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Why do these galaxies
have lower star 
formation rates 

(are redder) 
than these?



Galaxy Group Catalog
SDSS Data Release 7, NYU value-added catalog  Blanton++2004
Spectroscopically derived star formation rates Brinchmann++2004
Group finding based on the Yang++2007 algorithm
High purity & low contamination (~15%), calibrated against mocks

Box size
Particle mass
Force resolution
Particle count

250 h-1Mpc
108 h-1M

2.5 h-1kpc
8.6 billion

High-Resolution, Cosmological
N-body Simulation

Stellar mass from subhalo abundance 
matching
Group finder applied to simulation
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Figure 1. Left panel: Relation between r-band magnitude, Mr , and stellar mass, M∗, with the latter taken from the kcorrect code of
Blanton & Roweis (2007). Vertical lines show the magnitude limits for our volume-limited samples as listed in Table 1, while horizontal
lines indicate the stellar mass limits within each volume-limited sample. Right panel: Cumulative number density of galaxies as a function
of both Mr and M∗, offering a rough conversion between the two. The star indicates M∗

r from the Blanton, et al. (2003) luminosity
function.

Figure 3. Distribution of Dn4000 values for galaxies in mag-
nitude bins. Faint galaxies are predominantly active while bright
galaxies are predominantly quenched but still have a significant
active population. All sample distributions are bimodal with a
minimum at Dn4000 ≈ 1.6. We refer to galaxies with Dn4000 >
1.6 as ‘quenched’.

of the Sloan Digital Sky Survey (SDSS; Abazajian et al.
2009). Specifically we use dr72bight34. We construct three
volume-limited samples, as listed in Table 1, which con-

Figure 4. Quenched fraction, fQ, defined by Dn4000 > 1.6,
as a function of large-scale (10 h−1 Mpc) density of galaxies. At
ρ/ρ̄ > 1, fQ rises monotonically with density, while in underdense
regions the quenched fraction is nearly constant.

tain all galaxies brighter than Mr = −18, Mr = −19 and
Mr = −20, respectively. Within each volume-limited sam-
ple, we construct another sample that is complete in stellar
mass. The stellar masses are also taken from the VAGC and
are derived from the kcorrect code of Blanton & Roweis
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Figure 6. Quenched fraction, fQ, vs. 10 h−1 Mpc overdensity, ρ/ρ̄, for various bins in galaxy magnitude. In each panel, the solid curve
is the overall fQ-ρ/ρ̄ relation, with the filled circles showing fcen

Q and fsat
Q . Bright central galaxies do show a slight increase in quenched

fraction with density.

in Fig. 1. Although we later cull the VAGC to create the
volume-limited samples in Table 1, using the full flux-limited
catalog suppresses sample variance in the calculation of the
luminosity function for the initial halo mass assignment.

In the Yang et al. (2005) methodology, this initial
matching of galaxies to groups and halo mass is done with
a redshift-space friends-of-friends (FOF) linking algorithm
(see also Berlind, et al. 2006). Using the inverse abundance
matching approach, we find results that are consistent with
the FOF algorithm. See the tests in Appendix C.

Once a halo has been assigned to each galaxy, each
galaxy has an associated halo mass, virial radius, and ve-
locity dispersion via the virial theorem. We then determine
the probability that each galaxy is a central galaxy in a
host halo or a satellite galaxy in a subhalo. If, projected

on the sky, a galaxy lies within a more massive galaxy’s
virial radius, we determine an angular probability that the
galaxy is a satellite by assuming that the number density
profile of satellite galaxies follows the dark matter given
by an NFW (Navarro et al. 1997b) profile. We assume the
concentration-mass relation given by Macciò et al. (2008)
for our cosmology, but note that the results are insensitive
to this choice. We also assign a line-of-sight satellite prob-
ability to the galaxy given its redshift offset from the more
massive galaxy, where we assume that the host halo’s satel-
lites are distributed in a Gaussian along the line of sight.
If the product of the angular and line-of-sight probability is
above a calibrated constant, then the galaxy is considered to
be a satellite in the larger host halo. Once we have applied
this routine to all galaxies and we have a list of candidate
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in Fig. 1. Although we later cull the VAGC to create the
volume-limited samples in Table 1, using the full flux-limited
catalog suppresses sample variance in the calculation of the
luminosity function for the initial halo mass assignment.

In the Yang et al. (2005) methodology, this initial
matching of galaxies to groups and halo mass is done with
a redshift-space friends-of-friends (FOF) linking algorithm
(see also Berlind, et al. 2006). Using the inverse abundance
matching approach, we find results that are consistent with
the FOF algorithm. See the tests in Appendix C.

Once a halo has been assigned to each galaxy, each
galaxy has an associated halo mass, virial radius, and ve-
locity dispersion via the virial theorem. We then determine
the probability that each galaxy is a central galaxy in a
host halo or a satellite galaxy in a subhalo. If, projected

on the sky, a galaxy lies within a more massive galaxy’s
virial radius, we determine an angular probability that the
galaxy is a satellite by assuming that the number density
profile of satellite galaxies follows the dark matter given
by an NFW (Navarro et al. 1997b) profile. We assume the
concentration-mass relation given by Macciò et al. (2008)
for our cosmology, but note that the results are insensitive
to this choice. We also assign a line-of-sight satellite prob-
ability to the galaxy given its redshift offset from the more
massive galaxy, where we assume that the host halo’s satel-
lites are distributed in a Gaussian along the line of sight.
If the product of the angular and line-of-sight probability is
above a calibrated constant, then the galaxy is considered to
be a satellite in the larger host halo. Once we have applied
this routine to all galaxies and we have a list of candidate
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Figure 8. Quenched fraction of satellites, fsat
Q , as a function of

10 h−1 Mpc overdensity, ρ/ρ̄, for satellites with Mr = [−19,−20].
Filled circles show the measurements from Fig. 7. Solid curves
show fsat

Q in bins of logMhost.

ness of the iterative group-making method to the details of
the initialization of the procedure.

4 RESULTS

4.1 Properties of Satellite Galaxies at Fixed Halo

Mass

For our fiducial results we examine a bin in magnitude of
Mr = [−19,−20]. These galaxies are faint enough that they
span a wide range of host halo masses (as satellite galaxies)
but bright enough that a volume-limited sample contains
sufficient statistics for fine binning in halo mass. By looking
at galaxies in a relatively narrow range of luminosities, we
are restricting our analysis to galaxies that are in a narrow
range of Msub (for satellite galaxies) and Mhost (for central
galaxies).

Fig. 5 shows the fraction of quenched satellites, f sat
Q ,

as a function of Mhost for bins in Mr. The slope of f sat
Q

is independent of galaxy magnitude, but the amplitude in-
creases monotonically with Mr. These results indicate that
accretion of a galaxy onto a larger halo contributes signifi-
cantly to the buildup of quenched, passive galaxies, in agree-
ment with previous works (e.g., van den Bosch et al. 2008;
Tinker & Wetzel 2010).

The satellite trends in Fig. 5 are broadly consistent
with previous results on galaxy mass and halo mass de-
pendence. Using the maxBCG cluster sample, Hansen et al.
(2009) found that the red fraction of galaxies increases
with cluster richness, though their red fraction is somewhat
higher than our quenched fraction due to the use of color
rather than a dust-insensitive diagnostic. Other works using
more direct star formation rate indicators have found more
similar trends (Weinmann et al. 2006; Kimm et al. 2009;

Figure 9. Solid and dashed curves indicate the mean logMhost

as a function of 10 h−1 Mpc overdensity, ρ/ρ̄, for satellite galax-
ies and all galaxies in the Mr = [−19,−20] bin, respectively.
Here, 〈logMhost〉 is a galaxy-number weighted mean. Unlike cen-
tral galaxies, the typical halo mass probed by satellite galaxies
increases with density. The filled circles indicate the fraction of
all galaxies that are central galaxies as a function of ρ/ρ̄, as given
by the right-hand y-axis.

Weinmann et al. 2010; von der Linden et al. 2010). We will
examine trends of satellite quenching in much more detail in
Papers II and III. For now, these results will be important
when interpreting the correlations with density in Fig. 4.

4.2 Dissecting the Correlations with Density

Fig. 6 shows the fQ-ρ/ρ̄ relation, broken into central and
satellite galaxies, for four magnitude bins. For L ! L∗ galax-
ies, the quenched fraction of central galaxies is independent
of large-scale density, spanning the entire range of environ-
ments from the deepest voids (ρ/ρ̄ ∼ 0.1) to cluster infall
regions (ρ/ρ̄ " 10). The entire correlation with environment
is driven by the satellite galaxies. The results are consistent
with the scenario in which all environmental correlations are
due to the change in the halo mass function. However, for
the Mr = [−20.5,−21] magnitude bin there is a clear de-
pendence of fcen

Q with density, increasing from fQ = 0.55 to
0.65 over two decades in density. We will discuss the brighter
galaxies subsequently, focusing now on understanding the
fQ − ρ/ρ̄ correlation for our fiducial sample.

The left panel in Fig. 7 shows the fQ-ρ/ρ̄ relation for
Mr = [−19,−20] galaxies taken from Fig. 6b. The dotted
curves indicate the raw quenched fractions, uncorrected for
satellite-central mislabeling. Because mislabeling only in-
creases fcen

Q and decreases f sat
Q , these curves can be con-

sidered upper and lower limits on these two quantities, re-
spectively. The right panel shows the same breakdown for
groups defined by stellar mass rather than luminosity. In
both panels, the dependence of fQ on environment is caused
entirely satellite galaxies; f sat

Q rises rapidly when ρ/ρ̄ > 1.
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Understanding the environmental 
dependence of galaxy star formation

Mr = [-19,-20]

Environmental dependence = 
satellites in different mass halos

see also 
Hogg++2004
Kauffmann++2004
Blanton++2005
Blanton & Berlind 2007
Wilman++2010
Peng++2010, 2011
Joanna Woo’s talk



Strong halo mass dependence of 
satellite quenched fraction

But, SSFR bimodality persists at all halo masses
SFR is not affected for active satellites
No lower halo mass threshold Brinchmann++2004, Kauffmann++2004, 

Weinmann++2006, Kimm++2009, Peng
++2011, Pasquali++2010



Strong dependence on halo-centric radius

SSFR bimodality persists at 
all radii

Quenching not simply dependent 
on current, local halo density

De Propris++2004, Blanton & Berlind 2007, Hansen++2009, Balogh++2000, 
Ellingson++2001, Weinmann++2006, von der Linden++2010, Prescott++2011, 
van den Bosch++2008, Pasquali++2009



Satellite infall times 
& 

SFR initial conditions



Satellite Infall Times

Median infall redshift is z~0.5

Understanding satellite quenching requires 
knowing central galaxy SFRs to z ~ 1

 Importance of group pre-
processing & ejection/re-infall

e.g., Berrier++2009, McGee+
+2009, Gill++2005, Ludlow+

+2009,  Wang++2009



Evolution of central galaxy SFR

COSMOS Drory et al. 09SDSS

Tinker & Wetzel 2010



Importance of satellite quenching

Satellite quenching is more efficient/rapid in more massive satellites
But, more galaxies quenched as satellites at lower mass
Majority of  quenched galaxies quenched as satellites at Mstar < 1010 M

e.g., van den Bosch++2008



Testing Timescales & Mechanisms for 
Satellite Quenching



halo matter density halo gas density

ram pressure

                              

                 

Threshold for quenching based on...



Satellite quenching best correlates with 
time since infall 

Higher mass satellites quench faster



SFR fading timescales

SFR(Δtinf) = SFRinf exp[-Δtinf/τ]



SFR(Δtinf) = SFRcen(Δtinf)     Δtinf < Δto

SSFR(Δtinf) ~ 10-12 yr-1         Δtinf > Δto

SFR fading timescales



SFR(Δtinf) = SFRcen(Δtinf)                 Δtinf < Δto

SFR(Δtinf) = SFR(Δto)exp[-Δtinf/τ]   Δtinf > Δto

SFR fading timescales

τ=0.8 Gyr
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Satellite galaxies drive environmental SFR trends

Satellite quenching responsible for most quenched/
red-sequence galaxies at Mstar < 1010 M

Satellite quenched fraction increases with halo mass 
(no lower halo mass threshold) and toward halo center

Satellites preserve SFR bimodality:                     
delayed (2.5-5 Gyr) then rapid (800 Myr) quenching

Satellite time since infall best correlates with quenching


