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Abstract. Recent JWST surveys of high-redshift galaxies have found surprisingly large
black holes, with many being measured to be ~ 100 times more massive than local galaxies
with the same stellar mass. Here, we find that a population of these black holes would have
dramatic implications for our understanding of their growth across cosmic time. We first
show that the global black hole mass density at z ~ 5 would be comparable to local values.
This would not occur if these black holes occupy a small fraction of galaxies, though it
would be expected if these black holes radiate at high efficiencies (requiring that the central
engines of AGN spin rapidly). We then show that the individual detected z ~ 5 black
holes would remain overmassive compared to the local relation if they grow according to the
average rates of state-of-the-art models. These systems must instead grow at least an order
of magnitude more slowly than expected if they are to fall within the observed scatter of the
local black hole mass-stellar mass relation. Such slow growth is surprising in comparison to
other estimates of the radiative efficiency of AGN, especially because growth must be rapid
at z > 5 in order to build up such massive black holes quickly. Finally, we highlight the
challenges that overmassive black holes have on our understanding of the impact of quasar
feedback on galaxies.
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1 Introduction

Over the fourteen billion years from the Big Bang to today, the Universe evolved from a
featureless volume to the rich, diverse environment we see at the present day. At around
cosmic noon (z ~ 3), many observable galaxies hosted supermassive black holes (SMBHs)
at their centers. These SMBHs shape local galaxies; energetic feedback from supermassive
black holes stunts the growth of nearby galaxies [1] and is key to reproducing population
statistics like the local stellar-mass function (SMF) and UV-luminosity function [2]. It is
believed the opposite is true too, that host galaxies regulate the growth of SMBHs, whose
stellar feedback can prevent accretion onto SMBHs (e.g., [3]). The evolution of host galaxy
and SMBH are therefore linked, evidenced by tight correlations between SMBHs and hosts
(see [1] for a review). One such correlation is the Mpp—M, relation, which compares the
mass of the SMBH, Mgy, to the stellar mass of the host galaxy, M.

This relation has been well-measured locally [4-7] and is well-fit by a power law, whose
parameters (power law index, normalization, and scatter) are shaped by the lives and histories
of host galaxies and SMBHs. Accretion rates, mergers, environments, and feedback from the
host galaxy and SMBH all feed into creating this relation (e.g., [8-12]), and imprinted in
the power law is information about the linked growth of SMBHs and host galaxies. To
understand the origin of the Mpy—M, relation, cosmologists have created models that can
build the local relation from the ground up by forming early black holes (BHs) and growing
them at reasonable rates until they recover the observed stellar and BH mass distribution
in nearby galaxies (e.g., [13-15]). However, this only provides information about the local
linkage of SMBH and host galaxy because the local Mpp—M, relation is not very sensitive
to the choices of early BH growth in our models.



The first observations of z > 4 supermassive black holes found a population that was
an order of magnitude more massive than their analogs in local galaxies at the same stellar
mass [16-20]. However, these were measured by direct detection of their quasar light (which
dominated the galaxy spectrum), so the sample was limited to only the most luminous quasars
(Mpu ~ 109-10'°M) [21-26]. Being extremely high mass, it was difficult to determine
whether high-z SMBHs were universally “overmassive” or if this was a quirk of high stellar
mass systems. Once the instrument sensitivities had improved, lower-mass quasars were
observed (Mpy ~ 108My) and found to fit the local relation better [27-29], though the
samples were still limited to relatively massive objects detected through their quasar light.

Recent observations of high-z active galactic nuclei (AGN) with the James Webb Space
Telescope (JWST) have detected SMBHs with masses down to Mgy ~ 10°Mg [30-41].
Previous surveys of SMBHs could not measure BH masses this small because they relied on
direct detection of quasar light, and at lower quasar luminosities, starlight begins to outshine
quasar light (see [42]). JWST can detect My ~ 105M; SMBHs at high redshifts indirectly
through the detection of the SMBHs via rest-optical lines (e.g. Balmer lines), which are
affected by dynamical broadening from emission out of the broad line region and then map
their line widths to a black hole mass.

Numerous studies have found that these BHs are overmassive by ~ 1-2 orders of magni-
tude [41, 43, 44]. This dramatic difference from the local Universe has important implications
for our understanding of SMBH and galaxy evolution. So far, attention has mostly focused on
building BHs this large. Achieving individual BHs at these masses is not difficult, provided
BHs have higher growth efficiencies or seed masses [32, 45-50] or grow earlier [51-54]. As-
tronomers have even begun to pull physical information from the observed black hole surveys
with models and have reproduced the high-z Mpp—M, relation [55, 56].

Less attention has been focused on the implications of the overmassive z ~ 5 relation
for black hole growth between that time and the present. In particular, if the observed
high-z Mgp—M, relation is universal, are we in danger of breaking our understanding of the
coevolution of SMBHs and galaxies? Are the BHs too large to recreate local population
statistics, like the local Mppy—M, or the z = 0 black hole mass density? Can the high-z BHs
evolve across the Mgy—M, plot to settle onto the local relation?

One crucial unknown which is necessary to answer these questions is how representative
the observed overmassive BHs are of the overall galaxy population at high redshifts. The
current samples require the detection of broad Balmer lines. Thus, JWST observations have
so far remained limited to unobscured Type I AGN, which have broad Balmer lines, while
it is thought the majority of AGN (at least at lower redshifts) are obscured Type II AGN
[57], which do not. Type IT AGN are difficult to measure at high-z because the narrow-
line emission diagnostics used at lower redshifts make assumptions that are not applicable
at high-z (e.g., [30, 34, 38, 58|). For example, the lower metallicity in a younger Universe
can cause star-forming galaxies to move across the diagrams into regions AGN may occupy
[59-63]. Various high-ionization replacement diagnostics have been proposed [64—67], but in
the meantime the majority of the high-z SMBH sample are Type I AGN.

Moreover, the observed SMBHs may not even represent the average unobscured popu-
lation because of selection biases. Only luminous BHs with large emission lines are selected
to be measured by spectrographs [46, 68—70]. While some have found that this bias cannot
explain the overmassive BHs at z 2> 4 [38, 43, 71], others find the opposite, that selection
bias and/or mass measurement errors can explain the the BH measurements [44, 72]. At
slightly lower redshifts, at z ~ 3, there has also been no firm conclusion on the matter. Some



samples do not find BHs to be overmassive up until about cosmic noon [73], while others
have [74, 75].

The abundance of massive BHs at high-z is made even more confusing by a newly-
discovered set of (likely) high-z AGN called Little Red Dots (LRDs; e.g., [76-78]) which also
do not appear to follow the local Mgy—M, relation. Even though they comprise ~ 10% of
the galaxies at higher redshifts, the physical picture underlying these systems is currently
unknown, due to a number of features which cannot all be explained easily. They have
compact morphologies for their mass, with radii < 50 pc. They have broad Balmer lines,
indicating AGN activity, but this can also be explained with dense, stellar systems [79, 80].
They have large rest-optical emission, which might be from dust [81], although dust has yet
to be directly detected [82-84]. They have Balmer breaks, which could be from an old stellar
population, but it also could arise from dense neutral hydrogen [85, 86]. Even the true stellar
masses of LRDs are still unknown, considering they have characteristic “V-shaped” SEDs
[87], and our SED-fitting tools are not calibrated for these strange galaxies [88]. It is unclear
where exactly the general population of LRDs place on the Mpp—M, relation, and whether
they follow a similar relation to “normal” galaxies, or if they follow their own scalings [89]. It
is uncertain if LRDs are a phase in SMBH growth or another population of galaxies entirely.
These open questions only strengthen the need to characterize the growth of early SMBHs.

In this paper, we examine how the black hole population might evolve from z ~ 5 to
the present day in light of these newly discovered populations. We find that black holes
must either accrete at a very high radiative efficiency, or that the overmassive black holes
must be rare. In section 2, we consider how the overall black hole mass density grows over
time. In section 3, we model the growth of the observed overmassive SMBHs and test if the
BHs align with the local Mgg—M, relation when they grow at rates inferred from existing
measurements and models. In section 4, we calculate maximum BH growth rates of these
galaxies to relax the tension presented in section 3. Finally, in section 5, we discuss the
implications of our results and reiterate our conclusions in the paper.

Unless otherwise specified, throughout this work we use a flat ACDM cosmology with
O = 0.3111, Q5 = 0.6889, 4, = 0.0489, h = 0.6766, consistent with the results of [90].

2 Black Hole Mass Density Across Cosmic Time

If high-z galaxies host overmassive black holes, the global black hole mass density (BHMD)
can be vastly different than previously expected. In this section, we show that the BHMD
at z ~ 5 is nearly equal to the local BHMD if overmassive BHs are universal. This would
require significant modifications to the conventional wisdom of black hole growth.

2.1 Using the Mppg—M, Relation to Calculate the Black Hole Mass Density

We begin by assuming that BH masses, Mpy, relate to their host galaxy’s stellar masses,
M., by a power law,

log My = alog M, + b, (2.1)

where a and b are fitted coefficients. Observations of local galaxies have found that a power
law provides a good fit to local data [4-7], with fitted coefficients of a = 1.05 £ 0.11, b =
—4.140.19 [4]. We assume that the overmassive black holes occupy some fraction of galaxies,
fover < 1; in that case, the overmassive black hole mass function can be related to the stellar



mass function ®(M,, z) (with units number per comoving volume per unit stellar mass) at
a redshift z, through equation 2.1. The black hole mass density, ppn, ., for an overmassive
population that fills halos in a BH mass range (Mpin, Mmax) is then

Mmax dM*
PRI = fover / My ®[ M. (M), 2]~ g Mgy, (2.2)
Mmin dMBH

Already we can make a simple argument why a high-z BH population that is universally
~ 100x overmassive [30, 41] would pose a problem. Suppose the extreme that all z ~ 5
galaxies align with the observed high-z BHMD relation, and fover = 1 at this redshift. In
this case, they all host BHs ~ 100x more massive than local galaxies (and scaling linearly
with halo mass, as implied by measurements at both high and low redshifts [4, 43]). At
z ~ 5, the stellar mass function (SMF) is ~ 100x less than at z = 0 [91]. These two factors
(roughly) cancel, so the BHMD at z ~ 5 would be approximately equal to the BHMD at
z=0.

For a more precise estimate, shown in figure 1, we choose the [43] fit to the z ~ 4-7 Mpy—
M, relation, who found a = 1.06 £0.09 and b = —2.43 £+ 0.83 (we perform the same analysis
by least-squares fitting our sample in section 3 to find our own high-z Mpy—M, relation,
with a very similar result). For the high-z stellar mass function, we take the z ~ 6 SMF from
[92]. While this SMF predates JWST, it was already fairly well constrained at this redshift
by the Hubble Space Telescope (HST). For reference, we plot the stellar mass densities across
redshifts in figure 1 in gray, using both pre- and post-JWST SMF data converted to stellar
mass densities [91, 92], to show that the SMF's agree. We choose z ~ 6 as the redshift for our
stellar mass function instead of a lower redshift in the z ~ 4-7 range of our sample because
it results in a lower BHMD compared to lower redshifts. Lower redshifts have higher stellar
mass density values, and therefore convert to a higher black hole mass density value, which
will only make the tension we find even stronger. We choose [Mpin, Mmax] ~ [10%,10*2] M,
though in section 2.3 we find that these choices do not significantly affect the result. We
plot the calculated high-z black hole mass density assuming fover = 1, or all galaxies host
overmassive black holes, as a black circle in figure 1, plotted at the middle of the z ~ 4-7
redshift range, z = 5.5, with horizontal error bars that span the redshift range and vertical
error bars derived from the log-normal errors in the fitted coefficients of equation 2.1 given
by [43]. The resulting BHMD ends up being very large, nearly equal to the z = 0 empirical
measurements [95-97], which we plot in figure 1 as the points near z = 0. (We have offset
them for visual presentation, but all are actually measured locally.)

The two apparent solutions to this conundrum are that only a fraction of high-z galaxies
contain overmassive black holes (fover < 1) or that the black holes grow very little in mass
from z ~ 5 to today. Next, we search for some insight by contextualizing the BHMD at
z ~ 5.

2.2 How Much Do Black Holes Grow Through Accretion?

The Soltan argument [98] predicts the BHMD across redshift using the bolometric quasar
luminosity function (QLF). If we assume a BH’s bolometric luminosity, L, maps to the rate
at which matter accretes onto the BH, M., by

L = e Myeol?, (2.3)

where €, ~ 0.08-0.4 is the radiative efficiency (depending on the spin rate of the BH), we can
calculate a rate of accretion for a single black hole. Then, because a fraction of the accreting
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Figure 1. A demonstration of scenarios that reconcile the local and high-z Mpy—M, relations on a
global level. The black point shows the black hole mass density assuming all galaxies host overmassive
black holes described by the Mpy—M, relation from [43]. We use the z ~ 6 stellar mass function
from [92] in the conversion (larger, light gray points). The solid red line is the result of the Soltan
argument using the QLF fits from [93], assuming a radiative efficiency e, = 0.1. The light orange
curves show other choices for the radiative efficiency, which depends on the spin of the BH, using the
Soltan argument, including e, = 0.067, which is the radiative efficiency estimated by [94]. Assuming
e = 0.1, we scale the black point to the curve from [93], and find the fraction of galaxies hosting
overmassive black holes to be fover < 0.002, or < 0.2% of galaxies host overmassive black holes. For
reference, we show a number of z = 0 black hole mass function measurements [95-97] and stellar mass
function measurements across redshift [91, 92].

material is radiated away, the BH actually grows at a rate Mgy = (1— er)MaCC. If each black
hole grows according to this rate, we can extend the calculation to a population growth rate,
as long as we know the distribution of BH luminosities. This is achieved by integrating the
the quasar luminosity function, ¢(L,t), to find the rate of change of the BHMD:

deH 1 — € /’Lmax
= Lo(L,t)dL. 2.4
= e (24)

Originally, the Soltan argument was used to integrate equation 2.4 from a very high
redshift (where by assumption pgg = 0) to z = 0. With this method, local BHMD mea-
surements are recovered as long as €, ~ 0.1 [93, 99], which has been used to help establish
a (redshift independent) canonical value of ¢, = 0.1. Compilations of updated BH obser-

vations have validated this canonical estimate as well. Recently, [94, 100] combined quasar



luminosity functions from [93] to integrate the AGN luminosity density across cosmic time
and a combination of local stellar mass functions from [101], and the median of the local BH
mass—bulge mass relations from [1, 102-105] to find the local black hole mass density. The
comparison implied a total efficiency (a combination of radiative and kinetic efficiencies) of
€tot = 0.067 using the Soltan argument.

However, in theoretical models of accretion disks the efficiency can range up to €, ~
0.4. Observational measurements have found a wide range of radiative efficiencies, €, 2
0.05-0.2, using the spin dependence of outflows [106, 107], X-ray continuum [108-110], X-
ray background [111], and clustering of AGN [14]. Simulations have measured radiative
efficiencies approximately within this range as well [112, 113], though it can be much lower
[114].

Therefore, there is no special reason why the radiative efficiency should be equal to
€, = 0.1. Local BHMD measurements can still be recovered with different values of ¢, if the
high-z BHMD is different. To handle the uncertainty in the radiative efficiency, we integrate
equation 2.4 in reverse, beginning with the local BHMD measurements and proceeding to
higher redshifts.

To perform this integral, we use the quasar luminosity functions from [93], who compiled
recent ultraviolet, optical, infrared, and X-ray bands from a number of surveys and fields to
create a fit to the QLF across redshift. The results are an updated version of [99], but with
new data that are more robust at z 2 3. We plot the BHMD across cosmic time from
[93] using the Soltan argument and €, = 0.1 in figure 1 as a solid red line. Conveniently,
this solution builds the present-day BHMD assuming that the mass density is very small at
z ~ 10.

However, it is clear that the inferred BHMD with ¢, = 0.1 is far smaller than the
estimate at z ~ 5, at least using the measured relation for overmassive black holes. In the
light lines in figure 1, we use the Soltan argument by integrating backward in time to calculate
the BHMD across cosmic time for various €, values. Because black holes grow exponentially,
a larger choice of €, results in a much larger BHMD at high redshifts, enough that with
rapidly-spinning SMBHs (¢, 2 0.2) the estimated BHMD is nearly equal to the BHMD from
the high-z observations! Note that the high-¢, curves flatten out at high redshifts because the
quasar luminosity function has fallen so much that even a tiny amount of accretion suffices
to drive the AGN populations.

Thus, one way to reconcile the local BHMD, the quasar luminosity function, and esti-
mates of BH masses at z ~ 5 is if nearly all accretion occurs through black holes spinning
near their maximal rates. Unfortunately, this solution requires a substantial revision of our
estimates of the overall radiative efficiency of AGN accretion. Of course, figure 1 also shows
that the BHMD is extremely sensitive to the radiative efficiency parameter, so it is difficult
to determine much more.

2.3 Are Overmassive Black Holes Typical at High Redshifts?

A second way to reconcile these tensions is to assume that only a fraction of the high-z
galaxies host overmassive black holes. Specifically, now that we can calculate the black hole
mass density of the observed overmassive BHs (section 2.1) and the universal BHMD using
the Soltan argument (section 2.2), we can scale the overmassive BHMD to match the Soltan
argument BHMD to find a value for fower. We expect fover << 1 because of the simple
argument in section 2.1.



If ¢, =2 0.2, we can have foyer ~ 1. However, ¢, = 0.1 requires fover < 0.002, or
< 0.2% of the galaxies may host overmassive BHs, which we plot in figure 1 as a black cross.
Therefore, there are two solutions for the overmassive BHs: either black holes are spinning
nearly maximally or a small fraction of galaxies host overmassive BHs (or, a third option,
that it is a mix of the two). We note that [41] find overmassive BHs in ~ 6% of their sample,
far above the required foyve;. Thus it is difficult to reconcile the observed samples with an
efficiency €, = 0.1 purely through making the BHs rare.

The simplest interpretation of fover is that a random fraction of galaxies host overmassive
black holes, independent of their other properties. But another physically plausible picture
is that black holes are seeded as part of the galactic evolution process, so that all galaxies
above a characteristic halo mass, M., host overmassive black holes, but smaller galaxies
do not. To consider such a scenario, we can increase My, in equation (2.2); we choose to
use Mpin ~ 106'5M@, which is the minimum black hole mass observed in the sample used
in this analysis [43]. Fortunately, we find that ppp, . changes by < 0.1dex and fover changes
only marginally in this case.

With this in mind, to estimate M., Wwe realize in this case the overmassive fraction is
equal to

P 23
over f]]\\l/{:ix nh (M)dM’ .

where nyj, is the halo mass function in our redshift range, and My, and My, are
the minimum and maximum halo masses where the halo mass function is valid. The value
of M. is not sensitive to the choice of My,.x, although it is sensitive to Mpy,. Stellar
masses have been found as low as M, ~ 10M at z ~ 6 (e.g. [115]), which corresponds
to a minimum halo mass of M, ~ 10° at z ~ 6 [116]. We choose a maximum halo mass of
M, ~ 10'3, based on the M, ~ 10 My, stellar mass objects found at high-z [92], though
larger halo mass values do not change the result to 0.01 dex. We use the halo mass function
from [117] for this calculation.

When solving for equation 2.5 (assuming €, = 0.1), we find log Mcpar /Mo = 10.9 which
is close to the smallest inferred halo mass hosting the observed overmassive black holes (see
the next section).

3 Evolution of the Mgpy — M, Ratio in Individual Galaxies

In section 2, we showed that reconciling the overmassive BHs at z ~ 5 with local BHs requires
either very high radiative efficiencies or (if BHs grow with the canonical radiative efficiency
of 10%) or that only a fraction fover < 0.002 of galaxies have overmassive BHs. However,
we also found that there are still relatively large uncertainties in the Mpy — M, relation, as
shown in figure 1, which translate to relatively large uncertainties in our interpretation. As
a complement to these findings, in this section we explore the expected growth of a sample
of observed high-z galaxies hosting overmassive BHs across cosmic time and find that with

average growth histories, the galaxies grow far above the local Mgg—M, relation.

3.1 An Overview of the AGN Sample

We use a combination of the Type 1 AGN presented in [30, 34, 41] for this analysis. [41]
found 34 AGN ranging from 1.5 < z < 9, eighteen of which were z > 4. One of these



1D z  logMpn,i/Ms log M, ;/Ms logMpu,t/Ms log M, r/Me
Juodzbalis et al. (2025) [41]

GS-30148179  5.92 7127032 8.7810:38 9.760:31 11.0275:39
GS-10013704  5.92 7.44%;% 8.28}:%;%% 9'9511')6%281 10.7512;%,‘2
GS-210600 6.31  7.4270%) 8407001 10.107051 10.88104¢
GS-204851 5.48  T.68T0% 10.747000 9.93%030 12,3805
GN-77652 523 6.62705 8.2011%) 9.21%01% 10.567951
GN-62309 517 6.3010%5 778505 9.020:70 10.097050
GN-61888 587 7.0870% 8.251 713 9.7210-% 10.727995
GN-38509 6.68  8.577 (%0 9.431030 11.0570:5 11.5170:35
GN-1093 5.59 7.071053 8.771083 9.617029 10.9670:32
GN-954 6.76  7.7470% 9.687011 10.4970:51 11.687: 0~
GS-172975 4.74 725?8)%% 8.98}%@% 9.40}%&5 10.94%?5
GN-73488 413 795505 9.71%033 9.5810 11 11.1610 1
GN-53757 445  T.3370% 10.38" 19 9.347017 11.56"10
GS-38562 482 753503 9.7610 00 9.59707% 11.3170:04
GN-20621 468 7.097050 8417728 9.297014 10.629 75
GN-11836 4.41 7.001032 8.171012 9.157013 10.357017
0.31 0.14 0.22 0.11
GS-8083 4.75 711793 8.277013 9.3370 12 10.5270 75
Harikane et al. (2023) [30]
CEERS.01244 448  7.517003 8.631010s 9.451005 10.7219-59
GLASS_160133  4.01 < 6.36 8.82100 8.67+0:01 <10.75
GLASS.150029 4.58 657103 9.10"007 8.9710 0 10.977017
CEERS_00746  5.62 <776 9.11701% 10.0475 02 <11.14
CEERS.01665 448  7.287(%; 9.92013 9.3310:0% 11.3370:3]
CEERS_00672  5.67 < 7.70 9.017013 10.0170 05 < 11.09
CEERS.02782  5.24 < 17.62 9.35% 015 9.80*0:07 <11.19
CEERS_00397 6.00  7.000% 9.367050 9.7210 12 11.3310:3)
CEERS.00717  6.94  7.997971 9.617 010 10.747013 11.68" 5o
0.29 0.19 0.11 0.13
CEERS.01236  4.48  7.26%.%) 8.9670 14 9.3170 16 10.8970 30
Ubler et al. (2023) [34]
0.4 0.13 0.26 0.07
GS_3073 5.55 8.2%0% 9.5270 13 10.2877 30 11.2770 0%

Table 1. The IDs, redshifts, stellar masses, and black hole masses at the time of observation for
our sample galaxies. Each is presented with the mass errors given from the respective sources. The
z = 0 black hole masses and stellar masses assuming average growth (using our model) are also given,
whose errors are calculated by initializing the growth of the galaxies with +1o for both the stellar
masses and black hole masses.



z > 4 galaxies did not have a stellar mass estimate, which we removed from our sample. [30]
presented ten z > 4 stellar mass and BH mass estimates. Three of these had stellar mass
upper limits, so the propagation across the Mpp—M, relation is also an upper limit for these
relations. Finally, we took the single low-metallicity AGN from [34] at z = 5.55. These three
samples combined to 28 different high-z Type 1 AGN at z > 4.

Though these samples combine into a large number of high-z galaxies hosting over-
massive black holes, there are a number of differences in procedure between the samples
that are useful to summarize. The first difference is the selection methods, which are sub-
tle but could lead to sampling different populations of galaxies. [30] selected AGN with
broad emission in permitted lines only, so that the galaxies had broad Ha and/or Hj
with FWHM > 1000 km/s, S/N > 5 for the hydrogen lines, and other narrow forbidden
optical lines [O III] and [N II] with FWHM < 700 km/s. However, [41] chose to ana-
lyze just Ha to select galaxies (although they used other optical lines to study outflows)
by splitting it into two Gaussian components and fitting the broad component to have a
FWHM in the range 800 km/s < FWHM < 10000 km/s, while the narrow component had
100 km/s < FWHM < 800 km/s. Then they repeated the same fit on He for a single Gaus-
sian component. They selected galaxies which preferred the two Gaussian component using
the Bayesian information criterion (BIC), such that ABIC > 5 between the two models.
Finally, [34] only had one galaxy in their sample, and had no selection criteria beyond the
human component.

The samples also differ in their methodology for black hole mass estimates. Each of
their approaches is based on the method from [118], which leverages the tight correlation
between Ha luminosity and the optical continuum strength, which is useful as the latter is a
good proxy for the radius of the broad line region (a key component in estimating the mass
of the black hole). The details between the papers do differ, however: [30] used the [118]
relation, [41] used [4], and [34] used [119]. While the radius-luminosity relationship between
calibrations is different (both [119] and [4] used the updated radius-luminosity relationship
from [120]), and the datasets behind the calibrations is different as well ([4] and [119] used
local dwarf galaxies), we stress that these differences are not large.

The stellar masses in each dataset are computed using SED-fitting codes, of which there
are a number of options. [41] quoted values from BEAGLE [121] and CIGALE [122], although we
choose the stellar masses and errors from BEAGLE because it was used with the spectroscopic
data, while the fit with CIGALE used photometric data to ensure no extended stellar light
was missed by the spectroscopic shutter (the stellar masses estimated with each code were
within error). [30] used PROSPECTOR [123] and [34] used BEAGLE to calculate stellar mass
estimates and errors.

To fit the stellar masses in a galaxy contaminated by AGN light, [30, 41] used spectral
decomposition to remove the AGN light, while [34] assumed the flux continuum was domi-
nated by stellar light. [30] fit the high-resolution JWST and HST images with a PSF profile,
a PSF and a Sérsic profile, and two PSFs and one Sérsic profile. The flux from the PSF
fit(s) was removed and the resulting spectra was fit using the SED-fitting codes. Three z > 4
galaxies in their sample could only be well fit with the PSF profile only, while one galaxy
did not have a good fit for any of the options. We report these four stellar masses as upper
limits. All the other sources in their sample were best fit with one PSF and one Sérsic profile,
except a single source, which was fit better with two PSFs. [41] decomposed the AGN light
from the stellar mass light by adding a power-law component to their BEAGLE fits to mimic
the light from an AGN and removing that component in the mass calculation. They also



mask all broad lines as BEAGLE does not have broad-line region models.

We take the reported stellar mass errors without modification, despite the known ten-
dency for SED-fitting codes to underestimate the stellar mass errors, which appears to occur
in the largest stellar mass systems in the sample. Fortunately, the errors would need to be
greatly underestimated to alter our results substantially, and at z ~ 5, the biases plaguing
SED-fitting codes are relatively low (within ~ 0.5 dex) [124]. There is also a chance these
stellar masses are uniformly biased high on account of the AGN light, though this effect
would be < 0.3 dex [125].

3.2 Dark Matter Halo Growth

In ACDM, the anchor and regulator of a galaxy’s growth is its underlying dark matter halo.
The evolution of the dark matter halo depends on mergers and accretion rates it experiences,
which on short timescales can induce large fluctuations. Luckily, the growth of individual
halos in ACDM has long been explored with simulations [126-128], and on the timescale
between z ~ 5 to z = 0, the fluctuations average out to be modest.

Here we assume the dark matter halos of the observed high-z galaxies with overmassive
BHs grow the average amount for a given mass. We take the average halo accretion rate from
[129], who measured it from half a million dark matter halos in the Millennium Simulation
[130] (albeit with a slightly different cosmology than we use). They found the average to be

. 1.127
(M) = 42M¢ Jyr (1012M®> (14 1.172)/Qm(1 + 2)3 + Qa. (3.1)

We take this average relation for all of the galaxies in the sample. We do note that the average
growth rate is larger than the median rate, because [129] found that there is a long, positive
tail in the M distribution of their halos. This likely reflects, for example, the environments
the dark matter halos live in. This overprediction will result in more stellar mass growth in
our sample, pushing the results towards the local relation (we will find the average growth
histories cause our sample to lay significantly above the local relation at z = 0).

3.3 Halo Mass-Stellar Mass Relation

Armed with the average growth of dark matter halos in section 3.2, we now relate the observed
stellar mass of the galaxies hosting overmassive black holes to an underlying DM halo mass.
This will let us estimate the average stellar mass growth rate of each galaxy.

The simplest approach is to relate the stellar mass to the halo mass using the star
formation efficiency (SFE) parameter, f. = M,/My. However, it is difficult to specify this
parameter (although functional forms do exist, e.g. [131, 132]), so we map the observed
stellar mass to halo mass using the results from UNIVERSEMACHINE [116]. We also use this
prescription to evolve the stellar mass from z ~ 5 to the present with the results from section
3.2. We note that the relationship derived in [116] is model dependent, with most of the
uncertainties at high redshifts. Fortunately, these uncertainties are much smaller than the
~ 10-100 shift required to eliminate the discrepancy, so we do not expect them to play a
major role. In figure 2, we plot the M, /My relations from [116], spanning z = 0-10 in
different colors, with the edge redshifts and z = 6 (approximately the redshift of the galaxies
in our sample) labeled in the plot. We plot the relations from [116] as solid lines and the
linear extrapolation (in log space) to higher and lower halo masses as dotted lines.

We plot the stellar mass to halo mass ratio for our high-z sample as red stars in figure 2.
One of the galaxies from [41] in our sample (at z ~ 5.5) had a stellar mass beyond the range
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Figure 2. The connection between stellar mass and halo mass in the galaxy growth model, using
results from [116]. The solid colored curves are the relations from [116] spanning z = 10 to z = 0,
marked on the plot. The dotted curves extending from the solid lines are the linear extrapolation of
the solid curves in log space. The conversions of the individual galaxies are marked as red stars, with
most having f. = 0.01-0.05. A single galaxy had a particularly high fitted stellar mass which went
beyond the stellar mass range in [116] for that redshift, so we set it to be f. = 0.01.

outputted from [116], for which we take M,/M; = 0.01 (rightmost red star in the figure).
One other galaxy in the sample had an initial stellar mass of log M, /M > 10, but it was at
a low enough redshift to be within the stellar mass range reported by [116]. The horizontal
dashed and solid lines show f, = 0.01,0.05, respectively, which roughly bracket the star
formation efficiencies in the observed sample. We also plot as a vertical dot-dash gray line
the result to equation 2.5, which is the minimum halo mass that can host overmassive black
holes if all the overmassive black holes only exist in the most massive halos (see section 2.3).

3.4 Black Hole Growth

We parameterize the growth of the individual black holes by assuming that black holes grow
(on average) for a fraction fyuty of the available time and at a fraction feqq = Mgg / Moqq of
the Eddington limit (assuming a radiative efficiency €, ), where the Eddington accretion rate
is Mogq = (1 —¢€.)/€r X (Lega/c?). Here Legq = 4G Mpumpc/or, where ot is the Thomson
cross section and my, is the mass of a proton. We write the growth timescale as

Mpg(t 1—e¢,
Bt:() = feddfdutyT(Ledd/CQL (3.2)

Mgy = 17j(t)
where 7(t) = feddfduty is the time-averaged Eddington ratio and the Salpeter time is ts =
Mgy /Megq ~ 50(e,/0.1) Myr. 7 is in effect an average Eddington ratio which takes into
account the duty cycle of each galaxy. To model the growth of the SMBH, we must have an
estimate for it.

There are many complex models which grow SMBHs by fitting their model to a number
of galaxy and AGN statistics [100, 133, 134]. [135] has calculated the redshift evolution of the
quasar luminosity function using a host of population statistics (e.g., stellar mass functions,
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Figure 3. The Eddington ratios, 7, chosen for each of the galaxies in the sample across redshift,
assuming an average BH growth rate according to [94] (black curves). The initial 7 for each of the
galaxies is marked as a red star. We choose the average values for 7 from [94] as in this section
we explore the evolution of these galaxies hosting overmassive BHs as average galaxies, although we
relax the black hole mass growth rate later. We note that the data from [94] are binned in Az = 1,
which we interpolated linearly in time for our calculation. When plotted in redshift space for a more
convenient presentation, the curves appear to have kinks.

UV luminosity functions, quenched fractions), most of them pre-JWST but with the inclusion
of the 9 < z < 13 UV luminosity function from [136]. Expanding upon [135], [94] has recently
incorporated pre-JWST Mgy — Myy1ge and SMBH mass functions to constrain the coevolution
of host galaxy and SMBH. One such parameter they calculate is the population-averaged 7
that is a function of black hole mass and redshift, which we use for evolving our sample as
well.

We find 7 for each galaxy in our total sample across cosmic time, which is used to find
the black hole growth for each galaxy. We plot f across redshift for each galaxy in black in
figure 3. The modeled growth rates are large at high redshift (implying that the black holes
typically accrete near Eddington for a substantial fraction of time) but decline rapidly at
later times, indicating that the black holes grow much more slowly. The Eddington ratios in
[94] depend on redshift and black hole mass, although at high redshifts the mass dependence
is weak. At z < 3 and log Mpy /Mg > 7.5, there is a much stronger mass dependence in the
model. A few of the objects have an increasing 77 at z < 1, which is because in the model 7
increases a low redshifts and large black hole masses (figure 3 in [94]). We note that the 7
values in this model are much lower than the results from [100], as it has been calibrated to a
wide range of new data. Additionally, [94] finds a scatter of Alog# ~ 0.3, which is relatively
small compared to, for instance, the stellar mass measurement error from our sample.

For convenience later on, we also perform a least-squares fit to the black lines to find
the average growth of these BHs in the model, fitting the curves to the form

log 7j(z) = AeP?, (3.3)
whose fit coefficients were found to be [A, B] = [—3.2, —0.28]. This fit is shown as the dashed
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green line in figure 3.

3.5 Evolution of Individual Galaxies Across Cosmic Time

We plot the results of the these growth models for our set of overmassive high-z galaxies in
figure 4. In the top left panel, we plot the stellar mass and BH growth of the galaxies using
the models above and a radiative efficiency €y = 0.067 from [94]. In the top right panel,
we plot the growth of the galaxies using the same model but assuming a radiative efficiency
of ¢, = 0.2, and in the bottom panel we plot the growth of the galaxies assuming zero black
hole growth. In each panel, the individual galaxies begin with their observed values in dark
red, traverse the Mppg—M, plot in gray, and end at z = 0 on the dark-blue points. We also
plot the local Mpy—M, relation from [4] in dark green, with the bands showing the 1o and
20 scatter.

In the figure, we also account for the errors associated with the stellar mass and black
hole mass observations. At the high-z initial points, we use the errors reported by the
observing papers. We then propagate these errors to z = 0 by initializing the growth with
410 for both the stellar mass and black hole mass, and computing the result for each of the
four situations at z = 0, represented as blue error bars. We assume the scatter in the stellar
mass and black hole mass growth rates are smaller than the stellar mass and black hole mass
measurement errors, so the errors in the blue points are directly from the measurement errors
in our sample. However, in the bottom panel, because there is zero black hole growth, the
z = 0 black hole mass errors are the original measurement errors.

From the top left panel, it is immediately obvious that, if the high-z overmassive black
holes grow at the rates inferred from independent data, they will remain overmassive at
the present day, posing a substantial problem for our understanding of black hole growth.
While the errors (especially in the stellar mass) can relieve some of the tension with these
overmassive systems in the left panel, reconciling them would require a large systematic
offset. If the problem were simply random errors in the stellar masses, we would expect that
the large samples of [30, 41] would have found more galaxies with the same black hole masses
but with stellar masses that centered on the local relation.

The bottom panel of figure 4 shows that, if there is mo black hole growth over this
time interval, the galaxies line up reasonably well with the local relation. In this case, we
would conclude the stellar mass growth is well understood, but the black hole mass growth
is greatly overestimated. The top right panel shows that, if €, = 0.2, the black holes end up
somewhat above the local relation, although within the expected scatter.

4 How Much Can Overmassive BHs Grow Before the Present Day?

The top left panel of figure 4 shows that, with average black hole and stellar mass growth,
the overmassive systems remain ~ 100x above the local relation at z = 0. It is worrying
for the entire sample to > 2—40 above the local relation is a problem considering the upper
3o tail should only contain ~ 0.15% of galaxies. The bottom panel shows that the simplest
solution is if there is no black hole growth, in which case the galaxies nearly straddle the
local relation, and may even recover its scatter, although the sample size is too small to be
sure.

In this section, we consider a middle-ground solution in which the overmassive black
holes grow so as to populate the upper tail of the local Mpp—M, relation. This may be
possible if the observed overmassive galaxies are rare, hosting the most massive BHs for their
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Figure 4. Top left panel: The predicted evolution across Mpy—M, of each galaxy using our set
of models explained in section 3. The red points are the starting measurements from our samples
[30, 34, 41], with their respective errorbars (although four points from [30] are presented with stellar
mass upper limits, which we show as upper limits here). The starting points evolve using our set of
models across the Mpy—M, relation in gray to the blue points, which are the predicted end values at
z = 0, assuming average growth rates. We compare the results to the local relation [4] in green, with
progressively lighter green shades representing the 1 and 20 scatter in the relation. The majority of
the data points lie > 30 away from the relation, in tension with the belief that these observed high-z
galaxies hosting overmassive black holes are universal. Top right panel: The same plot as the top
left panel, though we assume a radiative efficiency of €, = 0.2. The errors in the final black hole
masses are calculated in the same manner as the top left panel. Here, the points remain above the
local relation, but at 1-20, relaxing but not resolving the tension in the top left panel. This result is
interesting in context of figure 1, which found black holes radiating at a high efficiency can recover the
black hole mass density at z ~ 5 assuming all black holes are as overmassive as recent observations
suggest. Bottom panel: The same plot as the top panels, except we assume there is zero black hole
growth. The errors in the final black hole mass are the original measurement errors. In this case, the
points settle near the local relation, and surprisingly recover (approximately) the scatter in the local
relation.
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stellar masses, because they would be responsible for only a small fraction of the black hole
mass density. The galaxies could then populate only a small fraction of local galaxies. For a
fixed stellar mass, this allows more black hole growth.

4.1 Scenarios For Black Hole Rarity

To do so, we must begin with the fraction of galaxies hosting these overmassive black holes.
We consider three scenarios: (a) In section 2, we found that these galaxies must occupy a
maximum fraction of f%,.. = 0.002 of galaxies at z ~ 5 for the observed BHMD to align
with the prediction from the Soltan argument if ¢, = 0.1. We then assume foyer remains
constant over time. (i) We follow [41], who found that their sample of overmassive black
holes occupy f2., ~ 6% of galaxies at high-z, and again assume this fraction is constant over
time. (i77) We assume that these galaxies occupy a constant comoving density across cosmic
time, rather than a constant fraction of galaxies, and therefore the fraction of galaxies that
our sample occupies decreases over time. This is meant to provide a minimal estimate for
the BH occupation fraction, so we begin by assuming that fover &~ 0.002 at z = 5. Taking a
minimum halo mass at that time of log M}, /Mg = 10.6 (corresponding to the smallest systems
in our sample) and comparing to the present-day halo mass function, we find that the number
of halos has increased by a factor of about five, so for this scenario we set fS .. = 0.0004.

‘We now use the scatter in the local Mgy—M, relation to determine the black hole masses
to which the systems can evolve. We write the upper envelope of this as

log MBH,max = alog M, s + b+ koy, (4.1)

where o, = 0.58 is the scatter in the local relation [4], M, ; is the final stellar mass of the
galaxy assuming average growth, and k parameterizes the degree of scatter. If the scatter
follows a gaussian distribution, .4 (z), with zero mean and standard deviation oy, then

koy,
N (@)de =1 =2 fover (4.2)
—koy
must hold. For scenarios a, b, and ¢, we find k£ = 2.88, 1.55, and 3.35, respectively. Quali-
tatively, this means that if the galaxies are rarer (such as in section 2), the individual black
holes are allowed to grow more (assuming the stellar mass growth is unchanged).

4.2 Estimate of the Maximum Allowed Accretion Rate

We now estimate the maximal rate at which these black holes can grow in order to fall into
the upper envelope of the observed distribution. To do so, we first assume the growth rate
of our sample’s black holes follows the 7 shape in equation 3.3, which approximately fits the
average BH growth in the [94] model, and radiates with the same efficiency, €, = 0.067. We
have already seen that this average rate makes the black holes too large, so we fit for a new
free parameter, log7(z) = frlogna;. Given log Mpm max for each source, we estimate f5 by
integrating equation 3.2 over redshift with the assumed 7(z),

Zobs 1 ﬁﬁt('z) M
fo =AM [/ 0 Bu(2), | (4.3)

—0 (I+2)H(2) ts

where AM = MpH max — MBH,obs and ts is the Salpeter timescale. This equation determines
how much accretion is allowed, relative to the [94], for each source (given its initial mass and
MBH,maX)-
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Figure 5. Estimated upper limits on the accretion efficiency, 7, for our galaxy sample to connect the
observed high-z overmassive black holes to the local Mpy—M, relation, allowing for the black holes to
occupy the upper tail of the local distribution. We show the limits for three scenarios (see text) with
occupation fractions of the overmassive black holes, fover = 0.002, 0.06, and 0.0004 as black circles,
green stars, and red diamonds, respectively. Each point corresponds to one galaxy in our sample. To
compare these results with the average results in the [94] model, we plot the average 7 as solid colored
lines, spanning z = 10 to z = 0. As the upper limits on 7} are time averages, we plot as a dot-dash
blue line the time average of the [94] model for each initial black hole mass at z = 5. The time average
is far above the upper limit on 7 for nearly every data point, signaling that a much lower BH growth
rate is needed for these overmassive BHs than models expect.

We numerically solve equation 4.3 to find a f; for each galaxy within the three scenarios
described in section 4.1. We find that nearly every galaxy has f; < 1, for all three scenarios,
implying that the growth must be slower than the fits from [94]. To show the average trend
of black hole growth in our sample, we take the average of the f; values in our sample;
for scenarios a, b, and ¢ we find @,—] = —0.91 +0.44, —1.70 + 0.49, and —0.64 + 0.44,
respectively. This means the growth of these black holes are initially growing at ~ 1/10 of
the rate predicted in the BH growth model.

To compare more explicitly, we use the estimated f; values to find the time average of
7, which we compare directly to the expectations of [94] in figure 5. We show scenarios a, b,

~16 —



and ¢ (corresponding to fover = 0.002, 0.06, and 0.0004) as black circles, green stars, and
red diamonds, respectively. For visual purposes, the x-axis in each scenario is offset, though
each scenario represents the same black hole mass. We also plot the model curves from [94]
as solid colored lines, ranging from z = 10 to z = 0. Nearly every upper limit sits below the
z = 1 curve. To directly compare the model to our average 7 results, we compute the time
average of the fits from [94], where we start with a range of black hole masses at z = 5 and
grow the black holes at the average rates for each redshift. This time average is plotted as
a dot-dash blue line. The dot-dash line is far above nearly every galaxy for each scenario in
our sample. The conclusion is that these BHs must on average grow slowly across cosmic
time (nearly at the local growth rate and ~ 10% the average rate in our models!).

5 Discussion and Conclusion

Using a suite of simple black hole growth models, we have considered the implications of
a population of z ~ 5 overmassive black holes and their connection to local observational
statistics. We found that:

1. A population of black holes at z ~ 5 that are universally overmassive (following the
best-fit relation of [43]) results in a black hole mass density that is roughly equal to
the local black hole mass density (figure 1). A z ~ 5 black hole mass density this large
can be recovered if black holes radiate at high efficiencies (¢, > 0.2) across cosmic time
(section 2.2). However, if these black holes radiate at efficiencies typical of non-rotating
black holes (¢, ~ 0.1), which agree with current observations, the overmassive black
holes at z ~ 5 must be exceedingly rare (section 2) or confined only to relatively massive
galaxies.

2. If the z ~ 5 overmassive black holes and the galaxies hosting these overmassive black
holes (see table 1) grow at average rates according to recent models (sections 3.2, 3.3,
and 3.4), the galaxies remain 3-40 above the local Mpy—M, relation as they evolve
to z = 0 (figure 4; top left panel), if they have ¢, ~ 0.1 as typically assumed. This is
unexpected if the high-z overmassive black holes are universal. If the overmassive black
holes do not grow from z ~ 5 to z = 0, the galaxies align onto the local relation (figure
4; bottom panel). Growth at a high radiative efficiency results in black holes that are,
on average, 1-20 overmassive relative to the local relation (figure 4; top right panel).

3. If the population of galaxies hosting overmassive black holes is rare, occupying the
most massive tail in the black hole mass distribution, they would be found in only a
small fraction of local galaxies. Therefore, they can grow their black hole masses from
z ~ 5 to z = 0 without altering the black hole mass density or the local Mpp—M,
relation. Depending on how rare these galaxies hosting overmassive black holes are at
high-z, different rates of black holes growth are allowed (section 4.1). Across a range
of scenarios, the black holes must still grow at a rate only ~ 10% of the expectations
from recent models (figure 5), assuming that e, ~ 0.1.

There are two potential solutions to this puzzle. In the first scenario, the overmassive
black holes that have been observed so far are rare, and most galaxies have much smaller (or
no) black holes at z ~ 5. However, these unobscured black holes have already been found in
~ 6% of galaxies at z ~ 5 [41], so unless the duty cycle of black holes is near unity at this
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time (in contradiction to measurements, see Fig. 3), this would be a challenge. Additionally,
we have not even considered the “little red dots” that may also host a large population of
overmassive black holes [76-78]. Nevertheless, there is substantial uncertainty about whether
selection effects can explain why overmassive black holes appear universal at high redshifts.

In the second scenario, overmassive black holes are indeed common at z ~ 5, but at
later times they accrete with very high radiative efficiencies (€, > 0.2) so they grow in mass
only slowly. In this case the mass density of black holes would change only by a factor
of a few over the last 12 Gyr of cosmic history. The maximum radiative efficiency of a
black hole (spinning at the maximum rate) is about four times larger than the canonical
radiative efficiency estimated from the classic Soltan argument. However, observations using
independent methods have found black holes radiate at a wide range of efficiencies, and
there is no observational consensus about the average radiative efficiency, especially at high
redshifts.

Of course, a third possibility is that black hole masses at high redshifts are systematically
overestimated. These masses were measured using Doppler shifting of the broad line region
and the virial relation; if the local calibration of that relation does not apply at high redshifts,
the black hole masses could be much smaller. This would add onto the uncertainty in the
relation, which is already large (as illustrated in figure 1), even without accounting for any
systematics. Lower mass black holes would alleviate the tension with the Soltan argument,
but we note that the masses must be overestimated by orders of magnitude to remove it
entirely. However, the black hole growth rates are extremely sensitive to €., so this would
certainly help bring that parameter much closer to its canonical value.

Regardless, the large samples of overmassive black holes have already changed our un-
derstanding of the population of high-redshift black holes, and it raises a number of mysteries.
For example, the presence of overmassive black holes at z > 5 implies either that black hole
seeds are extremely massive or that black hole growth is extremely efficient at high redshifts.
Yet the high-¢, solution requires that, at lower redshifts, black holes grow very inefficiently
even when they are accreting rapidly (this is the flattening in figure 1). This would require a
substantial, and fairly sudden, change in the small-scale physics of the accretion disks. Such
evolution is not entirely implausible — perhaps early super-Eddington accretion episodes “spin
up” black holes, which then radiate efficiently because their innermost stable circular orbit
is so close to the black hole — but it requires a dramatic change in our picture of quasar
evolution, which is not obviously compatible with local estimates of the efficiency parameter.

A change in accretion disk physics in supermassive black holes could also provide in-
sight into the various “seeding” mechanisms which may create black holes as well. These
seeds range in initial masses from stellar-mass “light” seeds [137] to up to Mpg,; ~ 10° M,
“heavy” seeds [138-141], or even from more exotic seeding mechanisms like primordial black
holes (up to Mpp,; ~ 1000M) [51-53]. Each of these seeding mechanisms require different
formation times and/or accretion rates to match observations of supermassive black holes,
and a sudden change in the small-scale physics of accretion disks may contain information
about the presence of different seeding mechanisms.

A second puzzle suggested by these overmassive black holes is how they affect their host
galaxies, and vice versa. Black hole feedback has long been suspected to play a role in galaxy
growth, as simple energetic arguments suggest (first seen in [142]). Let us assume that a
fraction eg, of the accreted energy is used to unbind the gas in a galaxy, preventing further
star formation. Then
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where Rgas ~ ARyi, is the radius of the disk the gas in confined in and A is the spin parameter
of the baryons. Taking Mgas = f4(2%/Qm) My, where f, is the fraction of the baryonic mass
that is in gas, and relating halo mass to stellar mass via the star formation efficiency, f, =
M.,/ (/X M},), we can obtain an estimate for the Mpp—M, relation under the assumption
that it is set by black hole feedback. For this purpose, we use f, = 0.1(M;/102M)?/3
(similar to that of [116]), and we find

GbeWBHC2 ~ (5.1)

0.050.1 M.,
Mgy m ~ 5 x 106 Mg, (fg > (

=0 = _a 2
01 A e 1011M®>( +2), (5-2)

which, at z = 0, recovers the normalization and slope of the local Mpy—M, relation to
~ 0.01-0.1 dex within log M, /Mg = 7-12.5.

While the basic feedback argument of [142] is certainly too simplistic to explain galaxy
formation in detail, it highlights another problem with the overmassive black holes. In order
to build these objects to large masses at high redshifts, feedback must not be able to prevent
nearby gas from accreting onto the black hole. Then, at later times, the overmassive black
hole must grow slowly while its surrounding stellar system grows substantially so that they
begin to resemble local systems. One possible explanation for this switch would be if star
formation somehow begins to prevent gas being accreted onto the central objects. However,
this switch to slow black hole growth would occur during the peak of the quasar era, when
we know accretion is ongoing thanks to its radiative output. According to our results, this
in turn requires a high radiative efficiency for the accretion, if overmassive black holes are
common at z ~ 5. But, given the enormous masses of these black holes, this high radiative
efficiency must be accompanied by little or no feedback on the surrounding galaxy, so that
it can continue to grow! In other words, we would require €g, < €,.

A number of future observations would help settle the mysteries posed in this paper.
The first is a more complete census of black hole masses at high redshifts. This would be
especially helpful if galaxies with lower stellar masses and lower black hole masses are ob-
served. The universality of these overmassive black holes is uncertain at the moment, and
more observations would help settle this dispute. Further, measurements of the clustering of
high-redshift sources around the overmassive black holes would allow for halo mass estimates
of the sources (see [143, 144] for halo mass estimates of little red dots), and therefore give a
better handle on how star formation has occurred in the past for these galaxies, as well as a
clearer connection to the descendants of these sources at lower redshifts. Radio observations
of these sources could also further constrain the inner environment of these galaxies hosting
overmassive black holes, which may be leveraged to understand the feedback of these over-
massive black holes. These and other future observations may help to unravel the mysteries
posed by high-redshift AGNs and their connection to local galaxies and supermassive black
holes.
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