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Abstract

As star-forming galaxies approach or exceed a stellar mass of around 1011Me, they are increasingly likely to be
quenched in a process generically called mass quenching. Central galaxies, which are quenched via mass rather
than environmental quenching, therefore accumulate in a peak around this characteristic mass. While a number of
processes may influence the shape of the quenched central stellar mass function, we find that its low-mass slope is
strongly affected by the scatter in the mass of black holes at a given stellar mass, with higher scatters in the black
hole population yielding shallower slopes. Higher scatters in the black hole mass spread out the stellar mass range
over which quenching occurs, leading to shallower slopes. This trend holds across a variety of semianalytic models
and cosmological hydrodynamic simulations. A comparison with observations provides indirect evidence for a
large scatter in black hole mass ( ( )∣ ) *M Mlog 0.510 BHs dex, and a joint constraint on active galactic nuclei
feedback physics and the coevolution of galaxies and black holes.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); Galaxy quench-
ing (2040)

1. Introduction

The connection between supermassive black holes and
galaxies has become highly relevant in recent years. Observa-
tions demonstrate correlations between the mass of central
massive black holes and properties of their host galaxies such
as stellar mass, bulge mass, and velocity dispersion (J. Magor-
rian et al. 1998; L. Ferrarese & D. Merritt 2000; S. Tremaine
et al. 2002; J. Kormendy & L. C. Ho 2013; X. Ding et al.
2020). Generally, galaxies contain at least one massive black
hole at their center, potentially driving significant outflows
that disturb the gas availability, depriving or enhancing galaxy
and/or black hole growth. As J. Silk & M. J. Rees (1998)
suggested, the energy released during the gas accretion onto
these black holes may be enough to disperse galactic gas and
initiate outflows. This feedback mechanism from active
galactic nuclei (AGN) is supported by substantial evidence
from the detection of X-ray cavities, radio jets in galaxy
clusters, and broad absorption lines in quasi-stellar object
spectra (e.g., B. R. McNamara & P. E. J. Nulsen 2007; G. Chon
et al. 2012; N. Arav et al. 2013; F. Guo 2015; N. Arav et al.
2018).

Feedback mechanisms are believed to address several
persistent challenges in cosmological simulations of galaxy
formation, including overcooling, low angular momentum, the
existence of massive blue galaxies, and extragalactic enrich-
ment. Semianalytical models of galaxy formation (SAMs),
which combine N-body simulations of dark matter halos with
analytical prescriptions of baryonic physics, have provided a
partial solution to some of these issues by incorporating AGN
feedback that prevents gas in the halo from accreting onto the
galaxy, thereby allowing for the successful match of the bright-
end of the galaxy luminosity function (R. G. Bower et al. 2006;

D. J. Croton et al. 2006; R. S. Somerville et al. 2008, 2015;
D. J. Croton et al. 2016).
Y.-j. Peng et al. (2010) and Y.-j. Peng et al. (2012)

(hereafter P10 and P12, respectively) introduced a framework
for understanding the stellar mass function of the galaxy
population by splitting galaxies into quenched and star-forming
populations, and requiring continuity, namely that star-forming
galaxies become quenched galaxies. We refer to quenching as
the processes that halt star formation in star-forming galaxies,
leading to the emergence of passive galaxies with very low or
zero star formation rates. This cessation of star formation,
whether caused by internal or external factors, leads to the
formation of the so-called “red sequence” of passive galaxies.
Quenching differs from the overall decline in the specific star
formation rate of star-forming galaxies observed since z ∼ 2.
P10 examined the implications of the observed distinct

separation of the red fraction of galaxies in the Sloan Digital
Sky Survey (SDSS) by mass and environment and the observed
constancy of the characteristic* of the mass function of star-
forming galaxies since z∼ 2. The red fraction of galaxies indicates
the proportion of galaxies that have been quenched at a given
mass and/or in a specific environment. P10 argued that this
separability suggests two main quenching channels: one depen-
dent on environment (environment quenching) and another linked
to the mass of the galaxy (mass quenching). Mass quenching is
independent of environment, and environment quenching is
independent of stellar mass. P12 further demonstrated that
environment quenching is confined to satellite galaxies.
The P10 framework shows clear relationships among the

Schechter parameters of different components of the galaxy
population, defined via P. Schechter (1976),
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whereΦ(M*) is the number density of galaxies per unit log interval
in stellar mass, αs is the low-mass slope,* is the characteristic
mass, and Φ

*

is the normalization. Note that for a Schechter
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function, when * *M , / *d d Mlog log s 1a aº F = + . If
the mass quenching process that produces the exponential cutoff in
the mass function of star-forming galaxies extends to masses
below *, then the faint-end slope of mass-quenched passive
galaxies is predicted to differ from that of star-forming galaxies by
Δαs ∼ 1 + β, where β ≈ −0.1 is the power-law slope of the
specific star formation rate versus stellar mass (P10). A major
success of the P10 framework is that this relationship holds in the
data. Meanwhile, the faint-end slope of environment-quenched
galaxies should align with that of the star-forming population, as it
does in fact in the data. This leads to a distinctive double Schechter
function for the overall population of passive galaxies. Similarly, a
double Schechter function is also expected for the mass function of
the entire galaxy population (P10; I. K. Baldry et al. 2012).

Given the apparent correspondence between mass quenching
and the physics of AGN feedback, the details of which
are still highly uncertain, we explore how the extension of mass
quenching to masses below * works in a variety of
simulations and SAMs. P12 showed that observationally the
data are well-described by a gradual mass quenching process in
which the population of passive central galaxies is built up over
a wide range of stellar masses, producing a Schechter low-mass
slope αs,red ≈ −0.33. While simulations and SAMs are
typically tuned to reproduce the overall stellar mass function
(along with other quantities) reasonably well, the low-mass
slope of the mass function of quenched central galaxies is
typically not directly tuned. This slope is nonetheless highly
sensitive to the details of mass quenching, including the
physics of AGN feedback, and the black hole population
responsible.

This paper is structured as follows: Section 2 provides an
overview of the semianalytic model DARK SAGE and the
modifications applied in our study. Section 3 presents the
stellar mass function (SMF) for both all and central galaxies.
Section 4 analyzes the SMF of central galaxies, distinguishing
between star-forming and quenched galaxies, with quenched
galaxies defined as those with ( [ ])log sSFR yr 1110

1 < -- .
Section 5 explains how we obtain α from the SMF of
quenched galaxies. In Section 6, we explore the relationship
between α and σBH. Finally, Section 7 summarizes the
conclusions of the study. The Appendix includes detailed
SMFs and α fits for all models.

2. Summary of Models

We use the semianalytic model DARK SAGE (A. R. H. Stevens
et al. 2016), an extension of the Semi-Analytic Galaxy Evolution
(SAGE) model, which uses physically motivated prescriptions to
model gas cooling, star formation, and feedback mechanisms
(D. J. Croton et al. 2016). What sets DARK SAGE apart from
many other SAMs is its incorporation of a self-consistent one-
dimensional disk structure, divided into 30 annuli with fixed
angular momentum. We adopt black hole formation model
modifications to approximate results from the ILLUSTRISTNG300-
1 simulation (A. J. Porras-Valverde et al. 2024). In the SMBH
seeding model, we assign a 1.1 × 106Me black hole to every
halo that reaches 7 × 1010Me, in contrast to DARK SAGE’s
fiducial approach of using low-mass SMBH seeds. We also
experiment with a “fixed conditional distribution model,” in
which all black hole masses follow a predetermined distribution
at a fixed halo mass, centered on the median black hole mass-halo
mass relation at z = 0 from ILLUSTRISTNG, with an imposed

lognormal scatter at fixed halo mass σBH. By imposing a fixed
relationship between halo mass and black hole mass, we can
separate out the effect of changes in the underlying black hole
population from changes in the feedback prescription. However,
in doing so, we decouple the typical relationships between black
hole mass and AGN feedback. Three different AGN feedback
models are used in the SMBH seeding and fixed conditional
distribution models:

1. Instantaneous AGN Feedback. DARK SAGE calculates its
fiducial black hole accretion rates and energy outputs
given the current mass of the black hole.

2. Black Holes Turn Off Cooling. Deactivates radiative
cooling for any galaxy with a black hole mass greater than
108Me, with no additional AGN feedback mechanisms.

3. Black Holes Remove Interstellar Medium (ISM). Cold
ISM gas from galaxies with black hole masses exceeding
108Me is removed.

In addition to our SAM models, we compare to predictions
from the UNIVERSEMACHINE semiempirical model, which uses
cosmological N-body simulations to statistically match
observed galaxy properties across cosmic time (P. Behroozi
et al. 2019), and the SHARK SAM of galaxy formation
(C. d. P. Lagos et al. 2024). We include the ILLUSTRISTNG
(F. Marinacci et al. 2018; J. P. Naiman et al. 2018; D. Nelson
et al. 2018; A. Pillepich et al. 2018; V. Springel et al. 2018;
D. Nelson et al. 2019) and EAGLE (R. A. Crain et al. 2015;
J. Schaye et al. 2015; S. McAlpine et al. 2016) state-of-the-art
cosmological hydrodynamic simulations used to study astro-
physical processes related to star formation, cold gas
availability, black hole formation, stellar evolution, and stellar
and AGN feedback.

3. Galaxy SMF

Before delving3 into the quenched central stellar mass
function, we compare the SMF of all galaxies at z = 0 to
various models. Simulations are generally tuned to provide
plausible matches to the SMF at z = 0. While inferring the
stellar mass of galaxies does come with systematic uncertainty,
it is among the most accessible observable properties of a
galaxy (C. Pacifici et al. 2023). We also compare the mass
functions of central galaxies between the observations and the
models. In the models, the definition of a central galaxy is
unambiguous, but the observations require a model-dependent
group catalog to classify galaxies as centrals or satellites.
Figure 1 shows the SMF for all and central galaxies at z = 0.

Overall, DARK SAGE, TNG100, and SHARK models align with
observations from I. K. Baldry et al. (2008), M. Bernardi
et al. (2013), and A. H. Wright et al. (2017) within 0.6 dex.
However, discrepancies increase to 1.5 dex for M* > 1011.5Me
(left panel). The agreement between models and observations
from P12 remains consistent when considering only central
galaxies (right panel). Note that DARK SAGE4 is calibrated to
match the SMF from I. K. Baldry et al. (2008), TNG100 with the
SMF from M. Bernardi et al. (2013), and SHARK with the SMF
from A. H. Wright et al. (2017). Therefore, the nature of the

3 No artificial neural networks were used in writing this work.
4 We caution the reader in interpreting low-mass galaxy results. Although
DARK SAGE is tuned to observations, galaxies with M*  1010Me have less
than 200 particles in their present dark matter halo.
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agreement is not a coincidence. The disagreement at the high-
mass end is apparent in observations due to the uncertainty in
the mass budget from intracluster light not consistently
accounted for in the total stellar mass budget (M. Bernardi
et al. 2013). At fixed high mass, TNG100 and SHARK show a
higher number density of galaxies when compared to
DARK SAGE.

4. Star-forming and Quenched Galaxy SMF

We now split galaxies into star-forming and quenched
populations at a specific star formation rate of 10−11 yr−1, low
enough that quenched galaxies can no longer adjust their mass
significantly in a Hubble time via star formation alone. Figure 2
shows the SMF for central galaxies split into all, star-forming,
and quenched galaxies. First, P12’s passive central galaxy
population is described by a single Schechter function with a
positive faint-end slope, leading to a well-defined peak around
*. The characteristic stellar mass * is 0.09 ± 0.03 dex
larger than that of star-forming galaxies, likely due to minor
postquenching mergers of satellite galaxies into the centrals,
which boosts their masses by about 25% on average (P12).

The star-forming populations across models are reasonably
consistent with each other, although none are as featureless as
the data from P12. The offset in stellar mass at a fixed number
density reaches 0.25–0.6 dex at the high-mass end, depending
on the model. In all cases, at M*  1011.5Me, quenched
galaxies make up the vast majority of galaxies (i.e., the red and
black lines follow each other), except in TNG100, where we see
a slight difference in number density.

Despite the general consistency of the star-forming galaxies,
the models do have features around* that are not present in
the data. In particular, each version of DARK SAGE has a knee
or even a bump in the SMF of star-forming galaxies. This
overabundance of star-forming galaxies appears to originate in
a star-forming main sequence whose normalization is some-
what low in these versions of DARK SAGE. Galaxies that have
not yet quenched have such low specific star formation rates
that they are unable to grow in stellar mass (and hence move

rightwards in the SMF). This freeze-out of star-forming
galaxies can happen when the specific star formation rate of
the main sequence decreases below ∼1/tH, which evidently has
not happened in the real Universe, but could happen in the
future as galaxies continue to become more gas-poor at a given
stellar mass.
While the features of the star-forming SMF are interesting, a

clearer signature of quenching is present in the quenched
galaxies. All of the models have a clear feature, usually a peak
in the quenched central stellar mass function (QCSMF) around
1011Me, which is understood in P10 as the result of a mass-
quenching process at this mass scale. All models need to have
this feature in order to reproduce the total SMF. Despite the
agreement in the location of the peak and its behavior above
*, there is a huge variety of behaviors below * in the
QCSMF: flat or negative slopes, positive slopes, and positive
slopes that become negative again at lower masses. Since we
have already removed satellite galaxies from consideration,
these behaviors reflect differences in the mass-quenching
process below *. The QCSMF well below * in the
models may also be influenced by the effects of finite
resolution (e.g., a galaxy that “should” be near the main
sequence, but momentarily has no star-forming cells) or by the
tail of galaxies ∼3σ below the main sequence. While such
galaxies are rare, there are so many more star-forming galaxies
at these masses than quenched central galaxies that they may
account for the increase in the QCSMF at very low stellar
masses. Few if any of the models’ QCSMF can be represented
with a single Schechter function like the P12 data,5 so we
proceed by measuring the slope of the QCSMF in the regime
just below*, which can plausibly be represented by a single
power-law value.

5. Obtaining α

Figure 3 illustrates how we determine the faint-end slope α
of the QCSMF. Our goal is to measure α at a stellar mass just
below the characteristic mass where the shape of the QCSMF is
plausibly a simple power law, i.e., the low-mass behavior of a
single Schechter function. Because each model is qualitatively
different, we employ a nonparametric estimator rather than
attempting to fit an explicit functional form. We first fit the
QCSMF with a bspline using scipy’s interpolation.
make_splrep (see, e.g., P. Dierckx 1995). The x and y
values are, respectively, *Mlog and logF. The weights are set
to the inverse of the standard deviation of each bin’s value of
logF, assuming that the uncertainty in Φ is set by Poisson
errors on the number of galaxies in the bin. The smoothness
parameter is set to the number of data points, meaning that the
spline will aim to produce a smooth function with χ2 ≈ 1. The
fitted splines are shown as gray lines in Figure 3. We then take
two derivatives of the spline with respect to *Mlog and identify
the most negative value of the second derivative for
M* > 1010.5Me—this corresponds to the peak of logF near
the characteristic mass. We search toward lower masses for the
first point where the second derivative is reduced in magnitude
from this peak by a factor of 10. It is at this point that we
evaluate α as the first derivative of logF with respect to *Mlog
using the spline. These points are marked as black circles, and

Figure 1. Galaxy SMF for all (left panel) and central (right panel) galaxies at
z = 0. Both panels show DARK SAGE (solid purple line), TNG100 (solid blue
line), and SHARK (solid orange line) models. We include observations from
I. K. Baldry et al. (2008; gray squares dashed line), M. Bernardi et al. (2013;
gray triangles dashed line), and A. H. Wright et al. (2017; black dashed dotted
line and gray diamonds dashed line), and P12 (gray circles dashed line; right
panel). We find agreement within all models with increasing orders of
magnitude uncertainty at the high-mass end.

5 The P12 data below their completeness limit actually exceeds their best-fit
Schechter function, so there is some indication that the observations also have
an upturn at very low stellar masses.
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Figure 3. Similar to Figure 2, but here we only show quenched galaxies for TNG100, DARK SAGE fiducial, and its modified models. We include the standard deviation
of the QCSMF. The gray solid line displays the spline fit. The black dashed line shows the low-end fit to obtain the slope α. We highlight differences in α with varying
black hole growth and quenching models.

Figure 2. SMF of central star-forming ( ( [ ])11 log sSFR yr10
1- < - , solid blue line) and quenched galaxies ( ( [ ])11 log sSFR yr10

1- > - , solid red line) at z = 0 for
DARK SAGE (DS) fiducial (top left), TNG100 (bottom left), fixed conditional distribution models (top three panels), and SMBH seeding models (bottom three panels)
using the instantaneous AGN feedback (first column), black holes turn off cooling (second column), and black holes remove ISM (last column) quenching models.
Note that the fixed conditional distribution model we show here is for a fixed σBH = 0.2. We show P12’s central galaxies (solid black line) broken down into star-
forming (solid blue line) and quenched (solid red line) galaxies in each of the panels. While the SMF of star-forming galaxies steadily declines with mass (in most
models), just like the SMF of centrals overall, central quenched galaxies show a wide range of behaviors below the characteristic mass of the star-forming galaxies.
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the recovered first derivatives are shown as a short line around
this circle in Figure 3. We observe that α varies significantly
across different numerical models. In the DARK SAGE fiducial
model, the transition between star-forming and quenched
galaxies is less abrupt than the TNG100 model (see Figure 5
of A. J. Porras-Valverde et al. 2024). This results in a flatter
faint-end slope for the QCSMF in the DARK SAGE fiducial
model compared to TNG100. The slope presented by P12 lies
between these two models. We investigate how various
modifications to DARK SAGE impact α. In the fixed conditional
distribution models, the σBH = 0.2 model shows a steeper slope
for all quenching scenarios compared to the SMBH seeding
case, which exhibits some variation in α depending on the
quenching models. These variations in α depending on the
AGN feedback prescription appear to be secondary to
variations in α due to differences in the black hole population
(see Section 6).

6. Constraining AGN Feedback Using α

Figure 4 shows the slope α of the faint-end of the SMF of
central quenched galaxies as a function of σBH, the scatter in

black hole mass at fixed stellar mass. Generally, galaxies with
lower σBH values yield higher α. This holds between
simulations and within a given simulation, where we modify
the underlying physics. The values of α derived from the
simulations are compared to P12’s value of α from their single
Schechter function fit (note that we add 1 to account for
comparison with the logarithmic slopes presented here). The
UNIVERSEMACHINE’s value of α, an output of their empirical
model, differs from P12’s more direct measurement of α, an
issue discussed further in Section 7.

7. Discussion and Conclusions

Using a modified version of the SAM DARK SAGE, where we
can easily adjust the scatter in the black hole mass at a fixed
galaxy mass, we have found a clear trend that higher scatter in
the black hole mass leads to lower values of the low-mass slope
of the stellar mass function for quenched central galaxies. This
trend also holds for other SAMs (SHARK) and hydrodynamic
simulations (TNG100). This relationship is intuitive—a larger
scatter in the black hole mass implies a wider range of stellar
masses over which quenching occurs, and therefore a shallower

Figure 4. Faint-end slope α of the SMF of central quenched galaxies as a function of the black hole mass scatter at fixed stellar mass. Horizontal error bars show the
span of black hole scatters within a stellar mass range of ±0.1 dex relative to the stellar mass at which α is measured. We show the following models: DARK SAGE
fiducial (black triangle), DARK SAGE with quasar-mode feedback turned off (green triangle), the fixed conditional distribution (circles), and the SMBH seeding
(squares) models. For both DARK SAGE modifications, we include the instantaneous AGN feedback (blue), black holes turn off cooling (orange), and black holes
remove ISM (red) quenching models. We also present data from the UNIVERSEMACHINE empirical model (gray dashed line), cosmological hydrodynamic simulations
TNG100 (purple star) and EAGLE (green star), and SAMs SAGE (brown triangle) and SHARK (cyan triangle). The observational constraint from P12 (solid gray line) is
shown for comparison. We overplot our prediction from a toy model where black holes fully quench their galaxies when they reach a particular mass (Equation (5)) for
several stellar masses: M* ∼ 109Me (solid black line) and M* ∼ 1010Me (dashed black line). We find a correlation where increasing σBH yields lower α values.

5

The Astrophysical Journal, 984:96 (10pp), 2025 May 9 Porras-Valverde & Forbes



slope in the population of galaxies quenched by this process.
SAGE and EAGLE are exceptions, likely due to differences
in quenching physics. In TNG and most modified DARK
SAGE models, quenching becomes more pronounced for
MBH  108Me, whereas SAGE and EAGLE lack a built-in
critical black hole mass and therefore are not as sensitive to the
distribution of black hole masses. Interestingly, the DARK SAGE
models with “instantaneous AGN” feedback similarly do not
have a sharp threshold in MBH, but still follow the overall trend
shown in Figure 4.

To reproduce the observed low-mass slope in the mass
function of central quenched galaxies, our trends suggest a
reasonably large scatter in the black hole mass at fixed stellar
mass is necessary, with σBH  0.5 dex at the very least.
Shallow slopes in line with observations may also be possible
for physical models of AGN feedback that are more gradual
than any implemented in our versions of DARK SAGE, or in
TNG for that matter. In most cases, these models of AGN
feedback work by invoking a dramatic increase in the energy
available to heat galactic halos for black holes above a critical
mass of around 108Me. It is conceivable that the same
population of black holes could produce sufficiently gradual
mass quenching if the feedback turned on more gradually with
black hole mass. However, in our models that come closest to
this case, namely the “instantaneous AGN” models, the σBH
necessary to produce the observed α is even higher,
approaching 1 dex. This is because in these models, the halo
mass continues to play a large role in quenching.

This presents a problem for physical models of galaxy
formation, both cosmological simulations and SAMs, since the
scatter in black hole mass is not an input, but rather an emergent
property of the simulation. While it would be straightforward to
modify the AGN feedback recipe, it is much less obvious how to
induce the model to increase its scatter in black hole mass. The
growth of the black holes apparently needs to be less well-
coupled to the growth of stellar mass in its host galaxy.

The intrinsic scatter in the MBH–M* and MBH–Mbulge relations
is a key measure of black hole–galaxy coevolution. J. Kormendy
& L. C. Ho (2013) and V. N. Bennert et al. (2021) find a smaller
scatter of 0.28–0.39 dex when focusing only on classical bulges
and pseudobulges. However, when all morphological types and
both active and inactive galaxies are included, the scatter
increases to about 0.5 dex for the MBH–Mbulge relation and
slightly more for the MBH–M* relation (A. E. Reines &
M. Volonteri 2015; M. C. Bentz & E. Manne-Nicholas 2018).
The MBH–M* relation for local massive black holes from
J. E. Greene et al. (2020) shows lower normalization and a
scatter of ∼0.81 dex, which is based on a combined fit of local
early- and late-type galaxies with mostly dynamical black hole
mass measurements. J. I. H. Li et al. (2023) show an intrinsic
scatter of 0.59 0.21

0.23
-
+ dex for the MBH–Mbulge relation and

0.47 0.17
0.24

-
+ dex for the MBH–M* relation, which aligns with the

observed local black hole scaling relations. Here, they correct for
the T. R. Lauer et al. (2007) bias, a statistical effect caused by
intrinsic scatter in scaling relations within flux-limited samples.
D. Sijacki et al. (2015) found a tight MBH–M* relation at z = 0
for massive black holes, with increasing scatter for those below
108Me, similar to SDSS observations from J. I. H. Li et al.
(2023). This variation in scatter between high- and low-mass
black holes may indicate different evolutionary processes or
feedback mechanisms shaping the black hole scaling relations.

Some measures of reverberation mapping black hole mass
estimates may be underestimated if the intrinsic scatter in the
virial factor for individual objects is not accounted for (e.g.,
∼0.3–0.4 dex; Y. Shen et al. 2024). High-resolution Hubble
Space Telescope images may struggle to resolve bulges and
other galaxy structures precisely, introducing further uncertain-
ties in bulge identification and mass estimation. Consequently,
if MBH and M* uncertainties are underestimated, the observed
intrinsic scatter in scaling relations might be overestimated, as
the “true” scatter is obscured by measurement errors. Taken
together, the observational constraints on the value of

( ∣ )*M Mlog10 BHs are consistent with our inference that its value
is likely to be 0.5 dex based on the observed value of α.
We now address the relationship between our view here, that

σBH controls α, and the P10 result that, at low stellar masses,

( )1 , 2bluea a b= + +

where αblue is the low-mass slope of the star-forming mass
function, and 1 + β is the power-law slope of the star-forming
main sequence. The P10 formula is derived from requiring that
star-forming galaxies follow a single Schechter function with a
nonevolving characteristic mass, which requires that a galaxy’s
probability of quenching during a given period of time, η, is
proportional to its star formation rate. This argument only
applies near the characteristic mass * M1011» , but P10
point out that this simple quenching law, if extended to lower
masses, predicts Equation (2), which, in fact, is numerically
satisfied for the observed galaxy population at z ≈ 0.
In contrast, many of the models we consider here have a

quenching probability that is not directly related to their star
formation rate, but rather to their black hole mass. Our black
holes remove ISM model is the most extreme of these,
guaranteeing that galaxies containing black holes above 108Me
have identically zero star formation. In such a model, we can
write down the quenched fraction given a stellar mass as

( ) ( )*f
M M M

NCDF
log log

. 3Q
BH,med BH,crit

BHs
=

-
⎜ ⎟
⎛
⎝

⎞
⎠

Here NCDF is the cumulative distribution function of a
standard Gaussian, MBH,crit ∼ 108Me is the critical black hole
mass above which a galaxy is quenched, and MBH,med(M*) is
the median black hole mass at a given stellar mass. We can
further assume that ( )/ *M A M M10BH,med

11= g with γ ∼ 1 and
A ∼ 108Me.
Now let us consider how our fQ interacts with P10’s

apparently successful ansatz that /*SFRh = at all masses.
At masses well below *, we can find fQ as predicted by
the P10 formalism just by noting that the density of star-
forming galaxies in this regime ΦSF is far larger than that of
quenched galaxies ΦQ, in which case

( )f M . 4Q
Q

Q

Q

SF SF

1=
F

F + F
»

F
F

µ b
*
+

Meanwhile, we can Taylor expand the value of flog Q based on
sudden black hole quenching (Equation (3)) to find

( )
( )

*

*
d f

d M

M ylog

log

2

ln 10

1

2

log
, 5Q

BH BH
2

g
s p

g
ps

= -
-

⎜ ⎟
⎛
⎝

⎞
⎠

where y A M11 log log BH,critg= - + . We can compare this
prediction directly to our measured values of α by noting that,
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in general, / *d f d Mlog logQ bluea a= - . If we require that
this slope approaches the P10 limit of 1 + β at a particular M*,
we obtain a quadratic equation for σBH,

( )( )( )
( )( )

( )
/

*M y1 1 4 ln 10 1 log

2 ln 10 1
. 6BHs

b

p b g
=

+ - + -

+

For γ = 1, A = MBH,crit = 108Me, β = − 0.1, and
M* = 1010Me, we find σBH ≈ 0.78 dex, roughly what we find
for the simulations that match the P12 slope.

In this way, a quenching law based purely on instantaneous
black hole mass can mimic the single Schechter function of
quenched central galaxies observed in P12. We can see this
explicitly in Figure 2 and the Appendix, where the black holes
remove ISM models, especially those with large σBH produce
QCSMFs with a shape quite similar to the observations.6 It is
difficult to distinguish between quenching mechanisms obser-
vationally, where there is some evidence for the importance of
black holes (e.g., B. A. Terrazas et al. 2017), but the halo mass
or the central density of the galaxy may also play a role
(J. J. Fang et al. 2013; J. Woo et al. 2015). In simulations,
however, black hole activity appears to be the only viable
means to halt star formation. The success of P10’s mass
quenching model, wherein the quenching probability is
proportional to the star formation rate, may be a coincidence:
the star formation rate does not matter per se—more massive
galaxies have both higher star formation rates and a higher
probability of hosting a black hole above the critical mass. For
this probability to be high enough at low enough stellar masses,
σBH must be reasonably large, 0.5 dex.

To summarize,

1. Increasing σBH is correlated with shallower slopes in
QCSMF (lower α values). Larger σBH spreads the “mass
quenching” process over a larger range of stellar masses,
which appears to be necessary to explain the shallow
slope.

2. The value of σBH necessary to produce a realistic slope,
0.5 dex, is consistent with efforts to measure σBH
directly.
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Appendix
A. SMF of Central Star-forming and Quenched Galaxies
for SMBH Seeding and All Fixed Conditional Distribution

Models at z= 0

Figure 5 shows the SMF of central star-forming and
quenched galaxies for five different σBH values, an extended
version of Figure 2, where we only show the conditional
distribution model at σBH = 0.2. We find that in most cases, the
total SMF at the high-mass end converges with the quenched
SMF, except for σBH > 0.4, where the star-forming galaxies
have similar broken power laws that trace the total SMF from
the low-mass to the high-mass end. In these extreme cases, the
drop off at the high-mass end is more shallow due to the
relatively large range of stellar masses such black holes live in.
Figure 6 illustrates how the α values from the SMBH seeding
and the conditional distribution models are obtained in
Figure 4. Our faint-end slopes are well-fitted to represent the
drop in the number density of central quenched galaxies below
their respective characteristic mass.

6 The location of the characteristic mass is also sensitive to σBH, but this can
be modified by a suitable choice of MBH,crit.
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Figure 5. SMF of central star-forming ( ( [ ])11 log sSFR yr10
1- < - , solid blue line) and quenched galaxies ( ( [ ])11 log sSFR yr10

1- > - , solid red line) at z = 0 for
both DARK SAGE modifications: the SMBH seeding models (top three panels) and the fixed conditional distribution models with varying σBH values from σBH = 0
(second row) to σBH = 1 (last row). Each column represents three different quenching models: the instantaneous AGN feedback (first column), black holes turn off
cooling (second column), and black holes remove ISM (last column) quenching models. We show P12’s central galaxies (squares with dashed black line) broken
down into star-forming (circles with dashed blue line) and quenched (circles with dashed red line) galaxies in each of the panels. While the SMF of star-forming
galaxies closely traces the central SMF, quenched galaxies show a drop in the number density at low masses in agreement with P12.
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