass up to large stellar masses of
log(Mstellar/M!) = 11. In addition, models extremely over-
estimate the quiescent satellite fractions at a given halo mass
and radial distance, particularly in the innermost parts of
their parent haloes. Low-mass model satellites in low-mass
host haloes have a strong dependence on the radial distance,
while most of the satellites residing in massive host haloes
are already quenched irrespectively of the radial distance.
In contrast, observations reveal just the opposite trends.

Overall, these results confirm and strengthen our earlier
conclusion that model satellites, particularly the low mass
ones, suffer from too strong environmental effects leading
to too short quenching time-scales. Moreover, these strong
environmental effects predict excessive residual dependence

on the radial distance for log(Mstellar/M!) > 10 which is
not displayed by observations.

5 CONSTRAINING QUENCHING TIME

SCALES FOR SATELLITES

In this section, we estimate which time scales for quenching
star formation in satellite galaxies should be predicted by
the models so that their quiescent fractions would be con-
sistent with observations. For that, we take advantage of
our knowledge of the environmental history of model galax-
ies and correlate it with observational estimates for the to-
tal fraction of satellites that became quiescent after being
accreted. These fractions will be referred to as “transition
fractions” and are defined in Section 5.2 below.

To constrain quenching time-scales we make the simple
assumption that galaxies are quenched after having spent a
given amount of time in a halo more massive than some crit-
ical threshold. Comparing the theoretical estimates with the
observed transition fractions allows us to constrain both the
typical time-scale for quenching and the typical environment
(halo mass) where satellite galaxies get quenched.

The fraction of satellites that became quiescent only af-
ter the infall into their host halo is not a directly observable
quantity. Indeed, the observed quiescent satellite fraction
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Figure 10. Fraction of model satellite galaxies having spent more time than Y in halos more massive than X (different line styles) versus
the present-day 1 Mpc density for different stellar mass bins (different rows). Different columns correspond to different values of time
Y. The cyan squares illustrate the observed transition fraction a la “vdB”, while the cyan and purple circles show the refined transition
fractions derived from the observations and the Guo model, respectively. Comparing the observed refined transition fractions with model
predictions suggests long quenching time scales of ca 5-7 Gyr the lowes stellar mass bin which are decreasing with increasing stellar mass.

choice may be justified by Tinker &Wetzel (2010) who found
no evolution in the quiescent fraction for satellites at fixed
magnitude at z ! 1 based on halo occupation modeling.

The vdB and the refined transition fractions are illus-
trated by the cyan squares and circles, respectively, in Fig.
10. Comparing vdB transition fractions with the environ-
mental fractions suggests that galaxies should be quenched
after 5 − 7 Gyr in ∼ 1013M!-mass halos which is nearly
independent of the stellar mass bin. For low mass satel-
lites < 1010M!, this is in agreement with the predic-
tions from the refined transition fractions. However, to-

wards more massive satellites, the differences between the
vdB and the refined transition fractions become larger, sug-
gesting quenching time scales of 3 − 5 Gyr for satellites
with 1010 < Mstellar < 3 × 1010M! and relatively short
quenching time scales of ∼ 3 Gyr for massive satellites with
3 × 1010 < Mstellar < 1011M!. Overall, when considering
the refined transition fractions the quenching time scales
are longer for low mass satellites than for massive ones.

To test the estimation of the refined transition fractions
in the observational data, we additionally calculate the re-
fined transition fractions for the Guo model in the same
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Figure 10. Fraction of model satellite galaxies having spent more time than Y in halos more massive than X (different line styles) versus
the present-day 1 Mpc density for different stellar mass bins (different rows). Different columns correspond to different values of time
Y. The cyan squares illustrate the observed transition fraction a la “vdB”, while the cyan and purple circles show the refined transition
fractions derived from the observations and the Guo model, respectively. Comparing the observed refined transition fractions with model
predictions suggests long quenching time scales of ca 5-7 Gyr the lowes stellar mass bin which are decreasing with increasing stellar mass.

choice may be justified by Tinker &Wetzel (2010) who found
no evolution in the quiescent fraction for satellites at fixed
magnitude at z ! 1 based on halo occupation modeling.

The vdB and the refined transition fractions are illus-
trated by the cyan squares and circles, respectively, in Fig.
10. Comparing vdB transition fractions with the environ-
mental fractions suggests that galaxies should be quenched
after 5 − 7 Gyr in ∼ 1013M!-mass halos which is nearly
independent of the stellar mass bin. For low mass satel-
lites < 1010M!, this is in agreement with the predic-
tions from the refined transition fractions. However, to-

wards more massive satellites, the differences between the
vdB and the refined transition fractions become larger, sug-
gesting quenching time scales of 3 − 5 Gyr for satellites
with 1010 < Mstellar < 3 × 1010M! and relatively short
quenching time scales of ∼ 3 Gyr for massive satellites with
3 × 1010 < Mstellar < 1011M!. Overall, when considering
the refined transition fractions the quenching time scales
are longer for low mass satellites than for massive ones.

To test the estimation of the refined transition fractions
in the observational data, we additionally calculate the re-
fined transition fractions for the Guo model in the same
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Implication: 
Long quenching timescales for 
low-mass satellites: 5-7 Gyr

Influence of environment and its history 13

Figure 10. Fraction of model satellite galaxies having spent more time than Y in halos more massive than X (different line styles) versus
the present-day 1 Mpc density for different stellar mass bins (different rows). Different columns correspond to different values of time
Y. The cyan squares illustrate the observed transition fraction a la “vdB”, while the cyan and purple circles show the refined transition
fractions derived from the observations and the Guo model, respectively. Comparing the observed refined transition fractions with model
predictions suggests long quenching time scales of ca 5-7 Gyr the lowes stellar mass bin which are decreasing with increasing stellar mass.

choice may be justified by Tinker &Wetzel (2010) who found
no evolution in the quiescent fraction for satellites at fixed
magnitude at z ! 1 based on halo occupation modeling.

The vdB and the refined transition fractions are illus-
trated by the cyan squares and circles, respectively, in Fig.
10. Comparing vdB transition fractions with the environ-
mental fractions suggests that galaxies should be quenched
after 5 − 7 Gyr in ∼ 1013M!-mass halos which is nearly
independent of the stellar mass bin. For low mass satel-
lites < 1010M!, this is in agreement with the predic-
tions from the refined transition fractions. However, to-

wards more massive satellites, the differences between the
vdB and the refined transition fractions become larger, sug-
gesting quenching time scales of 3 − 5 Gyr for satellites
with 1010 < Mstellar < 3 × 1010M! and relatively short
quenching time scales of ∼ 3 Gyr for massive satellites with
3 × 1010 < Mstellar < 1011M!. Overall, when considering
the refined transition fractions the quenching time scales
are longer for low mass satellites than for massive ones.

To test the estimation of the refined transition fractions
in the observational data, we additionally calculate the re-
fined transition fractions for the Guo model in the same
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Stellar mass dependence

For low mass satellites consistent with De Lucia+12
Fully consistent with Wetzel+12 (HOD)

as De Lucia et al. 2012

Wetzel al. 2012

This work
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Figure 12. Quenching timescales estimated from transition frac-
tions (vdB-method: blue squares, refined method: blue circles)
and directly from the Guo model (purple circles) versus stellar
masses. The quenching times scales estimated from the refined
transition fractions are in rough agreement with the results from
Wetzel et al. (2013a) (grey stars) and are increasing with decreas-
ing stellar mass.

of a recent study of Wetzel et al. (2013a) using a completely
different approach based on an empirical HOD model (see
grey stars in Fig. 12). In their model, they find a “delayed-
then-rapid” quenching scenario to reproduce the observed
quiescent satellite fraction and the bi-modality of the SFRs.
In their proposed scenario, satellite SFRs evolve unaffected
for the first several Gyr after infall, after which the star for-
mation quenches rapidly (assuming an exponential decline).

The stellar mass dependence of the quenching time
scales appears counter-intuitive at first sight as environmen-
tal processes are expected to more easily affect low-mass
satellites due to their low internal binding energies. The
physical origin of this mass dependence is likely twofold.

First, internal quenching processes such as AGN feed-
back are working more efficiently on more massive satel-
lites than on less massive ones, reducing their quenching
time scales after infall in addition to the environmental ef-
fects they are experiencing. In other words, for more mas-
sive satellites, environmental quenching is not the main/only
quenching effect. This means that the galaxy status does
not matter for massive galaxies to first order. Such an (ad-
ditionally) internally quenched star formation would also be
consistent with the independence of the quiescent fractions
of massive satellites on the radial distance as seen in Fig.
9. Our approach based on the “vdB” or “refined” transition
fractions cannot separate such additional internal processes
after accretion. In the (extreme) case that satellites would
experience the same amount of internal quenching as cen-
tral galaxies (at fixed stellar mass), the “vdB” transition
fractions (showing no stellar mass dependence) would prob-
ably more correctly express the “real” transition fractions.
In reality we may expect the solution to be somewhere be-
tween the “vdB” and the refined transition fractions: satel-
lite galaxies with their own sub-halo probably still experi-
ence some (possibly reduced) internal-like effects similar to
central galaxies.

Second, different orbits and dynamical friction time
scales for satellites of different masses may also influence the
quenching time scales. The dynamical friction time scales are
strongly dependent on the ratio between satellite and host
halo mass (e.g. Boylan-Kolchin et al. 2008; Villalobos et al.
2013), i.e. the smaller the satellite galaxy (at a given host
halo mass), the longer is its dynamical friction time scale.
This implies a longer spiralling around in the outer, low-
density regions for low-mass satellites before they get into
the denser, inner regions where environmental processes be-
come more efficient. The rate at which gas is removed from
a satellite is most likely related to how often it has crossed
the higher density medium along its orbit. This means that
a satellite could retain more gas if it is exposed less often to
the high density of the central regions of the host halo. For
the stellar component, this is shown by Villalobos et al. (in
prep.) and it is plausible to assume that the gas will behave
similarly.

This would also provide a physical explanation for the
“delayed-then-rapid” quenching scenario of the study of
Wetzel et al. (2013a), where the rapid (exponentially de-
creasing) quenching may only start when the satellite has
reached the dense inner regions of the halo. In contrast,
massive satellites have short dynamical friction time scales
and reach the central, dense regions rapidly so that their
gas gets stripped efficiently in a short time. In addition,
massive galaxies will more rapidly merge with the central
galaxy and then drop out of the satellite population. These
will be the ones which have been in the parent halo longest
and so have also been most likely quenched, but are lost
by merging. This means that massive galaxies cannot have
long quenching times because otherwise we would not see
any difference between the massive central (infall) and mas-
sive satellite quiescent fractions as there would be no time
for environmental quenching before they merge away.

The relative contribution of the two scenarios (internal
quenching and orbits/dynamical friction time scales) on the
mass dependence of quenching satellites is unclear. We plan
to address this issue in a future work.

6.4 Satellite quenching time scales at higher

redshifts

The analysis in this paper only focuses on the present-day
Universe. At higher redshifts, however, the Universe is ap-
parently not old enough for such long quenching timescales
as we infer at low redshifts. One explanation for this ap-

parent disagreement is that the currently used models do
not properly account for the internal quenching processes.
Another, possibly complimentary option is that it is very
likely that the quenching timescale scales vary with the dy-
namical time, i.e. depend (in addition to halo mass, galaxy
mass and density) on redshift and are thus, shorter at higer
redshift. The latter possibility is in agreement with results
from the work by Mok et al. (submitted to MNRAS) who
provide constraints for quenching time-scales using observa-
tions of groups at z ∼ 0.4 and z ∼ 0.9. They find that the
observed fractions are best matched with a model that in-
cludes a delay (when quenching starts) that is proportional
to the dynamical time followed by a rapid quenching time
scale of ∼ 0.25 Gyr.
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Challenges:
Current models (with similar prescriptions as the Guo 
model) cannot predict observed environmental trends 

More continuous transition between centrals & 
satellites!

1. Environmental effects important for low mass 
    Centrals out to ~1Mpc

➱ Non-negligible fraction of backsplash centrals
➱ Additional effects in the models?

2. Satellites: Environmental histories indicate:long 
    quenching time-scales (5-7Gyrs) in low-mass sats

➱ modifying recipes for internal & environmental 
    processes (dep. on dynamical friction time-scales?)

Conclusion
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Outlook...

Guo-like ejection

SDSS, z=0

PRELIMINARY

SDSS, z=0

‣ Changing stellar feedback can have a significant effect on the 
quiescent satellite fraction:
‣ If star formation is delayed due to fb in low mass galaxies, 

infalling galaxies are younger and contain more gas
‣ Reducing the quiescent satellite fraction!

Hirschmann, DeLucia & Fontanot in preparation

Effect of stellar feedback
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