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Figure 14. Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al. 2010),
from abundance matching (Moster et al. 2010, 2013; Reddick et al. 2012; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling (Zheng et al. 2007a; Yang
et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Gray shaded regions correspond to the 68% confidence contours of
Behroozi et al. (2010). The 1σ posterior distribution for our model is shown by the red error bars.
(A color version of this figure is available in the online journal.)
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z = 3.0

Figure 15. Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous work (Behroozi
et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling (Zheng et al. 2007a;
Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best-fits for two separate stellar mass functions, and we include both at z = 3.0. Gray shaded regions
correspond to the 68% confidence contours of Behroozi et al. (2010).
(A color version of this figure is available in the online journal.)

fraction for 1010 M⊙ galaxies is 65%—although most of the
passive 1010 M⊙ galaxies have only recently become passive.
Comparison of the stellar mass histories for those galaxies is
thus somewhat more feasible. Our stellar mass histories agree
remarkably well with those in Leitner (2012) except at recent
times for 1010 M⊙ galaxies (where our model includes more pas-
sive galaxies) and at early times for 109.5 M⊙ galaxies, where
observations do not constrain properties of their progenitors.

5.7. Systematic Uncertainties

Several aspects of the allowed parameter range are notable.
Most importantly, there is no necessity for a large number

of galaxies to be missed (due to dustiness or burstiness) at
high redshift; indeed, the allowed incompleteness is in general
less than 30%, as shown in the top panel of Figure 17. This
would imply that most high-redshift surveys are not missing a
large fraction (>50%) of galaxies above their nominal detection
thresholds.

The allowed parameter range is consistent with having both
µ = 0 and κ = 0 at z = 0; i.e., no systematic offsets in stellar
mass are necessary at z = 0. This is partially by design: the
parameterization of the SMHM was chosen so that it could fit the
z = 0 constraints without need for µ or κ; moreover, the cosmic
and specific SFRs are derivative constraints, meaning that
they only constrain how the SMHM evolves with time. While
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What’s the next question?
• Second moment: scatter in 

stellar mass at fixed halo 
mass. 

• Assume lognormal in Mstar. 
(Not enough data to test this 
yet… but Occam’s razor.) 

• RIGHT: All these models 
match the observed SMF of 
BOSS galaxies.
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Constraints on the Scatter
• Strong constraints obtained from 

the clustering of galaxies. 

• Scatter at fixed Mhalo is 
symmetric, but abundance of 
halos is not. 

• Wider scatter brings in more 
lower mass halos, driving down 
the clustering. 

• 0.18 dex includes measurement 
scatter, thus conservative upper 
limit on the intrinsic scatter is:
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arXiv:1607.04678

�
logM⇤ = 0.16 dex

bias =

s
⇠gal

⇠matter









3132 B. P. Moster, T. Naab and S. D. M. White

Figure 8. Star formation and accretion histories for different z = 0 halo masses. The rows from top to bottom show the SFH, the stellar accretion history, the
stellar mass formed in situ and ex situ and the fraction of ex situ formed stars. Each column represents a different z = 0 halo mass. In the first two rows the
black lines and shaded areas represent the rates that have been derived with our model and their plausibility range. The red lines are fits to these relation as
given by equations (17)–(20) and (21)–(23). The blue line in the first row shows the stellar mass loss rate. In the third row, the red dotted lines give the stellar
mass of in situ formed stars that have survived, the blue dashed lines give the stellar mass that has formed ex situ and the black line is the total stellar mass in
the central galaxy. The dotted lines in the fourth row indicate that 50, 10 and 1 per cent of the stellar mass have formed ex situ.

an empirical model. Although this model makes no reference to the
physical processes that drive the evolution of galaxies, it can be
very helpful in order to constrain more physical models. In order to
easily compare our model predictions to the results of other models
such as simulations and semi-analytic models, we provide simple
fitting functions to the star formation and accretion histories.

We find that at a given z = 0 main halo mass the SFR is well fit
by the relation

d mSF

dt
(z) = f1 af2 exp

(
f2

f3
(1.0 − a)

)

= f1 (1 + z)−f2 exp
(

f2

f3

z

1 + z

)
. (17)

The parameters f1, f2 and f3 depend on the z = 0 halo mass of the
system and follow the relations:

f1 = f10 exp
(

− (log(Mvir/M⊙) − f11)2

2 f 2
12

)
, (18)

f2 = f20 + f21 log
(

Mvir

1012 M⊙

)
, (19)

log(f3) = f30 + f31

(
Mvir

1012 M⊙

)f32

. (20)
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Using abundance matching to infer SFR and growth 
histories of galaxies within halos. Moster et al 2013.
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Using abundance matching to infer SFR and growth 
histories of galaxies within halos. Moster et al 2013.
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Star Formation Histories 
in Dark Matter Halos

• Abundance matching results 
show us mean conversion 
efficiency of baryons into stars.  

• But not all halos have the 
same accretion history, even 
though present-day halo mass 
is the same. 

• Thus, two halos with same z=0 
halo mass will have different 
z=0 stellar mass.

2 Tinker

form in halos ofMh ≈ 1013 M⊙(B13, Moster et al. 2013). We
focus on massive galaxies for two reasons: first, these galaxies
are nearly uniformly quiescent (Chen et al. 2012; Reid et al.
2016), thus the process that quenches star formation has al-
ready occurred in these halos. As we will show, because this
process of quenching must occur over a short time span, it
causes an extreme break of the path-independence of galaxy
formation, and thus has a strong impact on σlogM∗. Sec-
ond, although these galaxies are quite massive, abundance
matching informs us that the buildup of stellar mass within
these halos is due to in-situ star formation, and not by merg-
ing. B13 and Moster et al. (2013) both find that the fraction
of stellar mass from in-situ growth in these halos if 90% at
z = 0 and 95% at z = 0.5, which is the redshift of the
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et
al. 2013) galaxy sample from which we will take observa-
tions of σlogM∗. Thus, the dominant source of scatter in
stellar masses within these halos is star formation and not
merging, which can dominate σlogM∗ in higher mass halos
(Gu et al. 2016).

Using the clustering and abundance of BOSS galaxies,
Tinker et al. (2016) found σlogM∗ for 1013 M⊙ halos to be
0.16 dex. This value removes statistical errors from the stel-
lar mass estimates, but does not remove systematic random
errors incurred from the stellar mass estimation method it-
self. This value is in good agreement with other measure-
ments of σlogM∗ from other galaxy samples at lower redshifts
(More et al. 2011; Reddick et al. 2013; Zu & Mandelbaum
2016). Although this is an upper limit, 0.16 dex is a shock-
ingly low value for a quantity—stellar mass—that is influ-
enced by a series of disparate processes, all with their own
intrinsic distributions, such as metallicity, AGN feedback,
supernovae feedback and winds, gas-rich merging, and the
different baryonic accretion rates that different halos expe-
rience. The models we present in this paper are highly sim-
plified, incorporating none of the physical effects just listed.
Thus, our test for whether a model for quenching is valid is
whether it can yield a value of σlogM∗ below the observed
value, leaving room for other sources of scatter from more
physical effects.

Throughout this paper, we assume a flat-ΛCDM cos-
mology with Ωm = 0.3, σ8 = 0.8, and h = 0.7. We will use
redshift as our time unit quite often, especially in our model
parameterizations, but will show plots as expansion factor a,
which is a more natural time unit for the growth of galaxies.

2 MODELS

2.1 Parameterizing Star Formation Efficiency

We define the baryon conversion efficiency as

fcon ≡ SFR×
[

Ωb

Ωm
Ṁh

]−1

, (1)

where SFR is star formation rate, Ωb/Ωm is the universal
baryon fraction (which we assume to be 0.045/0.3 = 0.15),
and Ṁh is the instantaneous growth rate of the halo. Inspec-
tion of the abundance matching results of B13 and Moster
et al. (2013) shows that for low-mass halos, and in the ab-
sence of any external quenching mechanism, fcon can ap-
proximately be parameterized as a function that depends
only on redshift:

fcon(z) =

⎧

⎨

⎩

f0(Mh0)
(

1+z
1+z0

)γ1 if z > z0

f0(Mh0)
(

1+z
1+z0

)γ2 if z ! z0

(2)

where γ = −3 at z > z0 and γ = 0 and z ! z0, f0(Mh0) is
an overall amplitude that depends on z = 0 halo mass, and
z0 = 1. The total stellar mass at any redshift z is

M∗(z) =

∫ t(z)

0

SFR(t) dt =

∫ z

∞

fcon(z
′)fbṀh

dt
dz′

dz′. (3)

To calculate the stellar mass growth for an individual halo,
we use numerical halo merger trees (described in the next
subsection). The trees calculate the mass of the halo at dis-
crete time intervals, thus rather than implement equation
(3) directly we use discrete summation over the timesteps,
assuming that the integrand is a constant in time over each
interval.

M∗(zi) =
∑

i

fcon(zi)fb∆Mh,i. (4)

2.2 Parameterizing Star Formation Quenching

We parameterize the quenching of star formation by the
quantity fQ, such that SFR(z) ∝ fcon(z)× fQ(z). Figure 1
shows the time evolution of M∗(z) in present-day 1013 M⊙

halos, as derived by B13. From these results, it is clear that
quenching in these halos must happen over a short timescale,
as stellar mass growth at z < 1 is almost negligible. Thus we
parameterize fQ as an exponential function with free param-
eters governing the onset of quenching and its rapidity. We
consider 6 different models for parameterizing the time evo-
lution of fQ. The forms implemented are all listed in Table
1.

• Redshift quenching: quenching begins at z < zcrit. Red-
shift quenching is a fairly ad-hoc model, although one can
conceive of redshift-dependent quantities that may impact
star formation. The results of this model can be thought of
as applying the fcon results of B13 (or Moster et al. 2013)
and applying them to individual halos.

• Halo quenching: quenching begins whenMh(z) > Mcrit
h .

The idea of a critical halo mass beyond which galaxy for-
mation is curtailed is driven by numerical simulations that
demonstrate that gas accretion onto halos undergoes a rapid
transition at ∼ 1012 M⊙ (Kereš et al. 2005, 2009; Dekel &
Birnboim 2006). Below Mcrit

h , gas is accreted cold and is de-
posited directly onto the central galaxy. Above this thresh-
old, gas is shock heated to high temperature and gas cooling
is significantly attenuated. Interpreting this threshold as a
threshold for quenching star formation leads to a natural
explanation of galaxy bimodality (Cattaneo et al. 2006).

• Galaxy quenching: quenching begins at M∗(z) > Mcrit
∗ .

The bimodality of galaxies can be seen most clearly in their
stellar mass (e.g., Kauffmann et al. 2003), with a clear break
in their z = 0 properties at M∗ ≈ 1010.3 M⊙. Such a scenario
could be induced by instabilities in disk galaxies that oc-
cur after the disk becomes too massive. In the semi-analytic
model of Bower et al. (2006), disk instabilities are the pri-
mary feeding mechanism for the central black hole, and thus
the source of galaxy quenching. This model is described as
‘secular evolution’ in the Hopkins et al. (2008).
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Figure 11. Left panel: ratio of the average SFR to the average baryon accretion rate (fbdM/dt) for halos as a function of halo mass. Right panel: same, except as a
function of halo mass at z = 0 (i.e., ratio of SFR to baryon accretion rate for the progenitors of present-day halos). Lines shown the best-fit model and shaded regions
show the 1σ posterior distribution.
(A color version of this figure is available in the online journal.)

Appendix J). Interestingly, in the local universe the transition
between merger-dominated growth and star formation growth in
the local universe is roughly the mass of the Milky Way—low-
mass galaxies are dominated by star formation, and galaxies in
halos more massive than 1012 M⊙ are dominated by merging.

5.4. Baryon Conversion Efficiencies

Assuming that the baryon accretion rate for a halo is equal
to the universal baryon fraction (fb, which is 0.17 in our
cosmology) times the overall halo mass accretion rate, we
can calculate the instantaneous baryon conversion efficiency
implied by our models. In the left-hand panel of Figure 11, we
show the instantaneous conversion efficiency at fixed halo mass.
Remarkably, this efficiency is always highest for Milky-Way-
sized halos (1012 M⊙), corresponding well with the peak in the
stellar mass to halo mass ratio seen in Figure 7. Moreover,
this efficiency (20%–40%) is constant to within a factor of
two over a remarkably large redshift range, suggesting that the
efficiency is only a weak function of accretion rate in halos of this
mass. For more massive halos, there is a decrease in the baryon
conversion efficiency following redshift 2–3. This suggests that
the ability of accreted material to cool onto star-forming regions
becomes impaired at lower redshifts for such halos. However,
this decrease is gradual, taking place over many Gyr (see also
Behroozi et al. 2013a). Rather than an abrupt change in the
character of infalling gas, this may suggest that the decreasing
density and accretion rate of gas make it gradually more difficult
for cold clumps to form, especially in the presence of an active
galactic nucleus.

On the right-hand side of Figure 11, we show the historical
baryon conversion efficiency for progenitors of z = 0 halos.
For massive halos at z = 0, their conversion efficiency climbs
steeply toward higher redshifts as their halo mass falls to roughly
1012 M⊙; once their halo mass drops below that value, they then
become less and less efficient at very high redshifts. For less-
massive halos, such as those that are 1012 M⊙ at z = 0, their
conversion efficiency has been increasing from early times to
the present day.

On the left-hand side of Figure 12, we show extrapolated
historical stellar mass to halo mass ratios—proportional to

integrated baryon conversion efficiencies—similar to the bottom
panel of Figure 7. Notably, stellar mass to halo mass ratios also
peak when halos reach 1012 M⊙, indicative of steeply falling
star formation efficiencies at higher and lower masses. It would
appear that the maximum integrated stellar mass efficiency is
around 20%–40% at all redshifts.

5.5. Stellar Ages

In the right-hand panel of Figure 12, we show the historical
stellar mass in progenitors of halos at z = 0 relative to the
present-day stellar mass. This should not be confused with
Figure 9, which shows what amount of the currently remaining
stellar mass was in place at a given redshift; these differ mainly
because of passive stellar evolution (massive stars that formed
sufficiently long ago will burn out by the present day).

These data allow us to derive stellar mass-weighted ages
as a function of stellar mass, shown in the left-hand panel of
Figure 13. These ages are consistent with the stellar populations
in massive galaxies (and halos) forming at very early times and
having little star formation continuing to the present day. Less-
massive galaxies have younger average stellar ages, consistent
with the ongoing star formation seen in the SFHs for such
galaxies in Figure 6. While we have little information on the
progenitors of galaxies less massive than 109 M⊙, there is
evidence that the average ages of the stellar populations may
increase for such galaxies. Specifically, as shown in the right-
hand panel of Figure 13, the time required to form 50% and
90% of the galaxy’s stars increases toward lower stellar masses,
indicating that the SFHs become more and more flat (constant),
on average. A perfectly flat SFH would result in an average age
of about half the age of the universe, or roughly 6.7 Gyr; this
is somewhat higher than that seen for 109 M⊙ galaxies. On the
other hand, for individual dwarf galaxies, the SFH is likely to
be stochastic, which may result in a large scatter around this
average value.

For the most massive galaxies today (∼1012 M⊙), the time
required to form 50% of their stars was extremely short—only
1–2 Gyr. This in turn translates to a high SFR, on the order
of 200–1000 M⊙ yr−1, which is consistent with observations of
ultraluminous infrared galaxies (ULIRGs; Magnelli et al. 2012;

14

Behroozi, Wechsler, Conroy 2013b



Applying a universal fcon(z) 
to individual halos.

2 Tinker

form in halos ofMh ≈ 1013 M⊙(B13, Moster et al. 2013). We
focus on massive galaxies for two reasons: first, these galaxies
are nearly uniformly quiescent (Chen et al. 2012; Reid et al.
2016), thus the process that quenches star formation has al-
ready occurred in these halos. As we will show, because this
process of quenching must occur over a short time span, it
causes an extreme break of the path-independence of galaxy
formation, and thus has a strong impact on σlogM∗. Sec-
ond, although these galaxies are quite massive, abundance
matching informs us that the buildup of stellar mass within
these halos is due to in-situ star formation, and not by merg-
ing. B13 and Moster et al. (2013) both find that the fraction
of stellar mass from in-situ growth in these halos if 90% at
z = 0 and 95% at z = 0.5, which is the redshift of the
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et
al. 2013) galaxy sample from which we will take observa-
tions of σlogM∗. Thus, the dominant source of scatter in
stellar masses within these halos is star formation and not
merging, which can dominate σlogM∗ in higher mass halos
(Gu et al. 2016).

Using the clustering and abundance of BOSS galaxies,
Tinker et al. (2016) found σlogM∗ for 1013 M⊙ halos to be
0.16 dex. This value removes statistical errors from the stel-
lar mass estimates, but does not remove systematic random
errors incurred from the stellar mass estimation method it-
self. This value is in good agreement with other measure-
ments of σlogM∗ from other galaxy samples at lower redshifts
(More et al. 2011; Reddick et al. 2013; Zu & Mandelbaum
2016). Although this is an upper limit, 0.16 dex is a shock-
ingly low value for a quantity—stellar mass—that is influ-
enced by a series of disparate processes, all with their own
intrinsic distributions, such as metallicity, AGN feedback,
supernovae feedback and winds, gas-rich merging, and the
different baryonic accretion rates that different halos expe-
rience. The models we present in this paper are highly sim-
plified, incorporating none of the physical effects just listed.
Thus, our test for whether a model for quenching is valid is
whether it can yield a value of σlogM∗ below the observed
value, leaving room for other sources of scatter from more
physical effects.

Throughout this paper, we assume a flat-ΛCDM cos-
mology with Ωm = 0.3, σ8 = 0.8, and h = 0.7. We will use
redshift as our time unit quite often, especially in our model
parameterizations, but will show plots as expansion factor a,
which is a more natural time unit for the growth of galaxies.

2 MODELS

2.1 Parameterizing Star Formation Efficiency

We define the baryon conversion efficiency as

fcon ≡ SFR×
[

Ωb

Ωm
Ṁh

]−1

, (1)

where SFR is star formation rate, Ωb/Ωm is the universal
baryon fraction (which we assume to be 0.045/0.3 = 0.15),
and Ṁh is the instantaneous growth rate of the halo. Inspec-
tion of the abundance matching results of B13 and Moster
et al. (2013) shows that for low-mass halos, and in the ab-
sence of any external quenching mechanism, fcon can ap-
proximately be parameterized as a function that depends
only on redshift:

fcon(z) =

⎧

⎨

⎩

f0(Mh0)
(

1+z
1+z0

)γ1 if z > z0

f0(Mh0)
(

1+z
1+z0

)γ2 if z ! z0

(2)

where γ = −3 at z > z0 and γ = 0 and z ! z0, f0(Mh0) is
an overall amplitude that depends on z = 0 halo mass, and
z0 = 1. The total stellar mass at any redshift z is

M∗(z) =

∫ t(z)

0

SFR(t) dt =

∫ z

∞

fcon(z
′)fbṀh

dt
dz′

dz′. (3)

To calculate the stellar mass growth for an individual halo,
we use numerical halo merger trees (described in the next
subsection). The trees calculate the mass of the halo at dis-
crete time intervals, thus rather than implement equation
(3) directly we use discrete summation over the timesteps,
assuming that the integrand is a constant in time over each
interval.

M∗(zi) =
∑

i

fcon(zi)fb∆Mh,i. (4)

2.2 Parameterizing Star Formation Quenching

We parameterize the quenching of star formation by the
quantity fQ, such that SFR(z) ∝ fcon(z)× fQ(z). Figure 1
shows the time evolution of M∗(z) in present-day 1013 M⊙

halos, as derived by B13. From these results, it is clear that
quenching in these halos must happen over a short timescale,
as stellar mass growth at z < 1 is almost negligible. Thus we
parameterize fQ as an exponential function with free param-
eters governing the onset of quenching and its rapidity. We
consider 6 different models for parameterizing the time evo-
lution of fQ. The forms implemented are all listed in Table
1.

• Redshift quenching: quenching begins at z < zcrit. Red-
shift quenching is a fairly ad-hoc model, although one can
conceive of redshift-dependent quantities that may impact
star formation. The results of this model can be thought of
as applying the fcon results of B13 (or Moster et al. 2013)
and applying them to individual halos.

• Halo quenching: quenching begins whenMh(z) > Mcrit
h .

The idea of a critical halo mass beyond which galaxy for-
mation is curtailed is driven by numerical simulations that
demonstrate that gas accretion onto halos undergoes a rapid
transition at ∼ 1012 M⊙ (Kereš et al. 2005, 2009; Dekel &
Birnboim 2006). Below Mcrit

h , gas is accreted cold and is de-
posited directly onto the central galaxy. Above this thresh-
old, gas is shock heated to high temperature and gas cooling
is significantly attenuated. Interpreting this threshold as a
threshold for quenching star formation leads to a natural
explanation of galaxy bimodality (Cattaneo et al. 2006).

• Galaxy quenching: quenching begins at M∗(z) > Mcrit
∗ .

The bimodality of galaxies can be seen most clearly in their
stellar mass (e.g., Kauffmann et al. 2003), with a clear break
in their z = 0 properties at M∗ ≈ 1010.3 M⊙. Such a scenario
could be induced by instabilities in disk galaxies that oc-
cur after the disk becomes too massive. In the semi-analytic
model of Bower et al. (2006), disk instabilities are the pri-
mary feeding mechanism for the central black hole, and thus
the source of galaxy quenching. This model is described as
‘secular evolution’ in the Hopkins et al. (2008).
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form in halos ofMh ≈ 1013 M⊙(B13, Moster et al. 2013). We
focus on massive galaxies for two reasons: first, these galaxies
are nearly uniformly quiescent (Chen et al. 2012; Reid et al.
2016), thus the process that quenches star formation has al-
ready occurred in these halos. As we will show, because this
process of quenching must occur over a short time span, it
causes an extreme break of the path-independence of galaxy
formation, and thus has a strong impact on σlogM∗. Sec-
ond, although these galaxies are quite massive, abundance
matching informs us that the buildup of stellar mass within
these halos is due to in-situ star formation, and not by merg-
ing. B13 and Moster et al. (2013) both find that the fraction
of stellar mass from in-situ growth in these halos if 90% at
z = 0 and 95% at z = 0.5, which is the redshift of the
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et
al. 2013) galaxy sample from which we will take observa-
tions of σlogM∗. Thus, the dominant source of scatter in
stellar masses within these halos is star formation and not
merging, which can dominate σlogM∗ in higher mass halos
(Gu et al. 2016).

Using the clustering and abundance of BOSS galaxies,
Tinker et al. (2016) found σlogM∗ for 1013 M⊙ halos to be
0.16 dex. This value removes statistical errors from the stel-
lar mass estimates, but does not remove systematic random
errors incurred from the stellar mass estimation method it-
self. This value is in good agreement with other measure-
ments of σlogM∗ from other galaxy samples at lower redshifts
(More et al. 2011; Reddick et al. 2013; Zu & Mandelbaum
2016). Although this is an upper limit, 0.16 dex is a shock-
ingly low value for a quantity—stellar mass—that is influ-
enced by a series of disparate processes, all with their own
intrinsic distributions, such as metallicity, AGN feedback,
supernovae feedback and winds, gas-rich merging, and the
different baryonic accretion rates that different halos expe-
rience. The models we present in this paper are highly sim-
plified, incorporating none of the physical effects just listed.
Thus, our test for whether a model for quenching is valid is
whether it can yield a value of σlogM∗ below the observed
value, leaving room for other sources of scatter from more
physical effects.

Throughout this paper, we assume a flat-ΛCDM cos-
mology with Ωm = 0.3, σ8 = 0.8, and h = 0.7. We will use
redshift as our time unit quite often, especially in our model
parameterizations, but will show plots as expansion factor a,
which is a more natural time unit for the growth of galaxies.

2 MODELS

2.1 Parameterizing Star Formation Efficiency

We define the baryon conversion efficiency as

fcon ≡ SFR×
[

Ωb

Ωm
Ṁh

]−1

, (1)

where SFR is star formation rate, Ωb/Ωm is the universal
baryon fraction (which we assume to be 0.045/0.3 = 0.15),
and Ṁh is the instantaneous growth rate of the halo. Inspec-
tion of the abundance matching results of B13 and Moster
et al. (2013) shows that for low-mass halos, and in the ab-
sence of any external quenching mechanism, fcon can ap-
proximately be parameterized as a function that depends
only on redshift:

fcon(z) =

⎧

⎨

⎩

f0(Mh0)
(

1+z
1+z0

)γ1 if z > z0

f0(Mh0)
(

1+z
1+z0

)γ2 if z ! z0

(2)

where γ = −3 at z > z0 and γ = 0 and z ! z0, f0(Mh0) is
an overall amplitude that depends on z = 0 halo mass, and
z0 = 1. The total stellar mass at any redshift z is

M∗(z) =

∫ t(z)

0

SFR(t) dt =

∫ z

∞

fcon(z
′)fbṀh

dt
dz′

dz′. (3)

To calculate the stellar mass growth for an individual halo,
we use numerical halo merger trees (described in the next
subsection). The trees calculate the mass of the halo at dis-
crete time intervals, thus rather than implement equation
(3) directly we use discrete summation over the timesteps,
assuming that the integrand is a constant in time over each
interval.

M∗(zi) =
∑

i

fcon(zi)fb∆Mh,i. (4)

2.2 Parameterizing Star Formation Quenching

We parameterize the quenching of star formation by the
quantity fQ, such that SFR(z) ∝ fcon(z)× fQ(z). Figure 1
shows the time evolution of M∗(z) in present-day 1013 M⊙

halos, as derived by B13. From these results, it is clear that
quenching in these halos must happen over a short timescale,
as stellar mass growth at z < 1 is almost negligible. Thus we
parameterize fQ as an exponential function with free param-
eters governing the onset of quenching and its rapidity. We
consider 6 different models for parameterizing the time evo-
lution of fQ. The forms implemented are all listed in Table
1.

• Redshift quenching: quenching begins at z < zcrit. Red-
shift quenching is a fairly ad-hoc model, although one can
conceive of redshift-dependent quantities that may impact
star formation. The results of this model can be thought of
as applying the fcon results of B13 (or Moster et al. 2013)
and applying them to individual halos.

• Halo quenching: quenching begins whenMh(z) > Mcrit
h .

The idea of a critical halo mass beyond which galaxy for-
mation is curtailed is driven by numerical simulations that
demonstrate that gas accretion onto halos undergoes a rapid
transition at ∼ 1012 M⊙ (Kereš et al. 2005, 2009; Dekel &
Birnboim 2006). Below Mcrit

h , gas is accreted cold and is de-
posited directly onto the central galaxy. Above this thresh-
old, gas is shock heated to high temperature and gas cooling
is significantly attenuated. Interpreting this threshold as a
threshold for quenching star formation leads to a natural
explanation of galaxy bimodality (Cattaneo et al. 2006).

• Galaxy quenching: quenching begins at M∗(z) > Mcrit
∗ .

The bimodality of galaxies can be seen most clearly in their
stellar mass (e.g., Kauffmann et al. 2003), with a clear break
in their z = 0 properties at M∗ ≈ 1010.3 M⊙. Such a scenario
could be induced by instabilities in disk galaxies that oc-
cur after the disk becomes too massive. In the semi-analytic
model of Bower et al. (2006), disk instabilities are the pri-
mary feeding mechanism for the central black hole, and thus
the source of galaxy quenching. This model is described as
‘secular evolution’ in the Hopkins et al. (2008).
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form in halos ofMh ≈ 1013 M⊙(B13, Moster et al. 2013). We
focus on massive galaxies for two reasons: first, these galaxies
are nearly uniformly quiescent (Chen et al. 2012; Reid et al.
2016), thus the process that quenches star formation has al-
ready occurred in these halos. As we will show, because this
process of quenching must occur over a short time span, it
causes an extreme break of the path-independence of galaxy
formation, and thus has a strong impact on σlogM∗. Sec-
ond, although these galaxies are quite massive, abundance
matching informs us that the buildup of stellar mass within
these halos is due to in-situ star formation, and not by merg-
ing. B13 and Moster et al. (2013) both find that the fraction
of stellar mass from in-situ growth in these halos if 90% at
z = 0 and 95% at z = 0.5, which is the redshift of the
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et
al. 2013) galaxy sample from which we will take observa-
tions of σlogM∗. Thus, the dominant source of scatter in
stellar masses within these halos is star formation and not
merging, which can dominate σlogM∗ in higher mass halos
(Gu et al. 2016).

Using the clustering and abundance of BOSS galaxies,
Tinker et al. (2016) found σlogM∗ for 1013 M⊙ halos to be
0.16 dex. This value removes statistical errors from the stel-
lar mass estimates, but does not remove systematic random
errors incurred from the stellar mass estimation method it-
self. This value is in good agreement with other measure-
ments of σlogM∗ from other galaxy samples at lower redshifts
(More et al. 2011; Reddick et al. 2013; Zu & Mandelbaum
2016). Although this is an upper limit, 0.16 dex is a shock-
ingly low value for a quantity—stellar mass—that is influ-
enced by a series of disparate processes, all with their own
intrinsic distributions, such as metallicity, AGN feedback,
supernovae feedback and winds, gas-rich merging, and the
different baryonic accretion rates that different halos expe-
rience. The models we present in this paper are highly sim-
plified, incorporating none of the physical effects just listed.
Thus, our test for whether a model for quenching is valid is
whether it can yield a value of σlogM∗ below the observed
value, leaving room for other sources of scatter from more
physical effects.

Throughout this paper, we assume a flat-ΛCDM cos-
mology with Ωm = 0.3, σ8 = 0.8, and h = 0.7. We will use
redshift as our time unit quite often, especially in our model
parameterizations, but will show plots as expansion factor a,
which is a more natural time unit for the growth of galaxies.

2 MODELS

2.1 Parameterizing Star Formation Efficiency

We define the baryon conversion efficiency as

fcon ≡ SFR×
[

Ωb

Ωm
Ṁh

]−1

, (1)

where SFR is star formation rate, Ωb/Ωm is the universal
baryon fraction (which we assume to be 0.045/0.3 = 0.15),
and Ṁh is the instantaneous growth rate of the halo. Inspec-
tion of the abundance matching results of B13 and Moster
et al. (2013) shows that for low-mass halos, and in the ab-
sence of any external quenching mechanism, fcon can ap-
proximately be parameterized as a function that depends
only on redshift:

fcon(z) =

⎧

⎨

⎩

f0(Mh0)
(

1+z
1+z0

)γ1 if z > z0

f0(Mh0)
(

1+z
1+z0

)γ2 if z ! z0

(2)

where γ = −3 at z > z0 and γ = 0 and z ! z0, f0(Mh0) is
an overall amplitude that depends on z = 0 halo mass, and
z0 = 1. The total stellar mass at any redshift z is

M∗(z) =

∫ t(z)

0

SFR(t) dt =

∫ z

∞

fcon(z
′)fbṀh

dt
dz′

dz′. (3)

To calculate the stellar mass growth for an individual halo,
we use numerical halo merger trees (described in the next
subsection). The trees calculate the mass of the halo at dis-
crete time intervals, thus rather than implement equation
(3) directly we use discrete summation over the timesteps,
assuming that the integrand is a constant in time over each
interval.

M∗(zi) =
∑

i

fcon(zi)fb∆Mh,i. (4)

2.2 Parameterizing Star Formation Quenching

We parameterize the quenching of star formation by the
quantity fQ, such that SFR(z) ∝ fcon(z)× fQ(z). Figure 1
shows the time evolution of M∗(z) in present-day 1013 M⊙

halos, as derived by B13. From these results, it is clear that
quenching in these halos must happen over a short timescale,
as stellar mass growth at z < 1 is almost negligible. Thus we
parameterize fQ as an exponential function with free param-
eters governing the onset of quenching and its rapidity. We
consider 6 different models for parameterizing the time evo-
lution of fQ. The forms implemented are all listed in Table
1.

• Redshift quenching: quenching begins at z < zcrit. Red-
shift quenching is a fairly ad-hoc model, although one can
conceive of redshift-dependent quantities that may impact
star formation. The results of this model can be thought of
as applying the fcon results of B13 (or Moster et al. 2013)
and applying them to individual halos.

• Halo quenching: quenching begins whenMh(z) > Mcrit
h .

The idea of a critical halo mass beyond which galaxy for-
mation is curtailed is driven by numerical simulations that
demonstrate that gas accretion onto halos undergoes a rapid
transition at ∼ 1012 M⊙ (Kereš et al. 2005, 2009; Dekel &
Birnboim 2006). Below Mcrit

h , gas is accreted cold and is de-
posited directly onto the central galaxy. Above this thresh-
old, gas is shock heated to high temperature and gas cooling
is significantly attenuated. Interpreting this threshold as a
threshold for quenching star formation leads to a natural
explanation of galaxy bimodality (Cattaneo et al. 2006).

• Galaxy quenching: quenching begins at M∗(z) > Mcrit
∗ .

The bimodality of galaxies can be seen most clearly in their
stellar mass (e.g., Kauffmann et al. 2003), with a clear break
in their z = 0 properties at M∗ ≈ 1010.3 M⊙. Such a scenario
could be induced by instabilities in disk galaxies that oc-
cur after the disk becomes too massive. In the semi-analytic
model of Bower et al. (2006), disk instabilities are the pri-
mary feeding mechanism for the central black hole, and thus
the source of galaxy quenching. This model is described as
‘secular evolution’ in the Hopkins et al. (2008).
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FIG. 5.— Qualitative illustration of galaxy growth and quenching in three different basic models: a “merger” model, in which systems are quenched (for any
reason) after a major, gas-rich merger; a “halo quenching” model, in which systems are uniformly quenched when their halo reaches a critical mass MQ and
establishes a “hot halo” gas accretion mode; and a “secular” model, in which internal galactic processes (e.g. instabilities) determine and color, independent of
external processes. In all three models, star formation and accretion move systems to larger galaxy and halo masses in the blue cloud (blue shaded regions), and
dry mergers move systems to larger masses in the red sequence (red shaded regions). However, the division in this galaxy-halo mass space is different in each
case: for the “halo quenching” or “secular” cases it depends solely on halo mass or galaxy mass, respectively. In the “mergers” case, the transition line is tilted,
as the probability of mergers depends both on galaxy and halo mass. More massive halos are more evolved, live in higher-density regions, and have more likely
accreted other galaxies to supply a major merger, so the red fraction increases with halo mass. But at a given Mhalo, mergers are more efficient for high-mass
systems (and initial capture more likely), so the red fraction increases with galaxy mass. Note that for all of these, we are explicitly focused on central galaxies,
and ignore processes that may redden satellites.

FIG. 6.— As Figure 5, but showing the predictions from full cosmological models (again, for central galaxies only). Galaxies are color-coded by whether or not
each model predicts they should be in the blue cloud or red sequence. Left: Our full merger model Monte Carlo predictions. Center: The semi-analytic model of
Croton et al. (2006), which implements a standard halo quenching model (albeit requiring the presence of a relatively massive BH to maintain quenching). Note
the apparent relatively low number of massive galaxies/halos owes to the sampling density of the model in its public release. Right: The modified semi-analytic
model of Bower et al. (2006), as described in § 3.2, where we assume the strong secular (disk instability) mode that dominates the morphological transformation
and gas exhaustion of most disks (in the model) also determines whether or not galaxies are quenched. Dashed lines in each qualitatively divide the red and
blue populations, as in Figure 5. Despite the considerably complexity added to these models, their qualitative behavior in the Mgal −Mhalo plane reflects the key
distinctions of each corresponding toy model in Figure 5.

recent fully cosmological semi-analytic models based on the
Millenium dark-matter simulation (Springel et al. 2005c).
The Croton et al. (2006) models correspond roughly to the

halo quenching models described above – a massive BH
is required to maintain the hot halo, but development of
the hot halo reservoir (upon crossing the appropriate halo
mass threshold) is still effectively the dominant criterion
for quenching (see also e.g. Kang et al. 2005; Cattaneo et al.
2006; de Lucia & Blaizot 2007).

The Bower et al. (2006) models implement a strong disk in-
stability (secular) mode, which dominates black hole growth
and bulge formation at all redshifts, with mergers typically
contributing only ∼ 0.1% to the spheroid mass budget. How-
ever, in the model, it is still assumed that cooling can only
be halted in a quasi-static hot halo, and effectively galaxies
are quenched upon crossing the appropriate halo mass thresh-
old (like other models, the presence of a moderate-mass BH
is technically required, but essentially all systems with suffi-

Ratio Quenching Halo Quenching Galaxy Quenching

Hopkins et al 2008b
Model: Quenching begins after a halo crosses 

a threshold in some physical quantity.  
Details: Quenching can be fast or slow, but 

must match the mean Mstar(z). 
Test: If a model yields a scatter smaller than 

0.16 dex, leaving room for other sources.
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Comparing to the Data
• Only galaxy quenching yields 

scatter below the observed levels. 

• Halo quenching can achieve 
lower scatter if the quenching 
threshold decreases with cosmic 
time.  

• Any stochasticity in the critical 
halo mass must be less than 0.1 
dex. 

• Any reduction in σlogM* requires 
halo formation history correlate 
with observed properties which is 
measurable through clustering.



Summary
• Why is the scatter so small?  
• Matching observations requires either 

• Quenching tied to galaxy mass 

• Quenching correlates strongly with halo formation history. 

• Both make testable predictions for how clustering depends on other 
properties: luminosity, color, metallicity. 

• Wealth of data out there of massive galaxies: 1.6 million BOSS 
galaxies (finished), 400k eBOSS galaxies (ongoing), 1 million DESI 
galaxies (starting 2018), probing 0.2<z<1.0.  

• Answering this question may be key to understanding what regulates 
star formation in galaxies.


