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Abstract

The observed gravitational-wave background (GWB) spectrum is higher in amplitude than model predictions by a
factor of 2–3. Using a semi-analytic model, we evaluate the effect of a high-scatter supermassive black hole
(SMBH) scaling relation (MBH–Mbulge) on models of the nanohertz GWB. By implementing an intrinsic scatter of
the MBH–Mbulge relation, which is larger at higher redshift, but matches local observations, we find that the
amplitude of GWB models increases to be consistent with the low-frequency end of the GWB spectrum. This
amplitude increase is not uniform across frequencies, a strongly evolving scatter preferentially increases the
number density of the most massive SMBHs which, in the GWB spectrum, minimizes the strength of the low-
frequency turnover. Our models with positively evolving intrinsic scatter can reproduce the electromagnetically
observed overmassive SMBHs at 4 < z < 6 without changing the MBH–Mbulge normalization though we find that
including moderate normalization evolution marginally improves fits to the GWB data. We conclude that the
MBH–Mbulge relation which best describes the available GWB and electromagnetic data sets has intrinsic scatter
that evolves as z z0.56 0.4 log 10 10( ) ( ) ( )= + ± + and normalization that evolves as α(z) = α0(1 + z)0.84±0.35.
The results of this work imply that the MBH–Mbulge relation we see today is not universal throughout cosmic time
and that a diversity of seeding models and growth mechanisms may be at play in the early stages of SMBH–
galaxy evolution.

Unified Astronomy Thesaurus concepts: Black holes (162); Supermassive black holes (1663); Astrophysical black
holes (98); Gravitational waves (678); Gravitational wave astronomy (675); Galaxies (573); Scaling
relations (2031)

1. Introduction

Accurate models for the supermassive black hole (SMBH)
mass function outside the local Universe are important, but
poorly defined. Locally, we see a strong correlation between
the SMBH mass and host galaxy bulge mass (J. Kormendy &

L. C. Ho 2013; N. J. McConnell & C.-P. Ma 2013).
Unfortunately, electromagnetic (EM)–based SMBH mass
measurements become prohibitively difficult for more distant
galaxies, meaning that correlations we observe locally, such as
MBH–Mbulge, are not well defined for higher redshifts. This
relationship between SMBH and host bulge mass is a critical
indicator of how galaxies and BHs evolve (together and/or
separately). Where populations of SMBH–galaxy pairs lie on
this relation through time provides insights into their rates of
growth, feedback between growth mechanisms, and the
relative importance and contributions of, e.g., accretion, star
formation, and mergers for these objects.
Many studies have leveraged theory, EM observations,

cosmological simulations, or gravitational waves to constrain
the high-redshift location of this relation without general
consensus (e.g., J. S. B. Wyithe & A. Loeb 2003; Y. Zhang
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et al. 2023; Y. Chen et al. 2024; F. Zou et al. 2024; C. Matt
et al. 2026). A notable portion of these studies focus primarily
on the normalization (y-intercept) of the MBH–Mbulge relation.
Some EM-based studies find evidence for an increased
MBH–Mbulge normalization in the past, which would imply a
BH-first growth pathway, i.e., BH “dominance,” where the BH
growth initially outpaces that of the galaxy and/or BHs
originate from heavy seeds (M. Volonteri 2012; M.-Y. Zhuang
& L. C. Ho 2023). Other studies find no evidence for changes
to the normalization with time (G. Mountrichas 2023; F. Zou
et al. 2024; J. Li et al. 2025a; Y. Sun et al. 2025a; S. Geris
et al. 2026). Since the launch of the James Webb Space
Telescope (JWST) in 2021, numerous studies have reported
SMBH and galaxy mass measurements at z > 4 (e.g., X. Ding
et al. 2023; Y. Harikane et al. 2023; R. Maiolino et al. 2024;
J. Li et al. 2025a), with no clear consensus on the intrinsic
MBH–Mbulge. It is possible that the discrepancy between results
could arise due to observational biases in some magnitude-
limited surveys, which would leave lower-mass SMBHs
unobserved and thus artificially inflate the amplitude and
flatten the relation (T. R. Lauer et al. 2007; H. Zhang et al.
2023; J. Li et al. 2025b). It has been suggested that there are
lower-mass SMBHs at high redshift that evade detection
(F. Shankar et al. 2016, 2019; J. D. Silverman et al. 2025;
F. Ziparo et al. 2026).

Recently, J. Li et al. (2025a) selected active galactic nuclei
(AGNs) from archival JWST data based on the presence of a
broad Hα component rather than using a magnitude/
luminosity cutoff. The result of this selection was a population
of SMBH–galaxy pairs with mass ratios consistent with the
local AGN relations. This result suggests that many surveys
that find exclusively overmassive SMBHs may be incomplete
and the offset of the MBH–Mbulge relation at z > 4 relative to
today is less extreme (and possibly zero). If this is the case,
then perhaps the normalization is not higher; however, the
local relation still does not predict these extremely high-mass
SMBHs seen at z > 4. An alternative explanation is that the
intrinsic scatter of the MBH–Mbulge relation was higher in the
past, therefore reproducing these overmassive BHs without
needing extreme SMBH growth on a population level. This
hypothesis simultaneously predicts a large population of
normal and low-mass-ratio SMBH–galaxy pairs (J. Li et al.
2025a; M. Brooks et al. 2026; S. Geris et al. 2026).

Locally, theMBH–Mbulge relationship has relatively low intrinsic
scatter (second only to the MBH–σ relation; L. Ferrarese &
D. Merritt 2000; K. Gebhardt et al. 2000; S. Tremaine et al. 2002;
K. Gültekin et al. 2009, 2011; J. Kormendy & L. C. Ho 2013;
N. J. McConnell & C.-P. Ma 2013; J. E. Greene et al. 2016). This
correlation implies a coupled growth pathway for SMBH–galaxy
pairs, and the scatter about this relationship reflects small
differences in growth rates (M.-Y. Zhuang & L. C. Ho 2023;
B. A. Terrazas et al. 2025; D. Izquierdo-Villalba 2026) and, at the
low-mass end, seed information (J. E. Greene et al. 2020; T. K.
Waters et al. 2026, in preparation). If the growth rates of both
galaxies and their central SMBHs were to be roughly similar, then
objects would grow along the MBH–Mbulge relation with cosmic
time. Galaxy–SMBH pairs would be born in the low-mass region
of the relation and evolve up, following the slope of the relation
until they reach their present-day masses. In this case, the
MBH–Mbulge relation would be a valuable tool for predicting
SMBH masses based on galaxy bulge masses for distant galaxies
where the SMBH is obscured and/or the spectral resolution is too

low to make direct SMBH mass measurements. Indeed, some
studies have found that both the normalization and scatter of the
MBH–Mbulge relation are unchanging with time (C. A. Guia &
F. Pacucci 2024; F. Zou et al. 2024), although these results fail to
predict the massive SMBHs at z > 4.
An increased intrinsic scatter could indicate that there is a

diversity of growth pathways for SMBHs and galaxies
(M.-Y. Zhuang & L. C. Ho 2023; H. Hu et al. 2025;
B. A. Terrazas et al. 2025; D. Izquierdo-Villalba 2026). For
example, overmassive SMBH hosts have high star formation
rates so the galaxy can catch up in mass. Conversely,
undermassive SMBHs have low star formation rates and high
Eddington ratios (and high AGN luminosities) because they
are growing their SMBHs to catch up. Then, pairs can stay on
the relation when they have positive star formation/accretion
feedback and merger-based growth. Independently, an
increased scatter in the past but a low scatter locally is
predicted even if there is no physical link between SMBH and
host galaxy mass (K. Jahnke & A. V. Macciò 2011).
Furthermore, M. Hirschmann et al. (2010) modeled the change
in scatter because of mergers and found that the scatter
decreases with the number of mergers because of central limit
theorem considerations. More recently, B. Zhu & V. Springel
(2025) compared the sources of intrinsic scatter through time
in various cosmological simulations. Their results showed that
the dominant source and scale of scatter of the MBH–Mbulge

relation can change both with redshift and mass, indicating that
the value of scatter outside the local Universe can provide
important insights into SMBH–galaxy coevolution. Other
studies have found that some cosmological simulations can
reproduce the overmassive population of SMBHs seen by
JWST with large values of intrinsic scatter (S. Dattathri
et al. 2025).
EM-based constraints on the MBH–Mbulge relation remain

difficult. There are two major limitations that lead to the
underdetection of low MBH/M� ratios: (i) low-luminosity AGNs
in massive galaxies are difficult to see because they are
outshined by the host (e.g., M. Volonteri et al. 2023; J. Li
et al. 2025b; J. D. Silverman et al. 2025); and (ii) low-luminosity
AGNs are difficult/impossible to find in magnitude-limited
surveys (e.g., T. R. Lauer et al. 2007; A. Schulze & L. Wisotzki
2014; J. Li et al. 2025b). Gravitational waves produced
by SMBH binaries do not face these same challenges. It has
long been theorized that we can get constraints from the
nanohertz gravitational-wave background (GWB; J. Simon &
S. Burke-Spolaor 2016). There is now strong evidence of a
detection of the GWB from pulsar timing arrays (PTAs;
G. Agazie et al. 2023a; EPTA Collaboration et al. 2023;
D. J. Reardon et al. 2023; H. Xu et al. 2023). Since the 4σ
evidence announcement, there has been a surge of analyses
placing constraints on SMBH populations (G. Agazie et al.
2023b; Y. Chen et al. 2024; E. C. Gardiner et al. 2024;
E. R. Liepold & C.-P. Ma 2024; G. Sato-Polito et al. 2024;
S. Bonoli et al. 2025; C. Matt et al. 2026). Though the details
vary between these studies, the broad consensus is that the
unexpectedly high GWB amplitude requires more high-mass
SMBHs than predicted by the local MBH–Mbulge relation. Some
studies have focused on the SMBH–galaxy relations themselves,
while others have revised our predictions for galaxy populations
(E. R. Liepold & C.-P. Ma 2024; G. Sato-Polito et al. 2024;
C. Matt et al. 2026). There is now strong evidence to suggest that
there are high-redshift SMBH–galaxy pairs that lie both above
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and on the local relation, leading to conflicting narratives of how
theMBH–Mbulge relation may evolve (F. Pacucci et al. 2023; J. Li
et al. 2025a). An MBH–Mbulge relation with an intrinsic scatter
that was higher at earlier epochs increases the number of high-
and low-mass SMBHs relative to the local relation for z > 0.
This boost in high-mass SMBHs can amplify the predicted
amplitude of the GWB and produce a population of overmassive
SMBHs at high redshift while maintaining the same fundamental
SMBH–galaxy mass relationship observed locally.

In this work, we consider a model for the GWB that uses an
MBH–Mbulge relation with an evolving intrinsic scatter. We
evaluate the potential of this model to unify EM and
gravitational-wave observations across a wide range of
redshifts.

In Section 2, we describe our model setup and the functional
form of the scaling relations and parameter evolution. We
describe the behavior of and effect of evolutionary parameters
on our models in Section 3. The GWB-based results of our
model fits are presented in Section 4, while comparisons with
EM data are presented in Section 5. We place our findings into
context in Section 7, and a summary of this work can be found
in Section 8.

We assume WMAP9 cosmology (Planck Collaboration
et al. 2014), and all values and parameters reported in log
space are base 10 unless otherwise specified.

2. Semianalytic Models

We use a semianalytic SMBH binary population synthesis
code, HOLODECK, to calculate the expected GWB spectrum.
We briefly describe the model setup here, though a description
of the model workflow and, e.g., SMBH binary hardening
models can be found in G. Agazie et al. (2023b), with updates
and recent changes further detailed in L. Z. Kelley et al. (2024)
and C. Matt et al. (2026).

We assume an initial distribution of the SMBH total mass
(Mtot), mass ratio (q = m1/m2), and redshift, from which we
define a population of merging galaxies based on the merger-
rate prescription in V. Rodriguez-Gomez et al. (2015) and the
galaxy stellar mass function (GSMF) in J. Leja et al. (2020).
We then convert this distribution of galaxies into a population
of SMBH binaries by assuming binaries are formed following
a galaxy merger. Their masses are assigned based on the
galaxy bulge masses via the MBH–Mbulge relation. This gives
the number density of SMBH binaries per unit mass, mass
ratio, and redshift, which are then evolved from ∼10 kpc
separations down to the gravitational-wave regime according
to the binary hardening prescription in L. Z. Kelley et al.
(2017) and G. Agazie et al. (2023a). The non-gravitational-
wave binary hardening processes include dynamical friction
and stellar scattering, and we allow for hardening timescales
long enough that some binaries effectively stall and not every
galaxy merger results in an SMBH binary that contributes to
the GWB. The GWB amplitude is then calculated following
E. S. Phinney (2001).

Locally, the relationship between the SMBH mass and
galaxy bulge mass follows a power-law relation (see, e.g.,
J. Kormendy & K. Gebhardt 2001; J. Kormendy &
L. C. Ho 2013; N. J. McConnell & C.-P. Ma 2013). In our

model, we define the MBH–Mbulge relation to be

M
M

M10
, 1BH 0

bulge

11

0

( )=

with an intrinsic scatter in Mlog BH drawn from a normal
distribution (K. Gültekin et al. 2009) with standard deviation
ε0. In this paper, we consider a scatter that is a function of
redshift given by the form

z zlog 1 , 2z0( ) ( ) ( )= + +

where the z = 0 values can be determined from observation
(log 8.690 = ; β0 = 1.17; ε0 = 0.28 dex; J. Kormendy &
L. C. Ho 2013), and εz can be positive or negative, with εz = 0
indicating no evolution in the relation. The intrinsic scatter in
the relation is the scatter in the SMBH masses; it is explicitly
incorporated into the MBH–Mbulge relation in HOLODECK and
was a free parameter in both G. Agazie et al. (2023b) and
C. Matt et al. (2026), though it was assumed to be unchanging
with redshift. It has been suggested that the scatter in the
MBH–Mbulge relation may be different for high- versus low-
mass SMBHs (J. E. Greene et al. 2020). The available data
from the GWB cannot currently constrain SMBH masses at
MBH ≲ 108M⊙ (G. Agazie et al. 2023b). Therefore, we are
only interested in the most massive SMBHs and a mass-
independent intrinsic scatter is sufficient for our analysis.
For this work, we consider three models: two with a variable

scatter evolution power law, εz, and one where εz is fixed to 0.5.
A summary of the model setups can be found in Table 1. Our
prior on εz is uniform, with −0.2� εz� 2.0, as the εz parameter
is only physically meaningful inside this range. If εz < −0.2, the
intrinsic scatter drops below εz ∼ 0.1 by z ∼ 2. With εz > 2.0,
SMBHs get scattered outside the nanohertz gravitational-wave
regime, and roughly 30%–40% of galaxies with M� > 1010M⊙
have an SMBH–galaxy bulge mass ratio above 1 by z ∼ 3. There
is sufficient evidence from EM observations to rule out a high-
redshift MBH–Mbulge relation with lower intrinsic scatter than the
local value of 0.28 dex, but we still allow our lower range to
include some negative evolution for model freedom and so we
can be sure that the result is purely driven by our data.
In model Mε+, we chose to sample three hardening

parameters: the total hardening time, τf; the stellar scattering
power-law slope, νinner; and the characteristic hardening
radius, Rchar. These parameters can have strong impacts on
the shape of the GWB spectrum (B. Kocsis & A. Sesana 2011;
A. Sesana 2013; G. Agazie et al. 2023b; N. Laal et al. 2026).
As discussed in the following section, the MBH–Mbulge scatter
evolution also has an impact on the GWB spectral shape. We
therefore allow these hardening parameters to vary for one
model to investigate any possible degeneracies. We addition-
ally sample three GSMF parameters: the two local normal-
izations, f*,0,0 and f*,1,0, and the local characteristic mass,
Mc,0. Previous GWB studies have found degeneracies between
the GSMF and MBH–Mbulge parameters (G. Agazie et al.
2023b; C. Matt et al. 2026). To address these degeneracies, we
fix them for model Mε and model Mα, but we leave them
variable in model Mε+, to investigate how this affects our
results.
To determine our best-fit models and posteriors, we draw

20,000 samples directly from our prior space, using Latin
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hypercube sampling, and calculate the GWB spectrum for each
sample instance using HOLODECK. We determine the goodness
of fit by comparing each of the 20,000 spectra to the data and
calculating a likelihood. The spectrum with the highest
likelihood is our best-fit model. The likelihoods we calculate
represent how well models fit the GWB data, but are not
marginalized over the priors. Our posteriors are then the priors
weighted by the likelihoods. This method was used by C. Matt
et al. (2026) and was first described in the appendix of
G. Agazie et al. (2023b).

3. Impact of Evolutionary Parameters

To aid in the interpretation of the results, we describe the
isolated impact of two types of MBH–Mbulge evolution on the
GWB spectrum and BH mass function (BHMF) in this section.
The GWB amplitude is sensitive to the number of most
massive SMBHs (E. S. Phinney 2001), so changes to the
MBH–Mbulge relation that can increase the number of massive
SMBHs will increase the predicted GWB amplitude in the
absence of any other change. Both an increased MBH–Mbulge

scatter and normalization will produce a greater number of
massive SMBHs and so we would expect that either change
could increase the predicted GWB amplitude.

Intuitively, one might initially expect the impact of increasing
scatter to be similar to increasing normalization, although we
find the effects to be more complex. In Figure 1, we compare the
effect of an evolving scatter (top row) with that of an evolving
MBH–Mbulge normalization (bottom row). In the left-hand
column, we show the z = 2 BHMF, as calculated using
different values of εz and αz, indicating different strengths of
evolution in scatter and normalization. Here, αz is the normal-
ization analog of εz ( z z10 z( ) ( )= + ; i.e., the same
evolutionary form as C. Matt et al. 2026). The black/darkest
blue line in every panel is the model with no redshift evolution
of the MBH–Mbulge relation. The lighter colors correspond to

greater values of the corresponding evolutionary parameter and
therefore represent MBH–Mbulge relations with greater scatter/
normalization at z = 2 than observed locally. We note that our
fiducial (nonevolving) BHMF overpredicts the SMBH number
density compared to AGN-inferred BHMFs—a discrepancy
discussed in some detail by, e.g., E. R. Liepold &
C.-P. Ma (2024).
In the left-hand column of Figure 1, we see that both types

of positive evolution increase the number density of the most
massive SMBHs, and the amount of the increase is correlated
with the strength of the evolution. An increased MBH–Mbulge

normalization is equivalent to increasing every calculated
SMBH mass by some amount. The effect of increasing the
SMBH mass is to shift the entire BHMF to the right on the x-
axis (lower-left panel). The horizontal difference between any
two curves is roughly equivalent across the entire mass range,
but the vertical difference (number density) is greater at high
masses, because of the steeper slope relative to the low-mass
end. Increasing the intrinsic scatter shifts the SMBH masses
both higher and lower, so the relative shift along the x-axis is
identical across the mass range. In fact, the greatest increase is
to the highest-mass number densities, and there are only
negligible changes to the low-mass number densities. Though
more commonly discussed in the context of observational bias,
this effect is the same as that causing Eddington bias
(A. S. Eddington 1913).
These parameters have differing effects at high and low

masses, which affects not only the predicted BHMF, but also
the associated GWB spectrum. In the right-hand column of
Figure 1, we show the GWB spectrum associated with the
same values for evolutionary parameters as in the left-hand
panel. The color coding is the same across the columns. The
GWB spectra are calculated with HOLODECK across
0� z� 10. For an equal-mass circular binary, the frequency
of the gravitational waves emitted is twice the orbital

Table 1
A Summary of the Parameter Setup for the Three Models in This Paper

Parameter Purpose Model Mε Model Mε+ Model Mα

MBH–Mbulge

εz Scatter evolution U 0.2, 2.0[ ] U 0.2, 2.0[ ] 0.5
αz Normalization evolution 0.0 0.0 U 3.0, 3.0[ ]
log 0 Local normalization 8.69 N 8.69, 0.05[ ] 8.69
β0 Local slope 1.17 N 1.17, 0.08[ ] 1.17

SMBH Binary Hardening

τf (Gyr) Total binary lifetime 3.0 U 0.1, 11.0[ ] 3.0
νinner Stellar scattering exponent −1.0 U 2.0, 0.0[ ] −1.0
Rchar (pc)a Characteristic radius 10.0 U 2.0, 20.0[ ] 10.0

GSMF

f*,0,0 Local normalization of first Schechter −2.383 N 2.383, 0.28[ ] −2.383
f*,1,0 Local normalization of second Schechter −2.818 N 2.818, 0.050[ ] −2.818
Mc,0 Local characteristic mass 10.767 N 10.767, 0.026[ ] 10.767

Note. We note fixed parameters by single values and free parameters by their prior distributions. Both modelMε and modelMα have one free parameter, while model
Mε+ allows nine parameters to vary. We use uniform distributions for the MBH–Mbulge evolutionary parameters (εz and αz) and SMBH binary hardening parameters.
We use the same priors for τf and νinner as in G. Agazie et al. (2023b). For the local MBH–Mbulge and GSMF parameters, we use Gaussian priors based on
J. Kormendy & L. C. Ho (2013) and J. Leja et al. (2020). All additional parameters not in this table are fixed to their fiducial value (C. Matt et al. 2026) for all three
models.
a G. Agazie et al. (2023b) assumed a fixed value of Rchar = 100 pc. In the absence of other changes, our lower value increases the strength of the low-frequency
turnover of the GWB spectrum.
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frequency. The orbital frequency of the binary is related to the
masses of the SMBHs via Kepler’s third law, so the lower
frequencies of the GWB correspond to higher SMBH chirp
masses ( fGW,obs ∝ (M(1 + z))−1; see E. S. Phinney 2001).
Therefore, the relative changes to the number densities across
the mass range have corresponding impacts on the GWB
spectrum. Both types of evolution increase the GWB
amplitude at the lowest frequencies (highest masses), but only
αz affects the high-frequency (low-mass) end of the spectrum.
The difference in GWB amplitudes is strongest for

flog 8.0GW , where the the GWB data are poorly
constrained, but there are still notable differences across the
range we fit to (the five lowest-frequency bins).

The GWB spectrum produced by a population of SMBH
binaries that harden only via gravitational-wave emission is a
power law (E. S. Phinney 2001). Deviations from this power
law can occur for a variety of reasons, but a turnover at the
low-frequency end is expected if additional hardening
mechanisms are present (B. Kocsis & A. Sesana 2011;
A. Sesana 2013). Previous studies have found that the GWB
data are well described by a spectrum with a turnover due to
environmental effects (G. Agazie et al. 2023b; C. J. Harris
et al. 2026). The underlying model we use to produce this
figure includes both stellar scattering and dynamical friction as

hardening mechanisms prior to the gravitational-wave emis-
sion phase. The turnover is apparent in the black (fiducial)
spectrum from the curved shape (i.e., it is not a straight-line
power law). Furthermore, we choose a characteristic hardening
radius that is lower than in G. Agazie et al. (2023b), which
serves to increase the strength of the turnover in this fiducial
model. This turnover is unaffected by changes to the
MBH–Mbulge normalization, but a strongly evolving scatter
straightens the spectrum out, apparently approaching a power
law. This shape change in the evolving scatter model is due to
the frequency-dependent increase in GWB amplitude that is a
result of the preferential increase in number density of the
most massive SMBHs. The impact that a high MBH–Mbulge

intrinsic scatter has on the spectrum seems to have a similar
but opposite effect to the presence of environmental hardening.
This makes disentangling the contributions from each of these
population parameters difficult. Since the GWB data do show a
turnover, this could mean that either the MBH–Mbulge scatter
cannot evolve strongly or that environmental effects may be
more important for recovering the spectral shape.
These differences, though large, require high-confidence

data and precise population statistics to differentiate. Separat-
ing these effects is most feasible when only one type of
evolution is present and the strength of evolution is great. If
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Figure 1. Here, we show the separate effects of an evolving MBH–Mbulge scatter (top) and normalization (bottom) on the z = 2 BHMF (left) and the GWB spectrum
(right). We keep all parameters in the models constant and change only the power law for evolving scatter, εz (or that for evolving normalization, αz), where
εz, αz = 0 indicates no redshift evolution and εz, αz > 0 indicates positive redshift evolution. Both types of evolution increase the number density of the most massive
SMBHs, where the amount of the increase is correlated with the strength of the evolution, but only an evolving normalization significantly increases the number
density of SMBH masses MBH < 109M⊙. The gravitational-wave frequency is inversely proportional to SMBH chirp mass. Therefore, the relative changes to
number densities across the mass range have corresponding impacts on the GWB spectrum. Both types of evolution increase the amplitude at the lowest frequencies
(highest masses), but only αz affects the high-frequency (low-mass) end of the spectrum.
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either one is subtle (low values of αz and/or εz) or if both types
of evolution are present, the problem becomes difficult to
disentangle. We compare between models that allow for
multiple evolutionary paths of MBH–Mbulge and place con-
straints using both EM and GWB data in Section 5.

4. Results

We show the results of all our models in Figure 2. The black
line with the strong turnover is our fiducial model. This model
was not sampled; this is simply the GWB spectrum that we
would expect when using the default values for every
parameter and no evolution in the MBH–Mbulge relation (i.e.,
the same as the εz = 0 and αz = 0 spectra in the right-hand
column of Figure 1). We do not perform fits to the data with a
nonevolving MBH–Mbulge; we instead point readers to C. Matt
et al. (2026), who use the same fiducial model and did perform
nonevolving MBH–Mbulge fits. To compare the different
models’ ability to reproduce the GWB data, we perform
likelihood ratio tests using the likelihoods we calculate during
the fitting process for each spectrum. These are presented at
the end of Section 4.3.

4.1. Model Mε: The Isolated Effect of εz
Our first model, modelMε, had εz as the only free parameter.

Every other variable in the models is fixed to its fiducial value.
This model isolates the effects of εz on the GWB spectrum. In
the top row of Figure 1, we keep all parameters fixed, while
varying only εz. This is the exact setup for model Mε, except
with a significantly decreased number of samples of εz.

The posterior distribution of εz in model Mε (light blue solid
line) is apparently Gaussian and centered on εz = 1.05 ± 0.28,
indicating a strong positive evolution of the MBH–Mbulge

scatter. The amplitude of the spectrum falls just short of the
68% confidence region of the observed GWB, except in the
lowest-frequency bin. With only one parameter to vary, this

result makes sense; the fiducial spectrum is low in amplitude,
and the value of εz correlates positively with the GWB
amplitude (see Figure 3), therefore positive evolution of the
MBH–Mbulge scatter is favored. Since εz has less of an effect on
higher frequencies, the ability for this single-parameter model
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Figure 2. Left: the posterior distributions for εz from modelMε (light blue solid line) and model Mε+ (dark blue dashed line). The vertical lines represent the median
of the posteriors; for modelMα (red dotted line), εz was fixed to a value of 0.5, so there is no distribution associated with the median line. The median value of model
Mε is higher than that of model Mε+ because it had no additional free parameters to increase the amplitude and so εz had to compensate more. Right: the best-fit
GWB spectra associated with our three models (blues and red) and the fiducial model (black). We see that all best-fit models have similar amplitudes and shapes.
Both model Mε+ and model Mα lie within the 68% confidence regions of the data, except for the fifth frequency bin, whereas model Mε lies just below the 68%
confidence regions of all but the lowest-frequency bin. All best-fit models are within the 95% confidence regions for the five frequency bins we fit to. The low-
frequency turnover is present in all three best-fit models, though it is not strong. Notably, model Mε lies below the other two models, and the bulk of the data only
truly align with the lowest-frequency bin. Interestingly, the spectra of model Mε+ and model Mα are quite similar, despite model Mε+ having no evolution in the
MBH–Mbulge normalization.

Figure 3. In this figure, we plot the log strain GWB amplitude, hc, measured at
the lowest-frequency bin fgw ∼ 2 nHz against samples of εz drawn from our
prior distribution. We show how the GWB amplitude of a model correlates
with the sampled value of εz for model Mε and model Mε+. The dark blue
points with large spread are from modelMε+, where the blue squares represent
the corresponding median log strain amplitude binned along the x-axis. The
light blue line is from model Mε, which has εz as the only free parameter. On
average, there is a clear positive correlation between the GWB amplitude and
the value of εz. We allow many parameters to vary in model Mε+, and so the
correlation between the GWB amplitude and εz is less direct. It is still present
(blue squares), but there is a larger spread. Other parameters in the model have
a strong correlation with the GWB amplitude (e.g., the local MBH–Mbulge

normalization, α0), so the model does not need to rely solely on εz to
reproduce the GWB amplitude. This indirect correlation causes the posterior
distribution of εz to spread out, relative to smaller models. Values of εz that do
not provide good fits to the GWB data in model Mε can result in a well-fitting
spectrum with model Mε+ because of the effects of other parameters.
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to match all five of the lowest-frequency bins is limited, and
the spectrum will systematically underpredict the data with
increasing discrepancy as the frequency increases (assuming
agreement in the lowest-frequency bin).

This spectrum is the worst fit to the data out of our three
models (see Section 4.3). It is, however, significantly improved
over the fiducial model, and so while evolving the scatter is not
a complete solution, it appears to bridge the majority of the
gap between the simplest models and observations. In the
following sections, we describe how other parameters can
resolve the remaining discrepancy.

4.2. Model Mε+: Effect of εz in the Presence of Additional
Degrees of Freedom

Model Mε+ sampled nine total parameters: εz, three
hardening parameters (τf, νinner, and Rchar), the local normal-
ization and slope of the MBH–Mbulge relation (α0 and β0), and
the three local GSMF parameters (f*,0,0, f*,1,0, and Mc,0). For
the MBH–Mbulge relation and GSMF parameters, we use
informative priors based on EM observations (J. Kormendy
& L. C. Ho 2013; J. Leja et al. 2020), while we use uniform
priors for the hardening parameters (L. Z. Kelley et al. 2017;
G. Agazie et al. 2023b).

In Figure 2, the posterior distribution of εz for model Mε+
(dark blue dashed line) favors lower values than with model
Mε, but 92% of the distribution corresponds to positive values
of εz, with a median of εz = 0.56 ± 0.40. Despite the more
modest scatter evolution, the spectrum associated with this
model is higher in amplitude than that of model Mε and is in
better agreement with the data, sitting within the 68%
confidence region for the four lowest-frequency bins. All
GSMF and local MBH–Mbulge posteriors are in good agreement
with the priors. C. Matt et al. (2026) found that for a
nonevolving MBH–Mbulge relation, the posterior distributions
for these parameters will deviate significantly from the priors.
Since these parameters are well constrained with EM
observations (J. Kormendy & L. C. Ho 2013; J. Leja et al.
2020), congruency between posteriors and priors here
indicates consistency with EM-based observations. With a
weaker MBH–Mbulge scatter evolution (versus model Mε), we
would expect the amplitude of the GWB to be lower.
However, the correlation between εz and GWB amplitude is
less direct with so many additional free parameters.

In Figure 3, we show a scatter plot of the GWB amplitude
versus εz. As described in Section 2, for each of the 20,000
samples taken from our prior distributions, we calculate a
GWB spectrum. In Figure 3, we plot the amplitude of those
20,000 spectra (at the lowest-frequency bin, flog 8.7GW )
for both model Mε and model Mε+ versus the value of εz for
the associated sample.

The light blue line corresponds to modelMε, which sampled
only εz, and the dark blue points are from model Mε+, which
sampled nine total parameters. The blue squares represent the
median of the dark blue points, binned along εz. For modelMε,
the GWB amplitude is positively correlated with εz. Across our
prior range, the GWB amplitude increases nearly linearly by
approximately 2 orders of magnitude. Since model Mε only
sampled one parameter, there is very little spread in the light
blue points (hence they appear as a line). The only difference
between any two points with similar values of εz comes from
the Poisson noise in HOLODECK.

The positive correlation between the GWB amplitude and εz
is present in model Mε+, although the spread in amplitude
values is much larger than in model Mε. The average standard
deviation of hlog c is 0.022 for model Mε and 1.13 for model
Mε+. Because model Mε+ varied additional parameters to
model Mε, two points, with near identical values of εz, can
have a wide range of other parameter values, and so the GWB
amplitude for those two sample sets can differ. Therefore, the
dark blue points deviate from the overall trend, because of the
increased degrees of freedom in the model, but the median
trend (blue squares) matches that of model Mε very closely.
Therefore, dependence on εz is present in model Mε+, but
much less direct, and so there is less reliance on εz to match the
GWB compared with model Mε. This same behavior affects
the posterior distributions for εz. The posterior distribution for
model Mε is narrower and takes on higher values on average
than that of model Mε+. With multiple free parameters, model
Mε+ can produce a GWB spectrum consistent with the data
with different combinations of parameters.

4.3. Model Mα: Including Multiple Types of MBH–Mbulge

Evolution

Our main focus in this paper is the MBH–Mbulge intrinsic
scatter, although it is possible that both the normalization and
scatter of theMBH–Mbulge are changing with time. In Section 3,
we saw that changes to the normalization and scatter have
different impacts on the shape of the GWB spectrum. It is
therefore feasible that both types of evolution can provide
better fits to the GWB than either one alone. It is also possible
that we can differentiate between these models with the
available data.
Though their effects are frequency-dependent, both αz and

εz generally scale positively with the GWB amplitude, so there
is a negative correlation between these parameters in our
models (correlation coefficient of −0.85). To mitigate the
effect of this degeneracy, we choose to fix the εz parameter to a
constant value of 0.5 while allowing αz to vary. We inform this
value of εz based on the posterior distribution of model Mε+.
This value of εz is high enough to be a significant evolution
without being so high as to dominate the shape or amplitude of
the GWB spectrum. This model we refer to as model Mα.
With this model, the posterior distribution for αz (Figure 9)

is 99.9% positive, with a median value of αz = 0.84 ± 0.35.
The associated best-fit spectrum is shown in Figure 2 (dark red
dotted line). This spectrum is notably higher in amplitude than
our εz-only model, but it is only minimally different from
model Mε+. The model Mα best-fit spectrum has a marginally
stronger turnover, but overall the single αz parameter has a
similar overall effect to the combined impact of the eight
additional free parameters in model Mε+.
To compare the model fits, we calculate the linear Bayes

factors between our models by marginalizing the likelihoods
(calculated during fitting) over the prior distributions. In this
case, model Mα is favored over both other models, though the
preference is weak. The Bayes factor in favor of model Mα
over model Mε, calculated across the first 5 (11) frequency
bins, is 2.17 (3.77), and the Bayes factor in favor of model Mα
over model Mε+ is 1.32 (3.02). The higher frequencies are
where the effects of scatter and normalization evolution are
most significantly different (e.g., Figure 1), therefore it makes
sense that the Bayes factor between model Mε+ and model Mα
would change when including these higher frequencies. With
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more frequencies, the inclusion of an evolving MBH–Mbulge

normalization becomes more important for reproducing the
observed spectrum. The GWB data, however, are not well
constrained beyond the first five frequency bins, so we cannot
make strong conclusions based on these numbers. In the
following section, we further evaluate these models in the
context of additional EM data.

5. Comparisons to MBH–Mbulge Relations Measured across
Cosmic Time

In previous sections, we showed that the GWB data alone
may be able to break the degeneracy between types of
MBH–Mbulge evolution with improvements to the constraints
for high-frequency data. Here, we investigate how EM data
may be able to provide independent constraints. EM-based
studies of the MBH–Mbulge relation outside the local Universe
exist across a wide range of redshifts. The sample size of
observed SMBH–galaxy pairs decreases with increasing
redshift, due to observational limitations. Now, several years
after the launch of JWST, the field has amassed a decent
sample of extremely high-redshift studies of the MBH–Mbulge

relation. The picture of the z > 4 SMBH population is
becoming increasingly complex, as some studies find SMBH–
galaxy pairs that lie significantly above the local MBH–Mbulge

relation (e.g., F. Pacucci et al. 2023; M. Yue et al. 2024), while

others find pairs that are consistent with (or even below) local
measurements (e.g, X. Ding et al. 2023; J. Li et al. 2025a;
Y. Sun et al. 2025a). This diversity of mass ratios has
intriguing implications for the model of SMBH–galaxy
coevolution and suggests a wide variety of growth pathways.
It additionally hints at possible observational biases that can
lead to misinformed conclusions about the entire population.
Whether these high-redshift massive SMBHs represent an
overmassive population or the extreme end of a relation, they
are not predicted by extrapolations of the local relation. A full
analysis of the redshift evolution of the intrinsic scatter in the
MBH–Mbulge relation using only EM data is outside the scope
of this paper. Even a simple analysis, however, yields valuable
insights. Here, we present a qualitative but robust comparison
of the predictions from our results and various EM-based
SMBH–galaxy mass measurements.
In Figure 4, we show the predicted MBH–Mbulge relation

with intrinsic scatter that evolves according to our best-fit
parameters. We are interested in distinguishing between these
two evolutionary options. Previously, we demonstrated that
different types ofMBH–Mbulge evolution have different impacts
on the GWB spectrum, which may someday be differentiable
with GWB data alone. We now consider how EM-based
measurements of SMBH and galaxy masses may be able to
place independent and complementary constraints on this

Figure 4. A comparison between our result predictions and the observed SMBH and galaxy masses. In gray, we show the 1σ, 2σ, and 3σ regions of scatter around
the MBH–Mbulge relation from J. Kormendy & L. C. Ho (2013), with three different options for evolution. We add 0.4 dex in quadrature to the intrinsic scatter to
approximate the measurement error. In all panels, the solid black line represents the local MBH–Mbulge relation, and the dashed line is the location of the evolving
relation. The pink circles in each panel represent EM-observed SMBH–galaxy measurements from the literature. From left to right, we include data from
J. Kormendy & L. C. Ho (2013), X. Ding et al. (2020), Y. Zhang et al. (2023), and the final panel includes data from Y. Sun et al. (2025b), J. Li et al. (2025a),
B. L. Jones et al. (2025), and M. Brooks et al. (2026). Top row: the intrinsic scatter of the relation evolves according to the median posterior value from model Mε,
εz = 1.05. The normalization is unchanging. Middle row: both the intrinsic scatter and normalization are evolving according to the results from model Mα, εz = 0.5,
αz = 0.84. Bottom row: only the normalization is evolving here. This represents the best-fit model from C. Matt et al. (2026), αz = 1.04. All three cases predict a
population of overmassive SMBHs consistent with high-redshift JWST observations without violating local constraints. The two options with evolving scatter also
predict an undermassive population, which can reproduce the “normal-mass” SMBHs found by J. Li et al. (2025a). This lower-mass population is not predicted by
the high-normalization, low-scatter model.
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problem. For this purpose, we model the evolution of the
intrinsic MBH–Mbulge relation in three cases: (i) a relation with
strong scatter evolution, but no normalization evolution (top
row, model Mε); (ii) a relation with moderate evolution in both
scatter and normalization (middle row, model Mα); and (iii) a
relation with strong normalization evolution, but no scatter
evolution (C. Matt et al. 2026) (bottom row). The gray regions
in each panel are the 1σ, 2σ, and 3σ regions of the intrinsic
scatter at that redshift (which is modeled by a normal
distribution). Measurement errors on the SMBH masses
inferred from the luminosity scaling relations cause the
apparent MBH–Mbulge scatter to be greater than the intrinsic
scatter (typically ranging form 0.2 to 0.6 dex, depending on the
relation; e.g., M. Vestergaard & B. M. Peterson 2006; E. Dalla
Bontà et al. 2025). We therefore add 0.4 dex in quadrature to
the modeled intrinsic scatter to account for this. We
additionally add the average stellar mass error (0.3 dex
multiplied by the MBH–Mbulge slope) in quadrature. These
errors are the average reported values across the studies we
consider here.

Overlaid are a selection of observed EM-based SMBH–
galaxy pairs with mass measurements from the literature. For
all but the highest-redshift panel, we only compare our
simulated population to one individual study per redshift bin.
The data from X. Ding et al. (2020) and Y. Zhang et al. (2023)
are each from a single survey, so we can ignore cross-study
systematics that may otherwise artificially inflate the scatter of
the relation in these bins. There are limited samples for z > 4,
so we compile several datasets for our highest-redshift bin. We
carefully select data from studies that combined several high-
redshift SMBH–galaxy mass estimates and corrected for study
systematics (J. Li et al. 2025a; Y. Sun et al. 2025b). We
additionally include data from B. L. Jones et al. (2025) and
M. Brooks et al. (2026). Except for M. Brooks et al. (2026),
these studies all use similar methods for measuring SMBH and
galaxy masses, e.g., a delayed-τ star formation history model,
a Chabrier initial mass function (G. Chabrier 2003), and
Hα-broadline-derived SMBH masses. We include the data
from M. Brooks et al. (2026) to increase the completeness of
our sample, but we recognize this may contaminate our scatter
estimates for this bin.

In Figure 4, the two models with scatter evolution are more
consistent with the EM data than the evolving-normalization-
only model. This is especially apparent at higher redshifts; in
the z ∼ 5.0 panel, the model without increasing scatter fails to
capture the normal- and lower-mass SMBH–galaxy pairs.
While model Mε previously was a relatively poor fit to the
GWB spectrum, here it provides the best agreement with the
EM datasets at all redshifts. The simulated population based on
model Mε+ predicts more overmassive and fewer under-
massive SMBHs than we see in the data for z ≳ 2.0, though
there are at least some SMBHs in every region where EM data
are. The model without scatter evolution predicts nearly no
SMBH–galaxy pairs below the local relation at z ∼ 5.0. This
model provides excellent fits to the GWB spectrum and, when
only considering gravitational-wave data, is the best model
(C. Matt et al. 2026). However, given that pairs have been
electromagnetically observed to lie on and below the local
relation in this redshift range, we conclude that this model is a
poor description of all the available data.

In Figure 5, we show the predicted value of ε(z) across
redshift from each of our three models. We compare these to

estimates of the intrinsic scatter in the three highest-redshift bins
in Figure 4 (pink circles). Our model necessarily matches the
J. Kormendy & L. C. Ho (2013) value (0.28 dex) at z= 0, which
we show as the leftmost purple circle. We additionally show two
measurements of the MBH–Mbulge scatter from the literature as
the purple square (F. Ziparo et al. 2026) and purple triangle
(J. D. Silverman et al. 2025), respectively. We note that the data
in F. Ziparo et al. (2026) are reported to lie at z≳ 4 and we place
the square at z= 4 in this plot. We measure the total scatter, σtot,
of the EM data as the standard deviation of the difference
between the reported SMBH mass and the local MBH–Mbulge

relation. To estimate the intrinsic scatter, we subtract the
SMBH mass and galaxy stellar/bulge mass measurement error
from the total scatter in quadrature. Specifically, we calculate

M Mintrinsic
2

tot
2

BH,err
2

stellar,err 0
2( )= , where β0 is the

local slope of the MBH–Mbulge relation. For each study, we take
the average reported error, if the errors are different for each
object, but consider the full range in our uncertainties. We do
not have bulge masses for the two highest-redshift bins. We test
the effect of the bulge fraction uncertainty by measuring the
scatter of a simulated sample of galaxies with bulge fractions
drawn from a uniform distribution. With a lower limit on the
bulge fraction of 15%, we determine the typical effect is to
inflate the inferred scatter by ∼0.1 dex, so we lower the σintrinsic

estimate by 0.1 dex in both bins. To account for unknown
systematics and the large uncertainties in the stellar mass
estimates for B. L. Jones et al. (2025), we additionally subtract
off 0.15 dex from σintrinsic in the highest-redshift bin. This value
is motivated by the total spread in the individually measured
scatters for each study. We find the difference between the
highest and lowest individual scatter to be ∼0.3 dex, so we
subtract off 0.15 dex to accommodate this uncertainty. This
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Figure 5. The value of the scatter in the MBH–Mbulge relation versus redshift
for the data in Figure 4. The lines represent the predicted evolution of ε(z)
using the median of the posterior for εz in model Mε (solid blue line), model
Mε+ (dashed blue line), and the fixed value in modelMα (dotted red line), with
their 68% confidence intervals indicated by the shaded regions and in the
caption. We estimate the intrinsic scatter of the EM data in our three nonlocal
redshift bins by calculating the standard deviation of the vertical distance from
the local J. Kormendy & L. C. Ho (2013) relation and subtracting the
measurement error in quadrature (pink points). The lowest-redshift purple
circle is the 0.28 dex value reported by J. Kormendy & L. C. Ho (2013). We
additionally show two high-redshift scatter estimates from the literature as the
purple square (F. Ziparo et al. 2026) and purple triangle (J. D. Silverman
et al. 2025), respectively. The estimated and literature scatter values lie close
to the model predictions from model Mε+ and model Mα, indicating that a
moderate scatter evolution is favored by the EM data over the strong evolution
in model Mε.
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large range in scatter estimates is impacted by the fact that the
sample from B. L. Jones et al. (2025) is made up of 43% of little
red dots. The stellar and BH mass estimates for these objects are
highly uncertain, so while we include these data for complete-
ness, we acknowledge that they increase the uncertainty in our
scatter measurement in the highest-redshift bin. None of the
other studies we consider include little red dots in their sample.
The upper limits of our error bars represent the standard
deviation of the data before taking any errors into account. The
lower limits come from our scatter estimates in the most
conservative case, for what we assume as errors on the mass
measurements and bulge fraction uncertainties. We see that the
EM-based trend is most similar to the models with more
moderate evolution: model Mε+ and model Mα.

This semiqualitative comparison demonstrates the power of
a multimessenger analysis. We show that an MBH–Mbulge

relation with evolving intrinsic scatter provides better fits to
the EM data than models with no scatter evolution. When
fitting the GWB data, we find that models without MBH–Mbulge

normalization fail to recover both the amplitude and shape of
the spectrum. Models with evolving normalization only can
reproduce the GWB data, but fail to match the EM
observations. Including both normalization and scatter evol-
ution provides decent fits to the GWB data and makes
predictions compatible with EM observations. We therefore
conclude that an MBH–Mbulge relation that evolves moderately
in both normalization and scatter provides the best single
model of all available data.

It has been known and discussed for many years that
magnitude-limited surveys can bias analyses of the
MBH–Mbulge relation toward higher normalizations and shal-
lower slopes (T. R. Lauer et al. 2007). In other words, a
population of SMBHs and galaxies that follows a high-scatter
MBH–Mbulge relation can appear to follow a higher-normal-
ization MBH–Mbulge relation when sampled with a magnitude-
limited survey. Our results suggest that the amplitude of the
normalization offset observed at z > 4 may not be as large as
reported in some of the earlier JWST results (F. Pacucci et al.
2023); however, the GWB data do support a nonnegligible
positive normalization offset. It remains challenging to
disentangle systematic and observational biases from the EM

data. As more surveys begin probing the lower SMBH mass
and lower SMBH–galaxy mass ratio regimes, a dedicated EM-
based study of the intrinsic scatter at high redshift is necessary
(J. D. Silverman et al. 2025; F. Ziparo et al. 2026).

6. BH Number Density

The observable nanohertz GWB amplitude is determined
from the number of SMBH binaries emitting gravitational
waves in the PTA regime. From our fits, we can calculate the
implied total SMBH mass distribution that describes the GWB.
In Figure 6, we show the BHMFs associated with each of our
best-fit models. Necessarily, all three BHMFs from our
evolving models are equivalent at z = 0. We do not see
noticeable differences until z > 1, where the BHMFs from
modelMε and modelMα have similar number densities to each
other, but both are higher than the model Mε+ BHMF. Though
the difference appears only slight, the increased number
density for MBH ≲ 1010M⊙ seen in model Mα leads to the
higher GWB spectrum amplitude in model Mα versus model
Mε in Figure 2. This effect is the same as demonstrated in
Figure 1 and discussed in Section 3.
We consider an additional test case of a model that does not

allow for scatter evolution and instead only samples the local
scatter value. It is important to note that this test case is ruled
out by the constraints on the local intrinsic scatter, but it is
useful to consider the differences between evolving and
nonevolving scatter. We compare this model with model Mε in
Figure 7. Increasing the local scatter matches the GWB just as
well as evolving scatter. At z = 0, the BHMFs are very
different, with the locally increased scatter BHMF having a
number density over 10 times higher than model Mε for
MBH > 1010M⊙. This difference is less significant for higher
redshifts, where the BHMFs are roughly consistent for z > 1.

7. Discussion

An evolving relationship between the SMBH and galaxy
bulge mass offers a promising explanation that can unify EM
observations at high and low redshift with gravitational-wave
data. In this work, we focus on the impact of an evolving
intrinsic scatter in the MBH–Mbulge relation on predicted
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Figure 6. The BHMFs associated with the GWB spectrum best-fit parameters for our models. The solid light blue BHMF represents our model that samples only the
scatter evolution parameter, model Mε. The darker blue dashed line represents model Mε+ and the red dotted line is model Mα. Locally, all three models with
evolving scatter are identical by design. Both BHMFs from model Mε and model Mα track each other nearly identically at each redshift, with model Mα having very
slightly higher number densities of MBH ≲ 1010 M⊙. Especially at the highest redshifts, the BHMF from model Mε+ is generally below all others. This model has a
higher GWB amplitude than model Mε but lower SMBH number densities nearly everywhere. The additional parameters in model Mε+, such as the hardening
timescales, affect the GWB amplitude, but are not reflected in the BHMF. The value of εz is similar between modelMε+ and modelMα, but the BHMF for modelMα
is more similar to that of model Mε, because the αz parameter increases the GWB amplitude via increasing the SMBH number density.
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SMBH populations and the predicted GWB. Our results show
that a high scatter outside the local Universe predicts a
population of SMBHs that can produce a GWB amplitude
consistent with the observed NANOGrav spectrum, while also
matching the high-redshift “overmassive” SMBH population
observed by JWST surveys. Our high-scatter models addition-
ally predict an unobserved population of “undermassive” BHs
that mirror the “overmassive” population.

A significant number of SMBH masses measured at z > 4
from JWST surveys lie significantly above the local
MBH–Mbulge relation (e.g., Y. Harikane et al. 2023; F. Pacucci
et al. 2023; H. Übler et al. 2023; R. Maiolino et al. 2024;
M. A. Stone et al. 2024; M. Yue et al. 2024), even after mass
corrections (J. Li et al. 2025b; Y. Sun et al. 2025b). However,
several studies have claimed that these objects, while real, are
not representative of the underlying population and are instead
results of magnitude-limited surveys failing to detect normal
and undermassive SMBH–galaxy pairs (J. Li et al. 2025b;
J. D. Silverman et al. 2025; F. Ziparo et al. 2026). Indeed,
there have been some recent results showing that there may
exist a population of SMBHs that are not overmassive relative
to their hosts (e.g., X. Ding et al. 2023; J. Li et al. 2025a;
M. Brooks et al. 2026; S. Geris et al. 2026). Neither the local
relation nor a high-normalization relation can explain these
results. The local relation will underpredict the overmassive
SMBH–galaxy pairs, while an evolving normalization cannot
reproduce the “normal”-mass pairs. An evolving intrinsic
scatter, however, predicts a large spread in mass ratios, which
predicts the overmassive, normal-mass, and undermassive
populations.

An intrinsic scatter that is greater in the past and lower at the
present day has several physical interpretations. It could imply
that the local correlation between SMBH mass and galaxy
mass is noncausal, being instead a natural outcome of galaxy
and SMBH mergers (e.g., C. Y. Peng 2007; M. Hirschmann
et al. 2010; K. Jahnke & A. V. Macciò 2011; H. Hu et al.
2025). Alternatively, the intrinsic scatter at high redshift could
carry information about SMBH seeding and feedback interac-
tions during SMBH and galaxy growth (J. E. Greene et al.
2020; M.-Y. Zhuang & L. C. Ho 2023; B. A. Terrazas et al.
2025). A high normalization suggests that SMBHs are born
from heavy seeds, but a high scatter would suggest multiple
seeding pathways are viable. A scatter that decreases with time
could indicate that there is a diversity of growth pathways
for SMBH–galaxy pairs. In some cases, SMBH growth may

drastically outpace the host, where feedback from SMBH
accretion can suppress star formation, delaying stellar mass
growth and leading to a high MBH/Mbulge ratio early on.
Eventually, the galaxy must be able to grow its mass without
significant change to the SMBH mass, such that the
MBH/Mbulge ratio reaches the value we observe today.
Conversely, the galaxy may grow first and UV radiation from
star formation can prevent gas from reaching the Galactic
Center, postponing SMBH accretion and leading to an initially
lowMBH/Mbulge ratio. A high scatter implies that both of these
feedback interactions may be present in different SMBH–
galaxy pairs, rather than one dominating over the other on a
population level (which could instead present as a high/low
MBH–Mbulge normalization in the past).
It has been suggested that active SMBHs may follow a

different host–mass relationship than inactive SMBHs (e.g.,
A. E. Reines & M. Volonteri 2015; J. E. Greene et al. 2020).
Our model does not differentiate between active and quiescent
SMBHs. If these populations indeed follow different relations,
then, observationally, two (or more) low-scatter relations could
blend together to appear as one with higher scatter. Our test
that sampled only the local intrinsic scatter provided similarly
good fits to the GWB data as the evolving scatter model, but
implied a large number of local overmassive SMBHs. With a
high intrinsic scatter, the most massive SMBHs need not exist
exclusively in massive galaxies, and so we would expect to
have observed this overmassive population by now with large
local surveys.
Due to Eddington bias, the impact of this evolving scatter is

greatest for the high-mass end of the BHMF. Therefore, this
high-scatter MBH–Mbulge relation does not significantly change
the number density of SMBHs with masses MBH < 109M⊙.
The impact on the GWB amplitude is therefore negligible for
frequencies fgw ≳ 10 nHz. From the GWB side, we do not see
statistical preference for evolving normalization versus scatter.
There is strong evidence to support evolving normalization
being the best fit to the GWB data, but it produces a poor
model for the EM data, so there is either a large discrepancy
here or the GWB data are not yet at the point where we can
discern between these options.
This work demonstrates the need for improving the

precision of GWB data and for increasing the available EM
data. Analyses of the GWB can eventually be used to
differentiate between different SMBH population models, but
are currently limited by the number of reliable frequency bins.
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Future gravitational-wave data releases with well-constrained
high-frequency data will greatly improve our ability to
distinguish between the effects of MBH–Mbulge scatter and
normalization. Furthermore, it is important to perform
dedicated statistical analyses of the available EM data, to
evaluate the effects of observational bias as well as the impacts
of assumptions made between papers (J. D. Silverman et al.
2025; F. Ziparo et al. 2026).

The models we present here indicate that an MBH–Mbulge

relation that evolves both in scatter and normalization provides
better fits than either type of individual evolution. A relation
that is large in scatter and minimally offset in normalization
would be difficult to confirm observationally. Some studies
have made great efforts to remove any possible observational
bias from their data to measure an intrinsic MBH–Mbulge

normalization offset, though the results of these analyses can
yield conflicting results. For example, Y. Zhang et al. (2023)
find a ∼0.52 dex increased MBH/M� ratio at z ∼ 2, whereas
Y. Sun et al. (2025b) find their MBH/M� ratio to be consistent
with the local value.

If the MBH–Mbulge relation is changing with time, in any
way, it is imperative that we constrain its functional form. The
consequences of misestimating the SMBH population at high
redshift extend beyond gravitational-wave studies. Other
relations, such as the MBH–σ relation, predict different SMBH
masses at high z and may be relatively unchanging with time
(e.g., C. Matt et al. 2023; J. Simon 2023; J. H. Cohn et al.
2025; M. C. Huber et al. 2025). Eventually, the GWB can and
should be used to test alternative relationships against each
other.

8. Summary

We have used a semianalytic model to synthesize popula-
tions of SMBH binaries and calculate the resulting GWB. We
have tested the predictions from different versions of the
MBH–Mbulge scaling relation against the NANOGrav 15 yr
GWB spectrum and EM observational data and placed
constraints on how this relationship may be changing with
time. Our results suggest that the intrinsic scatter of the
MBH–Mbulge relation, measured locally to be 0.28 dex, must
have been higher in the past. A larger intrinsic scatter at high
redshift (∼0.7 dex by z ∼ 5) predicts a large population of
SMBHs with masses well above the MBH–Mbulge relation. This
population produces a GWB higher in amplitude than
predicted from a nonevolving MBH–Mbulge relation, though
this amplitude increase is negligible for the highest frequen-
cies. At this point in time, the data are not reliable for
frequencies higher than f ∼ 10 nHz, so we cannot determine
the validity of the lack of amplitude increase in this regime. A
high intrinsic scatter can explain the population of overmassive
SMBHs found in various JWST observations, and predicts a
population of SMBHs with masses both on and far below the
local relation that is not yet observed.

We have considered the different impacts between evolving
normalization and scatter. We find that both an evolving
normalization and scatter provide a better fit to the GWB data
than only evolving scatter, and this is not ruled out by the EM
observations. Considering the population of SMBHs at z > 4
we use here (B. L. Jones et al. 2025; J. Li et al. 2025a; Y. Sun
et al. 2025b; M. Brooks et al. 2026), a low-scatter, high-
normalization MBH–Mbulge relation fails to predict the under-
lying SMBH population at high redshifts, despite being a great

fit to the GWB data. We therefore conclude that the intrinsic
scatter of the MBH–Mbulge relation must be higher in the past to
explain high-redshift EM observations, and the normalization
must have been higher to explain the gravitational-wave data.
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Appendix

Here, we include the posteriors for the parameters in model
Mε+ and model Mα that were not discussed in the main text.
The posterior for εz from model Mε+ is shown in the lower-
right panel of Figure 8; this is the same distribution as seen
previously in Figure 2.
In Figure 8, we see that the posterior distributions (blue

solid lines) are nearly identical to the priors (gray dashed lines)
for all our Gaussian priors. These priors are based on EM
observations for the local GSMF (

*
log ,1,0, *

log ,2,0, and
Mc,0; J. Leja et al. 2020) and the MBH–Mbulge relation (α0 and
β0; J. Kormendy & L. C. Ho 2013). The fact that the posteriors
recover the priors here indicates that this model is in good
agreement with EM observational constraints.
All three of the SMBH binary hardening parameters push

against their prior bounds. The lower limit on the hardening
timescale, τf, is 0 Gyr, and low values of this parameter were
also seen by G. Agazie et al. (2023b). νinner is the slope of the
power law associated with the stellar scattering. The posterior
returns low values, but the lower bound, −2, is sufficiently
small to minimize that term, and lowering this bound has no
significant effect. Finally, Rchar indicates the point at which the
BH binary hardening transitions from dynamical friction into
stellar scattering. The physically motivated value is on the
order of 10 pc (L. Z. Kelley et al. 2017). Our prior range is
2–20 pc, and the posterior distribution returns high values
within this range. There is a degeneracy between Rchar and
νinner. When we allow Rchar to go much higher, νinner also
returns higher values. For example, G. Agazie et al. (2023b)
used a fixed value of Rchar = 100 pc and they found
νinner = −0.5. The difference between these results is
interesting and has been the focus of other studies (e.g.,
C. J. Harris et al. 2026), but does not have a significant impact
on our conclusions about the redshift evolution of the
MBH–Mbulge relation.
The posterior distribution for αz from model Mα is shown in

Figure 9. The shape is apparently Gaussian and has a median
value of αz = 0.84 ± 0.35. The distribution is 99.9% positive,
indicating a strong preference for positive MBH–Mbulge

normalization evolution. This model sampled only αz and
had all other parameters fixed to their fiducial values, except
εz = 0.5. This evolution is a moderately good model for both
the GWB and EM datasets we consider.
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