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Abstract

The assembly of stellar and supermassive black hole (SMBH) mass in elliptical galaxies since z~ 1 can help to
diagnose the origins of locally observed correlations between SMBH mass and stellar mass. We therefore construct
three samples of elliptical galaxies, one at z~ 0 and two at 0.7 < z < 2.5, and quantify their relative positions in the
Mpgy—M, plane. Using a Bayesian analysis framework, we find evidence for translational offsets in both stellar mass
and SMBH mass between the local sample and both higher-redshift samples. The offsets in stellar mass are small, and
consistent with measurement bias, but the offsets in SMBH mass are much larger, reaching a factor of 7 between z ~ 1
and z ~ 0. The magnitude of the SMBH offset may also depend on redshift, reaching a factor of ~20 at z ~ 2. The result
is robust against variation in the high- and low-redshift samples and changes in the analysis approach. The magnitude
and redshift evolution of the offset are challenging to explain in terms of selection and measurement biases. We
conclude that either there is a physical mechanism that preferentially grows SMBHs in elliptical galaxies at z < 2, or that
selection and measurement biases are both underestimated, and depend on redshift.

Unified Astronomy Thesaurus concepts: Giant elliptical galaxies (651); Galaxy evolution (594); Supermassive

black holes (1663)

1. Introduction

At low redshift, more massive black holes (BHs) tend to reside
in more massive galaxies. This tendency can be parameterized by
the ratio of supermassive black hole (SMBH) mass to host stellar
mass, Mgy/M.,, and has been considered across a wide range in
galaxy stellar mass (e.g., Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Marconi & Hunt 2003; Héring
& Rix 2004; Kormendy & Ho 2013; McConnell & Ma 2013;
Schutte et al. 2019; Zhao et al. 2021). Several different physical
origins have been proposed for this correlation. At least in part, it
may arise because both star formation and SMBH accretion are
fueled by a common gas reservoir (e.g., Peng 2007; Jahnke &
Maccido 2011). It may also arise because star formation and
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SMBH accretion can trigger and/or quench each other, in a
family of processes termed “feedback” (e.g., Fabian 2012; Farrah
et al. 2012; Gonzalez-Alfonso et al. 2017).

The redshift evolution of the Mpy/M,, ratio may give insight
into the processes that shape the SMBH—stellar mass correla-
tion. Studies of the redshift evolution of the Mpy/M, ratio
have focused on active galactic nuclei (AGNs), since SMBH
masses at z 2> 0.1 can currently only be estimated in AGNs.
These studies have found conflicting results. Some find
evidence for positive evolution in the Mpy/M, ratio with
redshift; that is, relatively more massive SMBHs at higher
redshifts (Decarli et al. 2010; Merloni et al. 2010; Bennert
et al. 2011; Ding et al. 2020). Others find negative evolution
(Ueda et al. 2018), or no evolution (Shields et al. 2003;
Cisternas et al. 2011; Schramm & Silverman 2013; Sun et al.
2015; Suh et al. 2020; Li et al. 2021a, 2021c). Potential reasons
discussed by these authors for observed redshift evolution (or
lack thereof) in the Mgy/M, ratio include an evolving (or
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constant) dark matter halo mass threshold for AGN activity,
AGN feedback, or a combination of selection and measurement
bias in SMBH and stellar mass measurements. A consensus,
however, has yet to emerge.

Complementary insight can be gained by constructing an
experiment that differs in two ways from previous studies.
First, is to use alternate diagnostics to the redshift evolution of
the Mgp/M,. ratio. One such diagnostic are the positions of
galaxies along the Mgy and M, axes in the Mgy—M, plane.
Treating these positions as independent degrees of freedom
may encode more information on channels by which SMBH
and stellar mass can assemble. Second, is to restrict considera-
tion to specific galaxy types. Because early- and late-type
galaxies have distinct evolutionary paths, restriction of galaxy
type can reduce the diversity of processes that shape assembly,
thus simplifying interpretation of results. In this context, the
simplest galaxies are massive ellipticals, due to their quies-
cence and lack of recent major assembly activity.

In this paper, we select three samples of ellipticals: one that
represents the quiescent population of local ellipticals, and two
at z > 0.8 that represent the emergence of ellipticals onto the
red sequence. The expectation for these galaxies is insignificant
change in M, and Mgy with redshift. We compare the high-
redshift samples against the low-redshift sample to test for
stellar and/or SMBH mass assembly between them. Any
changes in position within the Mgy—M, plane can then be
used to diagnose how passively evolving elliptical galaxies
assemble stellar and/or SMBH mass.

The structure of this paper is as follows. In Section 2 we
introduce the catalogs used in our study and describe how we
select systems to plausibly enforce a passive ancestral relation.
In Section 3 we describe the Bayesian framework we use to
compare the high- and low-redshift samples. In Section 4 we
present our results. In Section 5 we discuss the systematic and
physical origins of our results. Throughout, we assume Hy = 70
kms~! Mpc_l, Q =1, and 2, =0.7. We convert all literature
data to this cosmology where necessary. We use the word
“draw” instead of “sample” to distinguish between the selected
samplings of high- and low-redshift populations and realiza-
tions drawn from the distributions in our analysis. Overset
tildes will denote median values.

2. Sample Selection

Our sample selection is divided into high-redshift
(Section 2.1) and low-redshift (Section 2.2) samples. At high
redshifts, only single-epoch virial SMBH masses are widely
available, so we select AGNs in elliptical hosts that plausibly
represent the final unobscured AGN phase in an emerging
elliptical. At low redshift, we select ellipticals based on the
availability of stellar dynamical SMBH masses.

2.1. High-redshift Samples
2.1.1. Wide-field Infrared Survey Explorer

Assembling large samples of high-redshift AGNs in elliptical
hosts is possible via the catalog presented by Barrows et al.
(2021), which is based on observations with the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010). The
Barrows et al. (2021) catalog comprises 695,273 AGNs jointly
selected from the WISE, Galaxy Evolution Explorer, and Sloan
Digital Sky Survey (SDSS) Data Release 14 surveys. Host
properties were determined using CIGALE (Boquien et al. 2019),
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assuming a Salpeter (Salpeter 1955) initial mass function (IMF).
The spectral energy distribution (SED) fits incorporate near- and
mid-infrared data, where the host-AGN contrast is low, thus
minimizing bias toward more massive hosts for a given AGN
luminosity. The key catalog parameters are host type (elliptical,
spiral, or irregular), host star formation rate (SFR), and AGN
reddening (E,_,). We obtained SMBH masses for the AGNs by
cross-matching with the catalog of optically selected, broad-line
AGNs in Rakshit et al. (2020), using a 2” radius. Their SMBH
masses are computed using the prescriptions of Vestergaard &
Peterson (2006) for HZ and Vestergaard & Osmer (2009) for
MgIl. This results in 160,004 matches. Because some later
comparisons assume a Chabrier IMF (Chabrier 2003), we
convert their stellar masses to a Chabrier IMF, multiplying by
0.61, the ratio of these two integrated IMFs.

To select unobscured AGNS in elliptical hosts, we apply the
following criteria:

1. A redshift range of 0.8 < z < 0.9. This is within the epoch
of emergence of the red sequence, and ensures that all the
SMBH masses are measured using the Mg II line.

2. Minimally reddened AGN, with Ez_y < 0.2.

3. An elliptical host SED, with contributions from other host
types of <5% of the elliptical value. Allowing for a small
contribution from other host SED types enables selection
of elliptical hosts with a UV excess. There is no consistent
morphological information available for the WISE sample,
so we rely on their host SED classifications.

4. A host SFR at least a factor of 5 below the SFR-M,
“main sequence” at the redshift of the source (Equation
(26) of Speagle et al. 2014). This selects for quiescent
hosts while factoring in the redshift evolution of
quiescence.

This results in a sample of 420 objects. We plot diagnostics
of this sample in Figure 1.

2.1.2. COSMOS

To extend our analysis to higher redshifts, we start with the
sample in the COSMOS field from Suh et al. (2020). This
sample includes 100 broad-line AGNs, and is drawn from a
parent catalog of ~4000 X-ray sources with sensitivity to
SMBH mass down to ~10’ M. at z=2. This sample
complements the WISE sample in two ways. First, the deeper
COSMOS observations enable finding quiescent hosts further
into the epoch of formation of the red sequence. Second, the
X-ray, rather than optical selection, as well as a different stellar
mass calculation approach, offer a cross-check on the WISE
results. The SMBH masses are calculated using the calibration
of Vestergaard & Peterson (2006) for Ha and HB and
Trakhtenbrot & Netzer (2012) for MgIl. The assumed virial
factor is thus fi;. ~4-5. The prescriptions used to calculate
SMBH masses by Suh et al. (2020) and Rakshit et al. (2020)
are identical for Hg but differ for Mg 1. We thus recompute the
Mg 1I-based SMBH masses using the prescription used by
Rakshit et al. (2020). This corresponds to a downward
correction by ~0.17 dex. The stellar masses are derived via
template fitting (Suh et al. 2019) and assume a Chabrier IMF.

To assemble ancillary data that aid in selecting for quiescent
hosts, such as SFRs, we cross-match this sample with the data
in Bongiorno et al. (2012). To select quiescent hosts in the
COSMOS sample, we adopt the same selection boundaries on
AGN reddening (Ep_y<0.1) and position below the
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Figure 1. Diagnostics of our high-redshift WISE sample (Section 2.1.1). Top:
the distributions of all AGNs in Barrows et al. (2021) at 0.8 < z < 0.9 with
elliptical host SEDs in the Mgy—M,, plane, before our SFR and Ep_y cuts are
applied. We overplot our M, selection boundary. Bottom: same as the middle
panel but with our SFR and Ep y cuts applied. We overplot two literature
relations. First, the Reines & Volonteri (2015) Mgy—M,, relation for quiescent
ellipticals (see also e.g., Savorgnan et al. 2016; Bentz & Manne-Nicholas 2018;
Bennert et al. 2021). Second, a proposed intrinsic Mgg—M, relation (Shankar
et al. 2016; Section B.3).

SFR—M, main sequence at the redshift of the source. We
adopt a redshift range of 0.7 <z < 2.5, which gives overlap
with the WISE sample.

It is not possible to perform a selection on host SED type for
the COSMOS sample. Instead, we use Hubble Space Telescope
(HST) imaging in the COSMOS field to perform a basic selection
on morphology. To do so, we first band-merge our catalog with
the morphological catalog of AGNs in the COSMOS field
presented by Griffith & Stern (2010). Even with HST data,
though, morphological classification at these redshifts is challen-
ging against AGN glare. We therefore perform only basic
selections. We exclude objects classified as either unresolved
point sources or disks. We do not exclude objects with an
“unknown” morphology. This gives a sample of 23 objects. We
plot this sample in the Mgy—M,, plane in Figure 2.

2.2. Low-redshift Samples
2.2.1. Quiescent Sample

The criteria for the low-redshift sample are that they be
early-type quiescent galaxies with measured SMBH and stellar
masses, and no evidence for recent major assembly activity. To
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Figure 2. The distribution of the COSMOS sample in the Mgy—M, plane
(Section 2.1.2). Also plotted are the M, selection boundary, the Reines &
Volonteri (2015) Mgy—M, relation for local quiescent ellipticals, and the
proposed intrinsic Mgy—M,, relation from Shankar et al. (2016).

select this sample, we start with the compilation of Zhu et al.
(2021), which is based on the sample of Kormendy & Ho
(2013). The SMBH masses are calculated via stellar dynamical
modeling, while the stellar masses are calculated from a
multicomponent fit to Two Micron All Sky Survey (2MASS)
K-band imaging, via a mass-to-light (M/L) ratio from Into &
Portinari (2013), with a Kroupa (2002) IMF. We note, but do
not attempt to correct for, the possibility that the stellar masses
of galaxies can be underestimated when using 2MASS imaging
(Lasker et al. 2014). We further include the samples presented
by Thater et al. (2019), Walsh et al. (2016), Walsh et al. (2017),
Walsh et al. (2015), Sahu et al. (2019), and Pilawa et al. (2022).
We convert to a Kroupa IMF where necessary. From this parent
compilation, we first restrict to systems with a morphological
classification as an elliptical or SO. We then exclude any system
with a luminous AGN, a bar or a pseudobulge (as such
nonaxisymmetric features may prefer nuclear assembly;
Hu 2008; Gonzélez-Alfonso et al. 2021), and any evidence
for a recent merger. This results in a sample of 86 objects, listed
in Table 2 and plotted in Figure 3.

The final sample has two issues. First, it is not homo-
geneously selected, as no such sample of quiescent ellipticals
with measured SMBH masses currently exists. Requiring an
SMBH mass from stellar dynamical modeling may also bias the
sample to more massive SMBHs (Section B.3). Second, the
low-redshift sample is not explicitly matched in environment to
the high-redshift sample. This, however, should not affect our
results. High-redshift AGNs reside, on average, in overdense
regions (Croom et al. 2005; Myers et al. 2006; Ross et al. 2009;
Eftekharzadeh et al. 2017), while our low-redshift sample spans
environments ranging from the field to rich cluster cores
(Table 2).

2.2.2. Reverberation-mapped Active Galactic Nuclei

As a check on the quiescent sample, we assemble a sample
of low-redshift AGNs in elliptical hosts, selected to be
plausibly brief “flare up” episodes within the quiescent
elliptical population. This check is most readily performed
with reverberation-mapped (RM) BH mass measures because
RM measured objects are thoroughly studied within the
literature, which facilitates determination of host morphologies.
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Figure 3. The distributions of the low-redshift quiescent sample (Section 2.2.1)
and RM AGN (Section 2.2.2) sample in the Mgy—M,, plane. The distributions
of the two samples are similar. Also plotted are the M, selection boundary, the
Reines & Volonteri (2015) Mgy—M,, relation for local quiescent ellipticals,
and the proposed intrinsic Mgy—M,, relation from Shankar et al. (2016).

We use published samples of RM AGNSs in early-type hosts
(Bentz & Manne-Nicholas 2018; Li et al. 2021d; Hu et al.
2021), adopting Into & Portinari (2013) M/L ratio stellar
masses to match that used by Zhu et al. (2021). Reines &
Volonteri (2015) also present a RM AGN sample, but we
cannot include it as none reside within confirmed elliptical
hosts. Finally, we exclude any RM objects with signs of an
ongoing merger. The RM AGNs are not subject to the issues
with completeness when M, <4 x 1010M®, SO we improve
statistics in this sample by adopting a lower M, cut of 10'° M_...
The sample is presented in Table 2, where we have also
included the Event Horizon Telescope (EHT) SMBH mass
measure for M87 (Event Horizon Telescope Collaboration
et al. 2019). We display the RM AGN sample in the Mgy—M
plane in Figure 3. We discuss some aspects of the selection of
this sample in Section B.4.3.

3. Methods

We aim to test the hypothesis that passively evolving
ellipticals show no assembly of either M, or Mgy. To do so, we
require an analysis pipeline that allows for the possibility of
assembly in either Mgy or M,. In order to simultaneously
consider possible mass assembly alongside measurement error,
we perform a Bayesian analysis with the nested sampler
DYNESTY (Skilling 2004; Feroz et al. 2009; Speagle 2020).
These samplers measure Bayesian evidence, allowing quanti-
tative comparisons of different models, and produce draws
from posterior distributions. Our analysis requires defining
three components: model parameters, prior distributions for
these parameters, and a likelihood function.

The true distribution of objects in the Mgy—M,, plane at any
redshift is unknown. However, testing our hypothesis only
requires examining whether this unknown distribution changes
with redshift. Therefore, our model parameters do not describe
the underlying distribution of the high- and low-redshift data
{d;, d;} within the Mpy—M, plane. Instead, our model
parameters are as follows:

1. 74: the translational offset between the high- and low-
redshift samples along the stellar mass axis.

Farrah et al.
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Figure 4. Posterior distributions for 7y and 7. These are the translations
within the Mpy—M, plane required to align the high-redshift WISE (blue),
COSMOS (orange, dotted), and low-redshift local RM AGN (green, solid)
samples with the low-redshift quiescent sample. Uncertainties give 90%
confidence. The WISE sample is at median Z = 0.85, the COSMOS sample is
at median Z = 1.61, and the RM AGN sample is at median Z = 0.02.

2. Ty the translational offset between the high- and low-
redshift samples along the SMBH mass axis.

In both cases, the translational offsets are defined as being
applied to the high-redshift sample.

For both parameters 7, and gy we adopt uniform and wide
priors:

—1.0 < &% < 1.0dex, @))
—-0.5 g TBH < 2.0 dex, (2)

in which both translations are given as offsets in log space.

Our likelihood function answers the question: What is the
probability that the low-redshift sample and the 7-translated
high-redshift sample are drawn from the same underlying
distribution? Thus, if the data, as reported, are (1) unbiased, and
(2) the high- and low-redshift populations are ancestral and
passively evolving, then the analysis will recover median
T4 = Tgu = 0. The details of our likelihood function, as well as
other aspects of the Bayesian analysis, are presented in
Appendix A.

4. Results

The marginalized and joint posterior distributions for 7gy
and 7, are reported in Figure 4. The recovered translational
offsets between the WISE sample and the low-redshift
quiescent sample are as follows:

78y = 0.70 T012 dex, 3)
7 = 0.18 7012 dex, 4)

and those for the COSMOS sample and the low-redshift
quiescent sample are as follows:

7y = 1.15 7033 dex, (5)
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Figure 5. Left: the high-redshift (Figures 1, 2) and quiescent local (Figure 3) samples in the Mpy—M,, plane as reported in the literature. The samples are offset from
each other, consistent with the high-redshift sample having lower SMBH masses for the same stellar mass. A similar offset is observed between local ellipticals and
local AGNSs, though without a selection on the AGN host morphology (Reines & Volonteri 2015; Shankar et al. 2019). Right: the high-redshift and quiescent local
samples in the Mgy—M,. plane, with the median translational offsets in Equations (3) through (6) applied (see also Figure 4). The translational offsets bring the

samples into agreement.

T = 0.14 7331 dex, (6)

For the RM AGN sample and the low-redshift quiescent
sample they are as follows:

7o = 0.32 793¢ dex, )

7 = 0.28 7939 dex, (8)

all at 90% confidence.

Figure 5 shows the high- and low-redshift samples in the
Mpgy—M, plane, before and after the median 7, and gy offsets
are applied, showing that they bring the samples into
agreement. The left panel of this figure, and the offsets we
find, are consistent with Reines & Volonteri (2015, their Figure
8), except that our samples differ in redshift by Az~ 0.85 and
are restricted to elliptical galaxies.

These translational offsets may arise from physical changes
in stellar and SMBH mass, as well as selection and
measurement bias. To determine what physical changes in
stellar and SMBH mass are compatible with our results, we
construct a model for the selection and measurement biases our
samples are subject to. These biases are as follows:

1. Stellar mass bias (B, u,): differences in stellar mass
arising from different measurement methods, different
assumptions on the stellar IMF or M/L ratio, and passive
stellar evolution between the two epochs.

2. Accretion bias (B,): a bias in SMBH masses in AGNS,
arising since they have not completed their current
accretion phase, during which they may gain
further mass.

3. Dynamical selection bias (B, gyn): a bias in low-redshift
SMBH masses determined from stellar dynamical
modeling, arising from the need to resolve the SMBH
sphere of influence (Shankar et al. 2016).

4. Virial measurement bias (B, i;): a bias in SMBH masses
in AGNs measured via the single-epoch virial approach.

Table 1
Bias Contributions to Bias-corrected Translations A7y and A7, of the High-
redshift Samples, Relative to the Low-redshift Sample

Parameter Range (dex) Discussion
B, [0.08, 0.33] Section B.1
B, [0, 0.1] Section B.2
By ayn [0, 0.3] Section B.3
B; vir [-0.3, —0.1] Section B.4
B, vir Mg D) [—0.4, 0.1] Section B.4
B,,vir (HP). [-0.2, 0.1] Section B.4

Note. Ranges denote uniform probability.

5. Virial selection bias (B;,;): a bias in SMBH masses in
AGN:ss, arising because the accretion luminosities of more
massive SMBHs will, on average, be higher.

We summarize our adopted distributions for each of these
biases in Table 1. A detailed description of each bias is given in
Appendix B.

The measured values of 7, from the WISE and COSMOS
samples are consistent with the expected prior B, y, arising
from measurement bias alone. The measured value of 75y from
the WISE sample is, however, in substantial tension with the
expected offset from selection and measurement bias. The sum
of the medians of the expected SMBH biases is —0.15 dex,
compared to 7y =0.70 dex, a difference of 0.85dex. The
measured 7gy from the COSMOS sample is in even greater
tension: —0.15 dex versus 7gy = 1.15 dex.

To explore this further, we assemble a combined distribution
that includes all the SMBH expected biases from Table 1:

BBH = Bg + Bx,dyn + Bs,vir + Bm,vir- (9)

We then define two new parameters:

ATgy = T8u — Bsm, (10)

ATy = T — By, (11
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Figure 6. Posterior distributions for Argy (top) and AT, (bottom), the bias-corrected translational offsets within the Mgy—M,, plane, between the local quiescent
sample and the WISE, COSMOS, and RM AGN samples. Shaded regions indicate 50% (dark) and 90% (light) confidence. If all the samples passively evolve, we
expect Atgy = ATy, = 0. All samples are consistent with A7, = 0. The only sample consistent with A7gy = 0 is the RM AGNs. The median A7gy for WISE and
COSMOS signify, respectively, ~7x and ~20x growth of SMBH mass between their epochs.

Thus, A7y and AT, parameterize the translational offsets in
the SMBH and stellar mass axes, after selection and
measurement bias have been accounted for.

In Figure 6, we display marginalized posterior distributions
for Argy and Ar,. The recovered values for WISE are as
follows:

ATy = +0.84 7033 dex, (12)

Aty = —0.03 31 dex, (13)
The recovered values for COSMOS are as follows:

Aty = +1.30 030 dex, (14)

ATy = —0.06 193] dex, (15)
The recovered values for the RM AGN sample are as follows:

Aty = +0.17 133 dex, (16)

ATy = +0.08 1031 dex, (17)

all with uncertainties at 90% confidence.

In the Appendix, we explore the sensitivity of our result to
choices made in the analysis. In Section C.1 we test against the
choice of the high-redshift sample. In Section C.2 we explore the
effects of varying the M,, and Mgy selections. In Section C.3 we
explore the impact of changing both the test within the likelihood
function and the likelihood function itself. In Section C.4 we
perform injection tests using artificial sources built from the WISE
sample to assess the accuracy of our analysis.

Finally, to facilitate comparison with previous work, we
compute the redshift evolution in Myy/M,, inferred from the
WISE and local quiescent samples. The A7y =0.84 dex is
relative to biases that already assume an average +0.05 dex
growth in Mgy due to remaining accretion during the optical
AGN phase. As the WISE samples are observed before they
have completed this growth, the redshift evolution in Mpy/M,
is computed from the sum of these offsets: 0.89 dex. The result
is equivalent to negative evolution in Mpy/M,. with redshift:

Mgy
*

at 90% confidence.

— (1 + Z)3'5i1'4, (18)

5. Discussion

We find that the SMBHs in massive, red-sequence elliptical
galaxies have grown in mass relative to the stellar mass by a
factor of 7 from z~ 1 to z=0, and a factor of 20 from z ~ 2 to
z=0. We first compare our result to expectations from
cosmological simulations in Section 5.1. We then explore
possible reasons for our result in Sections 5.2-5.9. We defer
discussion of one further interpretation, cosmologically
coupled astrophysical BHs (e.g., Faraoni & Jacques 2007;
Guariento et al. 2012; Maciel et al. 2015; Croker &
Weiner 2019; Croker et al. 2020, 2021, 2022), to D. Farrah
et al. (2022, in preparation).

5.1. Comparison to Cosmological Simulations

Cosmological simulations of galaxy assembly mostly predict
insignificant change in the Mgy—M, relation among massive
galaxies at z <1 (Habouzit et al. 2021, 2022; Zhang et al.
2023). Between z ~ 1 and z =0 the change in Mgy relative to
M, in My,>4x10" M. systems is —0.1dex (Illustris,
Horizon AGN; see also, e.g., Martin et al. 2018), 0dex
(TNG 100, TNG 300, EAGLE, TRINITY), and +0.1 dex
(SIMBA). Our result is in potential tension with these findings.
These simulations, however, do not provide detailed morpho-
logical information, and do not study the evolution of the
Mgy—M, relation in ellipticals alone, making a matched
selection to our study difficult. Other simulations which find
consistency with literature studies of the Mgy/M, ratio (Ding
et al. 2022; Ni et al. 2022) generally compare with AGNs at all
redshifts, and without regard to host type, making them distinct
from our study.

5.2. The Expected Biases Are Incorrect

We now consider if the adopted bias distributions are
incorrect. Assuming that there is no substantial error in B, ,,
this requires that Bgy (Equation (9)) is incorrect by ~0.8—-1.3
dex. We thus consider each SMBH bias in Table 1 in turn.

Some virial selection bias is almost certainly present in the
high-redshift sample, so the most conservative value for By i, is
—0.1 dex (Treu et al. 2007). For virial measurement bias, the
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Figure 7. Histogram of the Eddington ratios of all AGNs in Barrows et al.
(2021) at 0.8 < z < 0.9. The Eddington ratios are comparable across host SED

types. Compared to AGNSs in elliptical hosts at 0.3 < z < 0.4, we find little
evolution in Eddington ratio across Az ~ 0.5 (Section B.4).

spread in reported disparities between RM and single-epoch
masses is large, but most objects give larger single-epoch
masses. It is reasonable to assume that the most conservative
median value for B,, ., is —0.1 dex.

This leaves ~0.6—1.1 dex of SMBH growth to account for. It
is challenging to accommodate this as accretion in the
remaining AGN phase. Doing so would require accretion at
the maximum efficiency for a Kerr BH (42%; Bardeen 1970) at
a substantial fraction of the Eddington limit for the duration of
the final optical phase (~20 Myr; see Appendix B.2). This is in
tension with the Eddington ratios in Figure 7, and with
statistical constraints on accretion efficiency, though the
assumptions behind this calculation are simplistic. This leaves
dynamical selection bias. Explaining our result would require
Bg gyn > [0.6, 1.1] instead of our assumed Bj gy, = [0.0, 0.3],
among SMBHs of mass >10%° M. Based on Figure 3 and
Shankar et al. (2017), this seems implausible.

A final issue for pure bias explanations is that the magnitude
of the SMBH mass offset depends on redshift. None of the
SMBH biases, with the possible exception of virial measure-
ment bias, should significantly depend on redshift, and none of
them have been shown to do so. We thus do not perceive a way
in which biases alone can explain our result. This does,
however, motivate a deeper understanding of selection and
measurement bias in all SMBH mass measures, as an essential
component in understanding the cosmic evolution of the
SMBH mass function.

5.3. The Low-redshift Sample Assembles at 7 2,2

A way to explain our result is that the high-redshift sample
does not evolve into the low-redshift sample, because the low-
redshift sample completed their assembly at z = 2, earlier than
the WISE or COSMOS samples, and if the higher-redshift
assembly preferentially grows SMBHs, relative to z <2
channels.

We cannot exclude this possibility, but it seems unlikely.
There is strong evidence from both observations (e.g.,
Hashemizadeh et al. 2022) and simulations (Correa et al.
2019) for the emergence of the red sequence at z < 1.
Moreover, stellar population ages in z < 0.1 ellipticals (e.g.,
Zhu et al. 2010; Forbes et al. 2016; Escudero et al. 2018;
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San Roman et al. 2019; Lacerna et al. 2020; Werle et al. 2020;
Dolfi et al. 2021; Johnston et al. 2022) and in brightest cluster
galaxies (Umanzor & Talavera 2021) are consistent with
significant mass assembly at z ~ 1. Numerical simulations also
support this idea (Rodriguez-Gomez et al. 2016; Rosito et al.
2019; Habouzit et al. 2021, 2022). Finally, if our low-redshift
sample did complete assembly at z>2 then we may expect
closer agreement with the COSMOS, rather than the WISE,
sample, but the opposite effect is observed. Furthermore, we do
not see evidence for a “break” at M, ~2 X 10“M®, which
might be expected in such a scenario (Krajnovié et al. 2018).%>

5.4. The High-redshift Sample Evolves into a Subset of the
Low-redshift Sample

There are two ways in which the high-redshift sample could
evolve into a subset of the low-redshift sample:

1. The high-redshift sample does not evolve further, and
comprises the low Mgy/M, “tail” of the low-redshift
sample. The low-redshift objects with higher Mpy/M.,
ratios arise from high-redshift objects that grow sig-
nificantly in stellar and SMBH mass since z ~ 0.8.

2. The high-redshift sample evolves into a low-redshift
population with, on average, higher SMBH and stellar
masses than are seen in our low-redshift sample. Our low-
redshift sample arises from objects at z 2> 0.8 that also
grow significantly in both SMBH and stellar mass,
starting (at z ~ 0.8) with stellar masses below our stellar
mass cut of 4 x 10'"° M,

The first of these scenarios encounters si%niﬁcant observa-
tional challenges. It would require that ~10'° M, ellipticals at
7~ 0.8 increase in stellar and SMBH mass by ~1 dex each by
7z~ 0. This would require 1-2 further mergers with a gas-rich
progenitor, or 3—4 major “dry”” mergers. This would imply that
most ellipticals at z < 0.8 should be merging, but this is not
observed.

The second possibility seems plausible, as the comoving
volume of the universe over 0 <z < 0.16 is about 45 times
smaller than the volume of the universe over 0.7 <z <0.9.
However, for this scenario to be true, most of the WISE sample
would have to evolve into galaxies with M, > 10'* M. by
7<0.2. The required spatial density is about 11 sources per
comoving Gpc®, implying that we should observe about 10
such sources in our low-redshift sample. Yet, only 1-2are
observed. Moreover, recent studies suggest that the spatial
density of very massive galaxies at high redshift may be
underestimated (Gao et al. 2021).

A consistency check can be made by considering stellar
mass to halo mass relations, and predicted halo merger trees
with redshift. Observations suggest a halo mass of ~10'*° M,
for a M, ~ 10"" M., galaxy at both z=1 and z =0, and with
similar halo masses for galaxies across our mass range at both
redshifts (Girelli et al. 2020). Cosmological simulations are
consistent with this (Moster et al. 2012; Dubois et al. 2021).
The morphological dependence of the evolution of the stellar to
halo mass relation with redshift is not well constrained (though

22 A detailed investigation would need individual formation histories of our
low-redshift sample, but this information is not available. Some of the sample
have single-stellar population (SSP) ages (e.g., McDermid et al. 2015), but
these ages are challenging to interpret as they are sometimes older than the age
of the universe. Moreover, SSP ages can differ by factors of several for the
same galaxy between different studies (e.g., Georgiev et al. 2012).
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see, e.g., Correa & Schaye 2020). Models also suggest that
>10"> M, halos undergo <1 major merger between z =1 and
z=0 (Parkinson et al. 2008; Bose et al. 2022). We conclude
that it is reasonable to assume our high-redshift sample evolves
mostly passively into our low-redshift sample.

5.5. The Antecedents of the Low-redshift Sample Are Missed in
the High-redshift Selection

We next consider if the low-redshift sample undergoes a
final assembly episode over the same epoch as the WISE and
COSMOS samples, but are not the same population. This could
arise if the ancestors to the low-redshift sample are missed in
the high-redshift samples because their hosts are too dim to
detect, or if their SMBHs are accreting at an extremely low
rate. Neither of these possibilities seems likely. Our imposed
stellar mass cut is within the detection limit of both surveys,
and we can think of no reason why more massive SMBHs in
these samples would accrete more slowly on average. A final
possibility is that the SED-based selection of the WISE sample
does not also give a reliable morphology-based selection of
early-type hosts. We do not believe this is likely, as our SED
and E(B — V) selections are strict, but we cannot test this
possibility here.

5.6. Evolution in a More Fundamental Scaling Relation

We may be observing evolution in a different, more
fundamental scaling relation (de Nicola et al. 2019; see also
Scott et al. 2013; Sahu et al. 2019, 2022). For example, if the
high- and low-redshift samples had systematically different
velocity dispersions, o, and the M,—o relation evolved with
redshift, then we could see this as evolution in the Mgy—M,,
relation. We cannot rule this out, but we do not know how such
a selection bias could occur in our sample.

5.7. Preferential Conversion of Molecular Gas Mass to
Supermassive Black Hole Mass

The Mgu/M, ratio in z <1 ellipticals could evolve via
preferential conversion of molecular gas to SMBH mass. This
requires that the SMBHs accrete ~10° M., of molecular gas
while the stellar mass increases by less than ~10'° M.

Several mechanisms could in principle accomplish this, but
all face challenges. A “major” merger with a gas-rich galaxy
might suffice, if the encounter parameters strongly favored
dissipation of angular momentum in the molecular gas so it
could funnel to the nucleus. This is in some senses plausible: it
has recently been shown that gas-rich major mergers can lead
to the central SMBH growing by ~1 dex, with the stellar mass
increasing more modestly (Farrah et al. 2022). Such an event
would, however, lead to rapid gas accretion in a relatively short
burst, resulting in an AGN. It also seems unlikely that
encounter parameters could globally favor the channeling of
molecular gas to the nuclear regions in major mergers.

Another possibility is one or more “minor” mergers with
gas-rich dwarf galaxies. In general, minor mergers significantly
influence the evolution of elliptical galaxies over 0.5 <z < 1.0
(e.g., Bezanson et al. 2009; Naab et al. 2009; Hopkins et al.
2010; Kaviraj et al. 2011) A few such mergers could in
principle provide enough molecular gas to grow the SMBHs by
§109 M. However, minor mergers of ellipticals with gas-rich
satellites have been observed to trigger star formation, meaning
that at least some of the accreted gas is converted to stellar
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mass (Kaviraj et al. 2011, 2013; Kaviraj 2014; Rutkowski
et al. 2014; Jeong et al. 2022; Woodrum et al. 2022).
Preferential growth of the SMBH through minor gas-rich
mergers would also require encounter parameters that favor
funneling of gas to the nucleus of the remnant.

A nonmerger-based possibility is accretion of low-angular-
momentum gas from the intergalactic medium. This possibility
would also result in an AGN. It would also only be possible in
rich clusters, whereas our local sample span a full range of
environments.

A final possibility is slow and steady accretion of molecular
gas. At face value this is plausible since molecular tori exist
around SMBHs in some galaxies (e.g., Combes et al. 2019). It
could also produce redshift dependence in the SMBH mass
offset of the sign that we observe. However, this possibility
also faces serious challenges. Local ellipticals have fotal
molecular gas masses in the range 10°-10'° M., as do massive,
passively evolving galaxies with low SFRs at z ~ 0.7 (Spilker
et al. 2018). This means that the SMBHs would have to accrete
the majority of their hosts’ gas content for this to be viable.
Moreover, if this scenario was true, we would expect that the
morphologies of the molecular gas in ellipticals to be
concentrated toward the nuclear regions. However, molecular
gas morphologies in local ellipticals are often smooth,
symmetric, and with low Gini coefficients (Davis et al.
2022). Other studies find that the molecular gas traces the
stellar light in many cases, on approximately kiloparsec spatial
scales (Alatalo et al. 2013; Davis et al. 2013; Sansom et al.
2019). Furthermore, the most actively star-forming local
ellipticals tend to be the most gas-rich (Combes et al. 2007),
which could suggest a stronger link between the molecular gas
reservoir and star formation. Finally, the accretion rate required
for this scenario is, on average, ~10~" M. yr~'. Such a high,
average accretion rate in passively evolving galaxies seems
unlikely given the accretion rates measured by the EHT. For
Sgr A* the accretion rate is <107’ M. yr ' (Event Horizon
TelescoPe Collaboration 2022) and for MS87 it is ~1073
M, yr (Event Horizon Telescope Collaboration et al. 2021).
Both are over an order of magnitude lower than the average
required to align our high- and low-redshift samples.

5.8. Dry Mergers Change the Mgp/M,. Ratio

The Mgyp/M, ratio could be changed between z~ 1 and
z~0 by “dry” mergers in which the other galaxy has a
relatively more massive SMBH. While such dry mergers are
not expected to be common at z <1, especially at higher
masses (e.g., Bell et al. 2006; Lépez-Sanjuan et al. 2012; Lee &
Yi 2017), a few such mergers are feasible. This possibility
would, however, require the “other” galaxy to have more
extreme ratios of Mgy/M, > 0.1. Such systems are rare within
the Barrows et al. (2021) catalog, at any redshift.

5.9. Stellar Mass Loss

Our result could be explained if the high-redshift sample lose
an appreciable fraction of their stellar mass as they evolve from
z~1to z~ 0. This scenario is worth considering as it has been
proposed that, under certain circumstances such as tidal
stripping within clusters, galaxies can lose an appreciable
fraction of their stellar mass as a function of decreasing redshift
(e.g., Kimm et al. 2011; Tollet et al. 2017). The stellar mass
loss predicted by this process is, however, 20%-30%, and will



THE ASTROPHYSICAL JOURNAL, 943:133 (17pp), 2023 February 1

only occur in galaxies that infall into clusters over our adopted
redshift range, so we do not believe it can, on its own, account
for the effect we observe.

6. Conclusions

We have measured the translational offset between samples
of ellipticals in the Mgg—M,, plane over z < 2. Two samples at
0.8 <z<0.9 and 0.7 < z< 2.4 feature AGNs signposting the
final assembly of their elliptical hosts. One sample at z~0
represents their evolutionary descendants in the local universe:
quiescent ellipticals. An additional sample at z~0 also
represents their evolutionary descendants in the local universe,
but feature a “flare up” AGN that allows RM cross-check
measurement of SMBH mass.

We expect negligible translational shifts within the
Mgy—M, plane between our low- and high-redshift samples.
The low-redshift samples are consistent with this expectation.
The two high-redshift samples, however, are offset along the
Mgy axis. These offsets are consistent with ~7x SMBH mass
growth from z~1 and ~20x SMBH mass growth from
z~1.6. Offsets this large and unequal cannot be easily
accounted within expectations for selection and measure-
ment bias.

Our result is robust to the key choices made in the analysis.
We recover consistent translations using samples from different
high-redshift surveys, under variation in the assumed bias
model and under different choices in analysis methods.

We discuss distinct evolutionary pathways for the high- and
low-redshift samples, unaccounted for selection biases, and
SMBH accretion and/or merger pathways as explanations for
the measured growth. None of these scenarios individually can
plausibly explain our results. We conclude that selection biases
are more complicated than previously appreciated, or there is
an additional channel for SMBH mass growth.
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Appendix A
Analysis Pipeline Details

The DYNESTY sampler can operate in many different
configurations that affect run-time performance and measure-
ment fidelity. All analyses were performed with the simple
nested sampler, to allow straightforward checkpointing and
parallel operation. We adopted the multi bounding method, the
rwalk exploration method, and 3000-6000 live points. We
regarded analyses as converged when the change in accumulated
evidence per iteration dropped belowA Inz = 0.01.

Farrah et al.

Table 2 summarizes the properties of the low-redshift
elliptical samples used in our analysis.

The high- and low-redshift catalogs do not provide posterior
draws, so we interpret reported uncertainties as 1o asymmetric
(dimidated) Gaussian errors (Barlow 2003). Posterior draws d,
and d, from both high- and low-redshift catalogs, respectively,
are then drawn from normalized asymmetric distributions in
M, and Mgy, constructed per object.

Because the bias, Bgy, is a sum of four other bias
distributions, straightforward draws from all these can be slow.
For uniform distributions {[«;, 51]....,[aw, By]}, Kamgar-Parsi
et al. (1995) provide a convenient expression for the
distribution of their sum:

N
BBH(y)oc(—l)NZ(H si)x(o, WO (o, y)1. (A

gEX\Si€0

where ¥ indexes over all possible combinations of N signs, ©
is the Heaviside step, and

N
(@, y) =y — %Z (B + o) + 5,6 — adl.  (A2)
i=1

This expression allows draws from a single distribution instead
of several, thus accelerating parameter estimation.

Because there is no physical model for the distribution of
elliptical galaxies in the Mpy—M, plane, we construct a
likelihood function built from nonparametric tests. There is
some flexibility in how to proceed, because the stellar mass
selection functions of the high- and low-redshift samples are
mismatched and impossible to align analytically. For this
reason, a two-dimensional (2D) quasi-parametric distribution
test (e.g., Fasano & Franceschini 1987) may not be appropriate.
We adopt a likelihood function from the product of
probabilities computed with the two-sample test of Epps &
Singleton (1986, here referred to as Epps), applied to the
marginalized posterior data draws:

p(@d, di|T) =[] Epps [(S@; + T))um,» (de)m,]. (A3)

Here, v € {*, BH} and S denotes a selection function to
guarantee sample completeness and red-sequence massive
ellipticals:

(Mpu, Mx) My = Mew

. (A4)
%) otherwise

S[(Mpu, My)] = {

Ellipticals below NIOIOM@ may also form via a range of
channels, including gradual gas accretion, rather than major
mergers followed by quiescence (e.g., Tillman et al. 2022).
We have chosen the Epps—Singleton test following (Epps &
Singleton 1986, their Table 7), as it has the most statistical
power given our sample sizes. The “projection” likelihood
defined in Equation (A3) is not the only possible approach to
mismatched stellar mass selection functions. The performance
of our analysis under other likelihood functions, and with the
likelihood of Equation (A3) under other one-dimensional (1D)
nonparameteric tests, can be found in Appendix C.3.
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Table 2
The Low-redshift Elliptical Samples Used in Our Analysis
Name RA. Decl. z Mgy M, Env AGN®
Holmberg 15A 10.46029 —-9.30313 0.0554 10.605048 12.40 £ 0.10 2 0
IC 1459 4429420 —36.46222 0.0060 9.390.03 11.60 + 0.09 1 1
Abell 1836 210.41908 —11.60758 0.0363 9.5970% 11.90 + 0.12 2 0
Abell 3565 204.16167 —33.95833 0.0123 9.0475:59 11.69 £ 0.12 2 1
NGC 0524 21.19883 9.53883 0.0080 8.94100% 11.26 + 0.09 1 1
NGC 0584 22.83646 —6.86806 0.0060 8.29%001 10.98 +0.15 1 0
NGC 0821 32.08808 10.99492 0.0058 8.2219% 10.98 + 0.09 0 0
NGC 1216 6.82724 —9.61281 0.0179 9.69+043 11.20 £ 0.10 1 0
NGC 1271 49.79700 41.35325 0.0199 9.4810%9 11.06 + 0.07 2 0
NGC 1277 49.96454 41.57353 0.0168 9.691017 11.08 + 0.07 2 0
NGC 1332 51.57188 —21.33522 0.0054 9.17£98 11.27 £ 0.09 1 0
NGC 1374 53.81912 —35.22625 0.0043 8.77+0% 10.65 £ 0.09 2 0
NGC 1399 54.62094 —35.45066 0.0047 8.941031 11.50 + 0.09 2 1
NGC 1407 55.04942 —18.58011 0.0059 9.67 008 11.74 + 0.09 1 0
NGC 1453 56.61354 —3.96878 0.0130 9.46+0:0 11.74 £ 0.15 1 0
NGC 1550 64.90802 2.40946 0.0124 9.5910:08 11.33 £ 0.09 1 0
NGC 1600 67.91642 —5.08625 0.0156 10.2373% 11.92 +0.09 0 0
NGC 2549 124.74313 57.80305 0.0035 7181939 9.71 +0.09 1 0
NGC 2693 134.24696 51.34744 0.0161 9.23%042 11.69 £ 0.15 1 1
NGC 2784 138.08125 —24.17261 0.0023 8.2370%3 10.23 £0.15 1 0
NGC 3091 150.05954 —19.63696 0.0132 9.57+3:99 11.61 + 0.09 1 0
NGC 3115 151.30825 ~7.71858 0.0022 8.95704% 10.92 £ 0.09 1 0
NGC 3245 156.82662 28.50744 0.0044 8.38704! 10.69 + 0.09 1 1
NGC 3377 161.92638 13.98592 0.0022 8.251032 10.50 + 0.09 1 0
NGC 3379 161.95662 12.58162 0.0030 8.62+012 10.91 £ 0.09 1 0
NGC 3585 68.32121 —26.75484 0.0048 8.52+0:98 11.26 + 0.09 0 0
NGC 3608 161.95662 12.58162 0.0030 8.6710:08 11.01 +0.09 1 0
NGC 3842 176.00896 19.94981 0.0208 9.967018 11.77 £ 0.09 2 0
NGC 3923 17775706 —28.80602 0.0058 9.45+013 11.40 £ 0.12 1 0
NGC 4291 185.07583 75.37083 0.0059 8.99%015 10.85 + 0.09 1 0
NGC 4339 185.89562 6.08175. 0.0042 7.607339 10.37 £ 0.12 2 0
NGC 4342 185.91250 7.05400 0.0025 8.657018 10.46 + 0.12 1 0
NGC 4350 85.99111 16.69341 0.0040 8.8670%9 10.75 £ 0.12 1 0
NGC 4374 186.26560 12.88698 0.0034 8.97+00% 11.62 + 0.09 2 1
NGC 4434 186.90285 8.15434 0.0036 7.855013 10.38 £ 0.12 1 0
NGC 4472 187.44484 8.00048 0.0033 9.4073%3 11.84 £ 0.09 2 0
NGC 4473 187.45363 13.42936 0.0075 7.955939 10.85 + 0.09 1 0
NGC 4486A 187.74046 12.27036 0.0025 7.18%0% 10.04 + 0.09 2 0
NGC 4486B 210.41908 —11.60758 0.0363 8.761024 9.66 + 0.12 2 0
NGC 4526 188.51286 7.69952 0.0021 8.65°01) 11.02 +0.30 2 0
NGC 4564 189.11243 11.43928 0.0038 7.941311 10.38 + 0.09 2 0
NGC 4570 189.22250 7.24664 0.0060 8.0870:93 10.69 + 0.20 2 0
NGC 4621 190.50935 11.64703 0.0016 8.6010:58 11.12 +£0.12 2 0
NGC 4649 190.91656 11.55271 0.0037 9.67+048 11.64 £ 0.09 2 0
NGC 4697 192.14949 —5.80074 0.0041 8.31°012 10.97 + 0.09 0 0
NGC 4742 192.95017 —10.45472 0.0042 7.307939 10.35 £ 0.12 1 0
NGC 4751 193.21162 —42.65992 0.0070 9.23+9% 11.16 £ 0.09 1 0
NGC 4889 195.03387 27.97700 0.0215 10.327042 12.09 + 0.09 2 0
NGC 5018 198.25430 —19.51819 0.0094 8.00F 049 11.55 +0.12 1 1
NGC 5077 199.88196 —12.65696 0.0094 8.931032 11.28 £ 0.09 1 0
NGC 5328 208.22214 —28.48940 0.0158 9.6810%3 11.65 + 0.09 1 0
NGC 5419 210.91138 —33.97826 0.0138 9.867 014 11.64 +0.12 2 0
NGC 5516 213.97788 —48.11486 0.0138 9.571 04 11.60 =+ 0.09 1 0
NGC 5576 215.26533 3.27100 0.0050 8.447012 11.00 = 0.09 1 0
NGC 5845 226.50338 1.63380 0.0056 8.697015 10.57 + 0.09 1 0
NGC 5846 226.62202 1.60563 0.0057 9.040:06 11.62 +0.16 2 1
NGC 6086 243.14805 29.48479 0.0313 9.5791$ 11.69 = 0.09 2 0
NGC 6861 301.83117 —48.37022 0.0094 9.3270% 11.25 +0.09 1 0
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Table 2
(Continued)
Name RA. Decl. z Mgy M, Env® AGN®
NGC 6958 312.17746 —37.99742 0.0091 8.661013 10.63 £0.15 2 0
NGC 7049 319.75126 —48.56216 0.0076 8.505013 10.78 £ 0.15 1 0
NGC 7457 345.24973 30.14494 0.0028 6.957518 9.56 + 0.09 1 0
NGC 7619 350.06055 8.20625 0.0126 9.36:+092 11.65 £ 0.09 2 0
NGC 7768 357.74408 27.14739 0.0267 9.13101 11.75 £ 0.09 2 0
Messier 87 187.70593 12.39112 0.0043 9.81591 11.72 £ 0.30 2 2
Mrk 6 103.05105 74.42707 0.0195 8.1040% 10.82 £ 0.30 1 2
Mrk 509 311.04058 —10.72348 0.0344 8.05°9%4 10.40 + 0.30 2
Mrk 1501 2.62919. 10.97486 0.0872 8.07+01 10.49 +0.30 2
3C 390.3 280.53746 79.77142 0.0561 8.647593 10.66 = 0.30 2
PG 1307085 197.44584 8.33007 0.1538 8.547048 10.55 +0.30 2
PG 1411442 213.45138 44.00388 0.0896 8.54101] 10.69 + 0.30 2
Mrk 1506 68.29623 5.35434 0.0330 7754093 10.70 + 0.30 2
Mrk 1095 79.04759 —0.14983 0.0327 8.07+3:9¢ 10.68 + 0.30 2
PG 16174175 245.04704 17.40769 0.1146 8.677 043 9.74 4+ 0.30 2
3C 273 187.27792 2.05239 0.1583 8.8410:04 10.37 £ 0.30 2
PG 09234201 141.47798 19.90143 0.1927 9.07908 11.08 + 0.40 2
Mrk 876 243.48825 65.71933 0.1211 8.34%037 11.34 £ 0.30 2
PG 17004518 255.35333 51.82222 0.2890 8.797549 10.69 + 0.30 2

Notes.
4 Environment flag. 0: field; 1: group or pair; 2: cluster.

b Activity flag. 0: quiescent; 1: weak radio jet or hard X-ray source; 2: reverberation-mapped or EHT-measured AGNs.

Appendix B
Bias Expectations

The local and high-redshift samples differ in both selection
and stellar and SMBH mass measurement methods. Therefore,
we expect these differences to bias the samples relative to each
other in the Mgy—M, plane. We here describe these biases,
and our assumptions for their distributions.

B.1. Stellar Mass Biases

The stellar masses of the high- and low-redshift samples are
computed in different ways: aperture photometry followed by
SED modeling assuming a Chabrier IMF for the high-redshift
sample, and profile decomposition assuming a Kroupa IMF for
the low-redshift sample. Consistently recomputing the stellar
masses of the samples is not currently possible, due to the
challenges in such approaches for very extended sources (Petty
et al. 2013). However, a subset of our low-redshift sample are
also presented in Reines & Volonteri (2015), who compute M,
using the M/L ratio in Zibetti et al. (2009), via a Chabrier IMF.
This approach is closer in concept to that used in the high-
redshift sample, and allows us to approximately calibrate across
the samples. On average, Reines & Volonteri (2015) find stellar
masses that are 0.33 dex lower than those in Zhu et al. (2021).
Solely converting from a Kroupa to a Chabrier IMF would
introduce a difference of 0.08 dex. We conclude that a stellar
mass measurement bias applicable to the high-redshift sample
bracketing these values is reasonable.

The stellar mass selections of the high- and low-redshift
samples, however, are also different. This leads to a bias that
cannot easily be accounted for in standard approaches. We
detail the relevant issues in Appendix C.3. There also exists the
possibility that passive stellar evolution may change the mass-
to-light ratio between z ~ 0.8 and z = 0 in ways that are hard to
quantify given the uncertain stellar ages of the high-redshift
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sample. For these reasons, we group stellar measurement and
selection bias into —0.5 < B, , < 0.5 dex.

B.2. Early Accretion Growth

Assuming that the high-redshift samples are chosen at
random during the optical AGN phase, then their SMBH
masses may increase by about half the total mass accreted
during the optical AGN phase. Such accretion is not part of
mass assembly in the passively evolving phase, so it must be
accounted for prior to analysis.

A single AGN episode can increase SMBH mass by up to
about an order of magnitude, but the majority of this occurs
during the obscured phase. The mass accreted during the
subsequent optical phase is likely a small fraction of this total
(Martinez-Sansigre et al. 2005; Banerji et al. 2015). Moreover,
for optical broad-line AGNs, accretion rates are usually less
than 10% of the Eddington ratio (Kelly & Shen 2013).

The fractional increase in mass due to accretion during the
optical quasar phase, assuming constant Eddington ratio ¢ and
accretion efficiency x, can be estimated from

My _

BH

4nGmye

(32 x 107s - yr7h (B1)

xcor
Here my,, is the proton mass, G is Newton’s constant, ¢ is light
speed, and o7 is the Thomson scattering cross-section. We
assume an accretion efficiency of ~0.16 (Sotan 1982), an
Eddington ratio of 0.1, and an optical quasar lifetime of
10-20 Myr (Hopkins et al. 2005). This range in lifetimes is
reasonable given current observational constraints (e.g.,
Khrykin et al. 2021). Integrating Equation (B1) and evaluating
for the fractional change in mass over the optical phase gives a
mass increase of <5%. We therefore conclude that an upper
limit on the fractional mass increase due to accretion in the
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remainder of the optical quasar phase is 25%, or 0.1 dex,
yielding a range of 0.0 < B, < 0.1 dex.

B.3. Dynamical Supermassive Black Hole Bias

A selection bias has been proposed to exist in stellar
dynamical SMBH masses (Shankar et al. 2016, 2017). The
origin of this bias is that the ellipticals targeted for stellar
dynamical SMBH measurements have higher than average
central stellar velocity dispersions, due to the observational
requirement to resolve the SMBH sphere of influence.
Evidence for this bias is also seen in SMBH—galaxy scaling
relations (Shankar et al. 2020), and in the coevolution of star
formation and SMBH accretion up to z=3.5 (Carraro et al.
2020). This bias may be as high as an order of magnitude at
Mgy < 10" M., but is smaller at higher SMBH masses. At
Mgy > 108 M it is thought to be at most a factor of 2, and
potentially negligible at My > 10° M. Based on the compar-
ison in Figure 3, we anticipate a dynamical selection bias of
0.0 < By,ayn < 0.3 dex.

Assessing the level of measurement bias in stellar dynamical
SMBH masses is more challenging. The few existing studies
that compare stellar dynamical SMBH masses to other
approaches in the same systems find reasonable consistency
(e.g., Roberts et al. 2021; Thater et al. 2022). It is also notable
that in M87 the stellar dynamical mass (Gebhardt et al. 2011) is
closer to the EHT mass than the gas dynamical mass (Walsh
et al. 2013). We therefore assume there is no significant
systematic measurement bias in stellar dynamical SMBH
masses.

B.4. Virial Bias
B.4.1. Selection Bias

The high-redshift sample is necessarily selected via the
presence of AGNs. This will bias the SMBH masses toward
higher values, since AGN luminosity scales with SMBH mass
(Richards et al. 2006; Ross et al. 2013; Runburg et al. 2022). A
range of values have been proposed for this bias. Lauer et al.
(2007; Figure 6) find that, depending on velocity dispersion,
the bias lies between 0.0 and 0.5dex. Treu et al. (2007,
Figure 9), however, find that this bias is smaller, at ~0.1 dex,
but not zero. We therefore expect a virial bias of —0.3 <
B, ir < —0.1dex, where the lower bound is the log-space
average of the 0.1 and 0.5 literature bounds.

A related potential bias is redshift evolution in Eddington
ratio. If Eddington ratios are higher at higher redshift then this
may lead to smaller observed SMBH masses in flux-limited
samples at higher redshift. We cannot comprehensively
examine this possibility here, but we do not believe it is likely
to be dominant. Figure 7 shows that Eddington ratios do not
vary significantly as a function of host SED type at Z =~ 0.85.
Moreover, comparing to a sample of AGNss in elliptical hosts at
0.3 <z < 0.4 selected from the WISE catalog in the same way
as the 0.8 <z<0.9 sample shows only small changes in
Eddington ratio with redshift: ¢ = 0.06970:0%0 at 0.3 <z < 0.4
and €= 0.0967039 at 0.8 <z<0.9 (68% confidence). We
therefore assume that this bias is subdominant to the virial
selection bias described above.

Finally, Schulze & Wisotzki (2011) have suggested a further
bias in the Mgy—M,, relation among AGNSs; the length of the
AGN duty cycle biases the Mpy/M, ratio low if the duty cycle
shortens as Mpy increases, and vice versa. Since the duty
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cycles in our AGN sample are hard to constrain, we do not
attempt to correct for this bias, but note it as a possible
contaminant.

B.4.2. Measurement Bias

As described in, for example, Ho & Kim (2014), Yong et al.
(2016), Shankar et al. (2019), and Li et al. (2021d), single-
epoch virial SMBH masses can be biased toward higher values
by a factor of 2-3 (see, e.g., Shen et al. 2008; Shen &
Kelly 2012; Mejia-Restrepo et al. 2017; Wang et al. 2020;
Maithil et al. 2022). Direct comparison between single-epoch
virial and RM masses in the same AGN at z > 0.3 are sparse
and are usually based on data spanning less than ~5 yr, but
allow for some basic comparisons. For Mg II, comparing the
RM masses in Homayouni et al. (2020) with the single-epoch
masses in Rakshit et al. (2020) shows that the majority of
objects have mass offsets in the range —0.1-0.4 dex, though
with some outside this range. Instead, cross-matching the Yu
et al. (2021) sample with Rakshit et al. (2020) yields one match
(DES J021612.83-044634.10) for which the RM mass is
0.61 dex lower than the single-epoch virial mass. For Hp,
comparing the RM masses in Bao et al. (2022) and Li et al.
(2021c) to the single-epoch masses reveals a similar range,
though slightly closer to zero, with the majority of objects
having a single-epoch mass that is higher by up to a factor of
2-3 than the RM mass, though some objects lie outside of this
range, on either side. Finally, for comparison, for C IV there are
six objects published in Lira et al. (2018) for which the single-
epoch masses are higher by a factor of 2—-10. We therefore
adopt —0.4 < B,,vir <0.1dex for SMBH masses measured
with Mgll, and —0.2 <B,, i <0.1dex for SMBH masses
measured with HG.

Other potential measurement biases exist. An example is the
choice of virial factor. The SMBH masses we use are derived
using f,i; ~ 4.5, but Shankar et al. (2019) argue that f,;; ~ 3.3 is
more appropriate. This amounts to a downward correction to
the SMBH masses of ~0.14 dex. Another example is that it has
been argued that using the line FWHM to measure single-
epoch virial masses may overestimate the masses of high-mass
SMBHs (Dalla Bonta et al. 2020). We do not include these as
separate corrections, but assume that they are folded into the
range of adopted virial measurement bias.

B.4.3. Reverberation-mapped Active Galactic Nuclei

The RM AGN sample requires a modified set of biases.
There is no virial measurement bias (B, i =0), and virial
selection bias becomes —0.1 < By i < 0.0 as the samples are
more in line with those of Treu et al. (2007) in terms of redshift
and luminosity.

Finally, the use of RM, rather than single-epoch virial BH
masses excludes several samples: the WISE and SDSS samples
at low redshift, the 244 broad-line AGNs in Reines & Volonteri
(2015), and the low-luminosity AGN sample in Busch et al.
(2014). Moreover, in, for example, Figure 8 of Reines &
Volonteri (2015) and in Shankar et al. (2019), the local AGNs
(both RM and single-epoch virial) are offset below the
quiescent early-type galaxies in the Mgy—M, plane, which
seems at odds with our Figure 3. We hypothesize that this
difference is due to the (mostly) nonelliptical host morpholo-
gies of the AGNs in these samples, since late-type galaxies
typically have smaller Mgy /M, ratios than early-type galaxies
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(e.g., Reines & Volonteri 2015, their Figure 12). Taking the
sample in Busch et al. (2014), restricting to early-type hosts
with Sérsic indices n >3 and accounting for differences in
stellar M/L and IMF leaves a sample of objects whose positions
are consistent with our quiescent sample in the Mpy—M,
plane. We note that the RM AGNs in Reines & Volonteri
(2015) are all late type, though host morphologies are not
available for a representative number of their 244 broad-
line AGNS.

Appendix C
Tests of Stability

C.1. Choice of High-redshift Sample

We here consider the impact on our results of using different
high-redshift samples. First, is a sample selected from Barrows
et al. (2021), but in the redshift range 0.7 < z < 0.8. This is still
within the formation epoch of the red sequence, but at a lower
redshift than the main sample, and uses H{ rather than Mg 1I to
compute SMBH masses, with the SMBH masses again taken
from Rakshit et al. (2020). The prescription used to compute
the HG SMBH masses is identical to that used in the COSMOS
sample.

Second, are two samples drawn from the QSO hosts
presented by Li et al. (2021b). This sample overlaps the WISE
sample in redshift but is purely optically selected. Moreover,
the stellar masses are not obtained by decomposing the AGN
+host SED but instead by first subtracting the quasar point-
spread function (PSF) before measuring the host emission
directly. While PSF subtraction from ground-based data is
challenging, this sample thus gives a further check on the
results from the WISE sample. Since the stellar masses in the
SDSS sample are measured in PSF-subtracted optical imaging,
there is the potential for bias toward luminous hosts, but we do
not attempt to account for this. To select the quiescent hosts
from this sample, we again band-merge with the Rakshit et al.
(2020) catalog to obtain SMBH masses. We then impose the
following selection criteria: a “quiescent” host galaxy type flag,
and an SMBH mass with a “good” quality flag. The catalog
also includes Sérsic indices and radii. Since these quantities are
hard to determine from ground-based, PSF-subtracted imaging,
we use them only to perform a basic selection, demanding a
Sérsic index greater than unity. We then extract two
subsamples: one at 0.8 <z<0.9 with SMBH masses from
Mgl and one at 0.7 < z < 0.8 with SMBH masses from Hp.
The distribution of the samples in the Mgy—M,, plane is similar
to that of the WISE sample. The derived samples overlap
negligibly with the WISE sample, so we treat them as
independent.

The analyses using the WISE and SDSS samples are
compared in Figure 8. The results are consistent across WISE
and SDSS and different spectral lines.

C.2. Stellar and Supermassive Black Hole Mass Selections

The stellar masses of the high- and low-redshift samples are,
by necessity, not computed consistently. Coupled with our
analytical approach, this leads to two potential issues. First, the
stellar masses of the high-redshift sample are computed with
stellar population synthesis fitting. In most cases, this approach
only allows for a limited set of star formation histories, which
can affect the derived stellar masses. Second, the high-redshift
sample will undergo passive stellar evolution from z~ 0.8 to
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z~ 0. Such passive evolution could lead to some of the offset
we observe in the Mgy—M,, plane.

Because our analytical approach determines consistency in
Mpgy—M,. plane position between the high- and low-redshift
samples after a cut in stellar mass, rather than consistency in the
Mgu/M, ratio, either of these possibilities could recast the
effect we observe as a change in SMBH mass. In other words,
from the perspective of diagonal alignment, it is conceivable
that selecting logMy > 10.6 could introduce an artificial
preference for translation in Mgy, instead of in M,,.

We investigate this possibility as follows. First, we note that
the 7, needed to diagonally align the high- and low-redshift
samples if gy = 0 is —0.9 dex. In Figure 8 (dotted), we restore
objects with stellar mass >10' M, in order to see whether the
data prefer this route to alignment in the Mgy—M, plane.
While the data do prefer a lower median 7, = 0.07 dex, 95% of
the posterior distribution lies above 7, =4 0.05 dex when
including lower-mass systems. We conclude that removing
lower-mass systems has not preferentially biased our analysis
to recovering large A7gy. In fact, in all analysis variants we
have considered, the posterior for 7, is almost entirely within
—0.2 < 74 < 0.6, while still recovering a large A7gy. Passive
stellar evolution is thus unlikely to have led to the large Argy.

As a further check, we repeated the main analysis using the
single Mgpy/M, ratio, rather than both Mgy and M,, as
diagnostics. In general, this approach degenerates the data and
may lead to unphysical shifts in mass if restrictive priors are not
asserted. Performing this analysis yields results consistent with
these expectations: the stellar mass posterior reproduces the
prior, and the uncertainties on the SMBH translation are in
effect decided by the width of the stellar mass prior.

Finally, we consider the possibility that the most massive
SMBHs in the low-redshift sample arise from a different
channel to the rest of the low-redshift sample, and provide most
of the measured translation. To test this, we exclude objects
from the high- and low-redshift sample with SMBH mass
within the top 10% percentile of their sample. We find no
significant effect on gy or 7,. We conclude that our result is
not driven by outlier systems.

C.3. Nonparameteric and Likelihood Studies

We first consider the impact of the choice of 1D
nonparametric test within the likelihood (Equation (A3)). We
compare against the lower-power, but faster to evaluate,
Kolmogorov—Smirnov and Cramér-von Mises (Anderson &
Bahadur 1962) tests. The results are displayed in Figure 9 (left).
All tests are statistically indistinguishable.

Stellar mass selection biases between the high- and low-
redshift samples motivate consideration of alternate likelihood
functions, which may be more or less sensitive to these biases.
Neither the local nor high-redshift samples have straightfor-
ward selection functions in M,. The local sample is hetero-
geneous, based in part on which objects are likely to yield a
SMBH mass measure, and thus does not have a quantitative M,
selection function. The high-redshift samples are flux limited,
but the host light must be distinguished from the AGN light,
meaning that the M, selection function is complicated.

To quantify the impact of the unknown M, selection
function on Argy, we have performed our main analysis with
three distinct types of likelihood functions:
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redshift samples.

1.

Naive. A quasi-parametric 2D Kolmogorov—Smirnov test
determines a likelihood in both Mgy and M, simulta-
neously, despite the known mismatch.

. Projected. A projection likelihood fits the Mgy and M.,

distributions separately via true nonparametric 1D tests,
but weights their p-values equally. This decouples
measurement of 7gy from the anticipated degradation of
fit due to stellar mass mismatch, but still allows recovery
of 7,. This is the analysis adopted in the article text.

. Subsampled. Before applying the projected nonpara-

metric tests, for each object in the low-redshift

14

realization, the five nearest neighbors in stellar mass are
chosen, without repeats, from the high-redshift popula-
tion realization. In order to guarantee that the entire high-
redshift population is eventually probed, the nearest
neighbors are taken from a random draw of half the size
of the full high-redshift sample. Note that this method
does not assume the ancestral hypothesis circularly:
arbitrary evolution in M, can still occur, e.g., the nearest
neighbors to a 5 x 10° M, low-redshift object might all
have stellar masses ~10° M. This approach to minimiz-
ing the bias suffers from decreased statistics, as the
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Figure 10. Nonparametric p-values of posterior 7gy—7 samples in the main
analysis (WISE), under the different likelihood functions described in Figure 9.
The 2D Kolmogorov—Smirnov (KS) test returns a p-value directly, whereas
projection and stellar subsampling return the product of p-values for distinct
Tgy and 7, prior draws. Thus, for these latter two tests, the reported p-value is
the geometric average. For all likelihood functions, there are regions of
parameter space where the nonparametric test cannot reject the null hypothesis,
i.e., the samples are plausibly ancestral. The 2D KS test performs worst, as
expected due to stellar population mismatch. Subsampling successfully
minimizes stellar selection mismatch bias: the bulk of evidence-weighted
samples have large p-values. The illustrated fiducial value for rejection,
p < 0.05 (dashed), is arbitrary and not used in any likelihood evaluation.

effective high-redshift sample is reduced by a factor of
~4, at least.

The results of these three approaches are displayed in
Figure 9 (right), where they are statistically indistinguishable.
With respect to recovery of 7gy, we conclude that stellar
mismatch bias between the high- and low-redshift populations
does not significantly contaminate the result.

The performances of these likelihoods are displayed in
Figure 10, where we show the evidence-weighted fraction of
posterior draw nonparametric p-values, i.e., the probability that
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the two distributions were drawn from the same underlying
distribution, after translation by 7. This visualization answers
the question: Of the draws used to estimate the posterior
distribution in the 7gy—7,4 plane, how important were draws
taken from regions where the ancestral hypothesis was
plausible? Note that all likelihood methods probe regions of
parameter space where the high- and low-redshift populations
cannot be distinguished. The 2D KS test reflects overall low
significance due to stellar mismatch, while the subsampling
likelihood has effectively eliminated stellar mismatch. The
projection method adopted in the main analysis is fast and
compromises between both these approaches, increasing
statistical power at the expense of overall likelihood due to
stellar mismatch.

C.4. Injection Studies

In addition to measurement uncertainties on posterior data,
there may be systematic uncertainty from the methodology of
the analysis. To gauge the ability of our analysis pipeline to
recover T, and Tgy from data, we proceed as follows. As our
low-redshift samples are typically ~50 objects, we draw 50
objects from the high-redshift sample and inject 7, := {0.2,
0.3} and 7y :={0.5, 0.8} translations into this draw. The
injected values for 7gy are chosen to bracket analysis-variant
measured values of Tgy for the primary WISE Mg II sample.
We then regard the translated subsample as a mock low-
redshift sample, regarding the remaining ~750 distinct objects
as a mock high-redshift sample. Note that the mock low-
redshift sample is constructed from the high-redshift sample so
as to guarantee that both samples are drawn, without repeats,
from an actual astrophysical distribution.

We then perform the DYNESTY analysis to Alnz = 0.1,
sufficient to recover median 7gy and T, to high precision.
Posterior measurement uncertainties from the high-redshift
sample are included in the injection analysis within both
mocks, even though the actual low-redshift sample will have
slightly different uncertainties, in order to estimate the ability
of the pipeline to recover signal from actual data. This injection
study was repeated 225 times for distinct low- and high-redshift
mock catalogs, producing the distribution of median values
displayed in Figure 11. From these studies, we find no
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Figure 11. Performance of analysis pipeline in the recovery of injected Tgy (blue) and 7. (orange) from mock catalogs. Results show the distribution of 225 median
values from the analysis of distinct mock catalog pairs. Injected values (dotted), median values (dashed), and 90% confidences are displayed for each parameter.
Recovery of the injected signal is clear and provides a measurement of the systematic uncertainty inherent to our analysis methodology.

systematic pull in 7gy. In 7., we do find a systematic
downward pull of —0.01 dex, independent of injected value.
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