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A B S T R A C T 

Supermassive black holes (SMBHs) with masses of ∼10 
9 M � within the first billion year of the universe challenge our 

conventional understanding of black hole formation and growth. One pathway to these SMBHs proposes that supermassive stars 
born in pristine atomic cooling haloes yield massive seed BHs evolving to these early SMBHs. This scenario leads to an o v erly 

massive BH galaxy (OMBG), in which the BH to stellar mass ratio is initially M bh / M ∗ ≥ 1, well in excess of the typical values of 
∼10 

−3 at lo w redshifts. Pre viously, we hav e inv estigated two massiv e seed BH candidates from the Renaissance simulation 

and found that they remain outliers on the M bh –M ∗ relation until the OMBG merges with a much more massive halo at z = 8. In 

this work, we use Monte-Carlo merger trees to investigate the evolution of the M bh –M ∗ relation for 50 000 protogalaxies hosting 

massive BH seeds, across 10 000 trees that merge into a 10 
12 M � halo at z = 6. We find that up to 60 per cent (depending on 

growth parameters) of these OMBGs remain strong outliers for se veral 100 Myr, do wn to redshifts detectable with JWST and 

with sensitive X-ray telescopes. This represents a way to diagnose the massive-seed formation pathway for early SMBHs. We 
expect to find ∼0.1–1 of these objects per JWST Near Infrared Camera (NIRCam) field per unit redshift at z � 6. Recently 

detected SMBHs with masses of ∼10 
7 M � and low-inferred stellar-mass hosts may be examples of this population. 

K ey words: galaxies: acti ve – quasars: general. 
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 INTRODUCTION  

here are o v er 200 detections of bright quasars powered by su-
ermassive black holes (SMBHs) with masses on the order of
0 9 M � at redshift z ≥ 6 (for recent compilations, see Inayoshi,
isbal & Haiman 2020 ; Bosman 2022 ; Fan, Ba ̃ nados & Simcoe
023 ). The existence of these SMBHs with ages ≤1 Gyr challenges
ur conventional understanding of black hole formation and growth.
hile Eddington-limited accretion throughout the entire assembly

istory of these black holes is unlikely, some observations suggest
asses that require even higher average accretion rates sustained

hroughout the (then) age of the universe. 
Several formation pathways have emerged that attempt to explain

hese SMBHs. Most of these pathways fall into two categories, with
o-called light and heavy seeds. Light-seed models propose a Popu-
ation III (hereafter Pop III) stellar remnant black hole that grows at
east modestly super-Eddington rates for a significant fraction of its
ife (e.g. Tanaka & Haiman 2009 ; Volonteri 2010 ). This is necessary
or a 10–100 M � seed to reach 10 9 M � in less than 1 Gyr. Heavy-
eed models invoke one of several mechanisms that rapidly produce
 10 4 –10 6 M � seed black hole, which then grows at the Eddington
imit. Mechanisms producing heavy seeds include hyper-Eddington
ccretion on to a lower mass BH (Inayoshi, Haiman & Ostriker
016 ; Ryu et al. 2016 ), runaway collisions between stellar-mass BHs
 E-mail: mts2188@columbia.edu 
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nd/or stars in dense proto-clusters (Boekholt et al. 2018 ; Tagawa,
aiman & Kocsis 2020 ; Escala 2021 ; Schleicher et al. 2022 ; Vergara

t al. 2023 ), and the so-called direct-collapse black hole (DCBH)
cenario (Agarwal et al. 2012 ; Latif et al. 2013 ; Ferrara et al. 2014 ;
nayoshi, Omukai & Tasker 2014 ; Sugimura, Omukai & Inoue 2014 ;
anaka & Li 2014 ; Becerra et al. 2015 ; Chon et al. 2016 ; Hosokawa
t al. 2016 ; Umeda et al. 2016 ; Hirano et al. 2017 ; Haemmerl ́e
t al. 2018 ). Hyper-Eddington accretion would allow a small BH
o quickly become a 10 5 −6 M � seed, while runaway mergers in a
rimordial star cluster could quickly give rise to a 10 4 −5 M � seed.
he most studied heavy-seed scenario, direct-collapse, proposes that
hemically pristine haloes that reach the atomic cooling threshold
ACT), without prior star formation, collapse via rapid atomic
hydrogen) cooling and form a supermassive star (SMS). Reaching
he atomic-cooling halo (ACH) stage without prior fragmentation,
tar-formation, and metal-enrichment can be achieved via several
echanisms that prevent or offset cooling. Intense Lyman–Werner

LW) radiation can dissociate H 2 and prevent H 2 cooling, haloes
an experience dynamical heating through rapid halo mergers, and
arge residual baryonic streaming motions from recombination can
revent gas infall and contraction in low-mass dark matter (DM)
minihaloes’. 

All of the mechanisms that lead to heavy seeds share an interesting
eature, resulting from the lack of prior star formation or little
emaining stellar mass at the time of black hole formation: the mass
f the black hole seed is initially comparable to or much greater
han the surrounding stellar mass, M bh / M ∗ ≥ 1. These so-called
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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 v erly massiv e black hole galaxies (OMBGs) are unusual compared
o massive black holes at low redshifts, which reside in much more

assive stellar hosts with M bh / M ∗ ∼ 10 −3 , or even compared to
ecent observations of SMBHs and their host galaxies at z ≈ 6, 
hich appear to have a somewhat higher ratio, M bh / M ∗ ∼ 10 −2 

Pacucci et al. 2023 ). JWST has recently enabled the detection of
everal high-redshift lower-mass SMBHs. Establishing their place 
n the M bh / M ∗ relation would help determine the origin of these
MBHs. See Section 4 for a brief compilation of some of these
ecently detected black holes and a discussion of where they stand 
n the BH–host galaxy mass relation. 

In Scoggins, Haiman & Wise ( 2022 , hereafter S22 ), we in-
estigated the DCBH pathway, where a black hole seed of 10 4 –
0 6 M � forms in the early universe and grows via Eddington-limited 
ccretion into the > 10 9 M � SMBHs we observe today. We focused on
wo candidate DCBHs identified in a suite of cosmological radiation- 
ydrodynamic and N -body simulations, the Renaissance simula- 
ions (O’Shea et al. 2015 ; Xu et al. 2016 ). These DCBH candidates
ere found in the most massive halo (MMH) and the halo which saw

he highest Lyman–Werner flux (LWH). Although their M bh / M ∗ ratio 
s initially extremely high, internal star-formation and mergers with 
ther haloes with typical M bh –M ∗ relations subsequently drive this 
atio to approach ≥10 −2 . Our goal in S22 was to follow the merger
istories of these two DCBH host candidate haloes in the underlying 
enaissance N -body simulations, and to assess how long their 
 bh / M ∗ ratio might remain outstandingly high. We found that with

ither Eddington-limited growth or a super-Eddington prescription 
Hu et al. 2022a , b ), both candidates satisfy M bh / M ∗ � 1 until they
xperience a merger with a much more massive ( ∼10 11 M �) halo,
hich happened near z ∼ 8 in both cases. 
A key insight gained in S22 was that the mass relation is not

fficiently normalized by minor mergers, but only by mergers with 
uch more massive haloes. In this work, we follow up on this earlier

tudy, and generate 10 4 Monte-Carlo (MC) halo merger trees, each 
epresenting the history of a M halo = 10 12 M � DM halo at redshift
 = 6. We then search for DCBH candidate sites within these trees,
nd track their mass-relation evolution in a way similar to S22 . Our
oal is to characterize the statistics of how long the DCBHs remain
utliers in the BH–host mass relations. This allows us to determine 
ow typical or atypical the MMH and LWH were, and whether the
 v ermassiv e relation lifetime (hereafter OMRL) – the duration for
hich a newly born DCBH and its stellar host have a mass ratio
 bh / M ∗ abo v e some pre-specified minimum value – is long enough

o be unco v ered by observations at z � 8 where these early SMBHs
re detected. 

The rest of this paper is organized as follows: In Section 2 we
escribe our Monte-Carlo merger trees, our selection of DCBH 

ites, and our simple models for the evolving black hole and stellar
asses. In Section 3 , we present our results on the DCBH candidates

nd the distribution of their OMRLs. In Section 4 , we discuss the
ossibility of detecting OMBGs and using them to diagnose the 
assive-seed pathway . Finally , we summarize our findings and offer

ur conclusions in Section 5 . 

 METHODS  

n this section we summarize the methods used to generate our 
onte-Carlo merger trees, the criteria to select massive DCBH 

eed candidates, and the prescriptions for black hole growth and 
ergers. All of the analysis used in this work assumes the following

osmological parameters: �� = 0.693, �m = 0.307, �b = 0.0486, 
8 = 0.81, and h = 0.67 (Planck Collaboration VI 2020 ). 
.1 Monte-Carlo merger trees 

e generate dark matter halo histories using Monte-Carlo merger 
rees based on the Extend Press–Schechter theory (Press & Schechter 
974 ), following the algorithm detailed in Parkinson, Cole & Helly
 2007 ), which is a modification of the algorithm used in the
ALFORM semi-analytic galaxy formation model (Cole et al. 2000 ). 
e generate 10 4 merger trees with a parent mass of 10 12 M � at

edshift z = 6, and a redshift step size of d z = 0.15. We impose a
ass resolution of 10 5 M � which also determines the highest redshift

t which branches of the merger trees terminate, typically at z max ≈
0–35. 

.2 Identifying massi v e BH seed sites 

 ‘direct-collapse’ black hole can be achieved via an intermediary 
10 5 M � SMS. In order to form such a supermassive star, gas
ust reach atomic cooling ( T vir ∼ 10 4 K), where runaway atomic

ooling processes allow isothermal collapse, a v oiding fragmentation 
nd instead forming a large central SMS. Alternative models to 
roduce massive BH seeds similarly require pristine gas in ACHs 
see Section 1 ). The gas in most haloes begins to cool and collapse
efore reaching the ACT. H 2 plays the primary role in this collapse,
here a large H 2 abundance can rapidly radiate energy out of the halo, 

eading to cooling and fragmentation. There are several processes 
hat influence the cooling rate: (i) Lyman–Werner radiation (with 
pecific intensity J LW ) from a neighbouring galaxy, or, in the case of
ini-haloes, background LW radiation (Dijkstra et al. 2008 ; Dijkstra, 
errara & Mesinger 2014 ) can dissociate H 2 and slow or completely
top cooling (Haiman, Rees & Loeb 1997 ), (ii) dynamical heating
at a rate � dyn ) from rapid halo mergers can efficiently heat the halo
nd offset cooling (Yoshida et al. 2003 ; Wise et al. 2019 ), and (iii)
arge baryonic streaming motions ( v stream ) can prevent gas infall and
ontraction in DM haloes (Greif et al. 2011 ; Latif, Niemeyer &
chleicher 2014 ). (iv) Local infrared sources can also stunt H 2 

ormation by photodetaching H 
−, which is an intermediary needed 

o form H 2 (Wolcott-Green & Haiman 2012 ). Finally, (v) X-rays can
onize neutral hydrogen, creating free electrons which increase the 
 
− abundance, in turn increasing H 2 abundance (Haiman, Rees & 

oeb 1996 ), while X-rays can also warm the intergalactic medium
nd suppress the formation and growth of subsequent generations of 
Hs (Tanaka, Perna & Haiman 2012 ). If these processes can prevent
r offset H 2 cooling as the halo grows to the atomic cooling stage
ith T vir ∼ 10 4 K, the emission of atomic hydrogen will rapidly

ool the halo, allowing for isothermal collapse, possibly producing 
 massive BH seed via an SMS or through one of the alternative
cenarios described in Section 1 . 

To apply these criteria at each halo in every merger tree, we
ompare the cooling time t cool to the Hubble time t hub , where a halo
ecomes the host of a massive BH seed if none of the progenitors
f that halo had experienced prior star formation, i.e. t cool > t hub 

hroughout the history of each progenitor. Our calculation for the 
ubble time follows 

 hub = 

2 

3 
√ 

�� 

ln ( b + 

√ 

1 + b 2 ) , 

here b = 

√ 

�� /�m ( z + 1) −1 . 5 . The cooling time follows t cool =
/ ( � cool n H n H 2 − � dyn ) for energy density u = 

3 
2 n gas kT , cooling

ate � cool , and heating rate � dyn . The cooling rate is given by
quation (A.2) of Galli & Palla ( 1998 ), 

 = 

� ( LTE ) 

1 + [ n cr /n (H)] 
, (1) 
MNRAS 531, 4584–4597 (2024) 
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here � (LTE) is the LTE cooling function of Hollenbach & McKee
 1979 ), and n cr / n (H) follows � ( LTE ) 

� ( n H → 0) for the low-density limit of the
ooling function. This is well approximated by equation (A.7) of
alli & Palla ( 1998 ). For dynamical heating, we follow equation (1)
f Wise et al. ( 2019 ), which is similar to equation (3) of Yoshida
t al. ( 2003 ), 

 dyn = 

T halo 

M halo 

k B 

γ − 1 

d M halo 

d t 
, (2) 

or adiabatic index γ = 5/3. We assume that in the absence of
ooling the gas compresses adiabatically, giving a maximum cen-
ral number density n c ∼6( T vir 

1000 K ) 
3 
2 cm 

−3 (Visbal, Haiman & Bryan
014a ), T vir from equation (26) of Barkana & Loeb ( 2001 ), and total
umber density n = f gas n c with scaling factor f gas . See below for a
iscussion of f gas . We approximate the H 2 abundance assuming H 2 

issociation via LW radiation is in equilibrium with H 2 formation
ia H + e − → H 

− + hv followed by H + H 
− → H 2 + e −, 

 H 2 = k 9 n H n e /k LW (3) 

ith k 9 given in table (A1) of Oh & Haiman ( 2002 ) and
he post-recombination residual electron fraction n e /n H = 1 . 2 ×
0 −5 

√ 

�m / ( �b h ) (Peebles 1993 ). The dissociation rate by Lyman–
erner radiation is approximated by k LW = 1.39 × 10 −12 J LW s −1 

or LW specific intensity J LW in units 10 −21 erg cm 
−2 s −1 Hz −1 sr −1 

Wolcott-Green, Haiman & Bryan 2017 ). 

.3 Lyman–Werner radiation 

hough our merger histories lack any spatial information, we can
alculate the mean LW flux seen by a halo following the model
mplemented in Dijkstra et al. ( 2014 ) and Li, Inayoshi & Qiu ( 2021 ).
he average number of haloes within the mass range m ± d m /2 in a
pherical shell of radius r and thickness d r is given by 

d N ( m, r) 

d m d r 
d m d r = 4 πr 2 d r(1 + z ) 3 

d n ST ( m, z ) 

d m 

d m [1 + ξ ( M, m, z, r)] , 

(4) 

here d n ST ( m , z)/d m is the modified Press–Schechter mass function
see eq. 5 of Sheth, Mo & Tormen 2001 ) and ξ ( M , m , z, r ) is the
wo-point halo correlation function, giving the excess probability
f finding a halo of mass m at distance r from a halo of mass M
Iliev et al. 2003 ). Using this, we calculate the mean Lyman–Werner
adiation imparted on a halo of mass M halo at redshift z as 

 LW ( M halo , z) = 

∫ m max 

m min 

∫ r max 

r min 

d N ( m, r) 

d m d r 

L LW 

16 π2 r 2 
d m d r (5) 

or LW luminosity L LW . Note that L LW = L LW ( m , z) depends on the
edshift and mass of each neighbouring halo, with stellar mass m ∗ =
 ∗( m , z) assigned to each halo as described below. See Li et al.

 2021 ) for the details of the integration bounds and LW luminosity
er stellar mass. 

We find J LW < 100 for most haloes in the progenitors in our 10 4 

erger trees (though J LW can exceed 100 at z � 15 for some haloes,
ee fig. 2 of Li et al. 2021 ) while the sites that form DCBHs have
onventionally required much larger LW intensities ( J crit ∼ 10 3 ; see
.g. Shang, Bryan & Haiman 2010 ; Agarwal et al. 2016 ; Glo v er
015 or Wolcott-Green et al. 2017 ). This is due to equation ( 5 )
apturing the mean Lyman–Werner radiation, where the LW intensity
istribution, due to stochastic variations in the spatial distribution of
earby haloes, is not included. 
To capture this scatter, we draw from a numerically determined

 LW probability distribution shown in fig. 9 of Lupi et al. ( 2021 ),
NRAS 531, 4584–4597 (2024) 
ith some simplifications. For a halo with mass M halo at redshift
, the distribution is approximated as symmetric and centred on
 = log 10 ( J LW ( M halo , z)) (where the median (peak) is approximately
qual to the mean for a distribution that is symmetric in log space
ith evenly spaced bins). Letting x = log 10 ( J LW ), the distribution
escribing the number of haloes, N halo , experiencing x follows 

log ( N halo ( x)) = A − 2 | x − c| (6) 

or normalization A . We assume the distribution is within 5 orders of
agnitude from the peak, | x − c | ≤ 5, though increasing this range

nd allowing broader tails has negligible effects on the results. While
he J LW distribution of the pristine DCBH candidates in Lupi et al.
 2021 ) is not quite symmetric, our J LW values are typically < 10 2 

hereas their peak is at > 10 2 , meaning our distribution tends to be
onserv ati ve with J LW predictions. 

For each halo above the ACT (with T vir � 10 4 K), we calculate
 LW ( M halo , z) and draw a value J draw from the distribution described
n equation ( 6 ). For a halo just abo v e the ACT, we calculate
= J draw / J LW , and propagate this ratio down the branches of the

ree (towards higher z). This means that a minihalo below the ACT
hich eventually merges into an ACH with a particular value of α
ad been historically exposed to an LW flux of J LW ( M halo , z) =
J LW ( M halo , z) at earlier redshifts. Our simple treatment abo v e
ttempts to account for the fact that a halo experiencing an unusually
igh (low) LW flux is in an o v ercrowded (underdense) region, and
resumably the progenitors of these haloes likewise will be exposed
o higher (lower) LW fluxes compared to the average flux for a
alo with that mass at that time. While we assume here that α
emains fixed, α for a given halo may evolve with redshift. Since
 v erdensities generally grow o v er time, it is possible that the effective
tends grow o v er time as well, implying that fixing α may lead to

n o v erestimation of J LW at earlier times. We leave it to future, 3D
osmological simulation, to estimate how α may typically evolve
and how its evolution varies from halo to halo). 

Our work accounts for the two primary mechanisms that offset
ooling, H 2 dissociation via Lyman–Werner radiation, and heating
hrough mergers. While H 2 dissociation via Lyman–Werner radi-
tion is thought to play the primary role, there is disagreement
n simulations on exactly when they lead to collapse (Kulkarni
t al. 2021 ; Schauer et al. 2021 ). To highlight this, we compare
ur model (excluding the effects of dynamical heating) to three
ther models, shown in Fig. 1 . Here, we show two formulae derived
rom cosmological simulations, where Schauer et al. ( 2021 ) and
ulkarni et al. ( 2021 ) both define criteria for halo collapse and

ollow primordial haloes through a cosmological simulation. They
oth fit the point of collapse as a function of redshift and LW flux,
ith Kulkarni et al. ( 2021 ) fitting for 0 ≤ J LW ≤ 30 and Schauer

t al. ( 2021 ) fitting for 0 ≤ J LW ≤ 0.1. Both works also include the
ffects of baryonic streaming motions, which we have set to zero
n our comparison. The desire to account for dynamical heating via

ergers, which plays an important role in the creation of these rare
CBH sites, prevents us from applying these models. Further, the

equired value of J LW which typically leads to the creation of DCBHs
s outside the range of these fitting formulae. Our analytic model,
hich is very similar to Lupi et al. ( 2021 ), allows us to account for
ynamical heating and does not diverge for large values of J LW . 
Comparison of our model with the three models previously

iscussed moti v ates us to set f gas = 0.2. Selecting f gas = 0.2 sets
he predictions for our model (with J LW = 0.01) to be bounded by
he other models across 6 ≤ z ≤ 50. As discussed in Lupi et al.
 2021 ), setting f gas = 1 impro v es the agreement with Kulkarni et al.
 2021 ) (and worsens agreement with Schauer et al. 2021 ), though this
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Figure 1. A comparison of several models for the minimum mass required for cooling and collapse of gas in primordial haloes. Two models derive this minimum 

mass by identifying haloes undergoing collapse in cosmological simulations with varying J LW backgrounds, Kulkarni, Visbal & Bryan ( 2021 ) (red, J LW ε{ 0, 1, 
10, 30 } ) and Schauer et al. ( 2021 ) (blue, J LW ε{ 0, 0.1, 0.01 } ). Lupi, Haiman & Volonteri ( 2021 ) (green) uses an analytical model similar to ours, but we also 
include a model that accounts for self-shielding. Our full model will estimate evolution-dependent minimum masses, where we also include dynamical heating. 
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nly decreases the minimum mass required for collapse of primordial 
aloes by a factor of ∼2. 
Finally, not all of the Lyman–Werner radiation reaches the centre 

f the halo, where self-shielding effects reduce the total radiation 
een by the core of the halo. To capture this effect, we use the
elf-shielding fitting formula from Wolcott-Green & Haiman ( 2019 ), 
hich calculates the fraction of the incident radiation that passes 

hrough a column of H 2 : 

 shield = 

0 . 965 

(1 + x/b 5 ) α( n,T ) 
+ 

0 . 035 

(1 + x) 0 . 5 
exp [ −8 . 5 × 10 −4 (1 + x) 0 . 5 ] 

(7) 

( n, T ) = A 1 ( T ) exp ( −c 1 × log ( n/ cm 
−3 )) + A 2 ( T ) (8) 

 1 ( T ) = c 2 × log ( T / K) − c 3 (9) 

 2 ( T ) = −c 4 × log ( T / K) + c 5 (10) 

ith c 1 = 0.2856, c 2 = 0.8711, c 3 = 1.928, c 4 = 0.9639, c 5 =
.892, x = N H 2 / 5 × 10 14 cm 

−2 , b 5 = b /10 5 cm s −1 , and b the
oppler broadening parameter, giving b 5 = 3 (Draine & Bertoldi 
996 ). We estimate column density using the virial radius of the
alo, N H 2 = r vir × n H 2 , where n H 2 is calculated with the incident
 0 assuming no self-shielding and r vir follows equation (24) of 
arkana & Loeb ( 2001 ). While the virial radius is conserv ati vely

arge for this estimate, we adopt it to offset a possibly underestimate
f n H 2 derived under optically thin conditions. In fact, we find that this
rude approximation yields values of self-shielding typically close 
o 1 (i.e. no shielding) for the haloes and large incident J LW values
xplored here. While such a model may significantly underestimate 
he shielding for small values of J LW , we expect that focusing on
he haloes with the highest incident radiation will mitigate this issue.
s a further test, comparing our model to fig. 9 of Kulkarni et al.

 2021 ) with J LW = 1 at z = 15, we find agreement for halo masses
elow 10 6 M �, where the higher values of J LW explored here should
mpro v e the accurac y of our self-shielding calculation for higher
asses. Using this definition for self-shielding, the final LW intensity 
s then J LW = f shield J 0 . 

.4 DCBH candidate selection 

voiding gas collapse until the ACT does not guarantee the formation
f an SMS. While our MC merger trees have the advantage of
fficiently producing the merger history of 10 4 dark matter haloes, 
he loss of spatial information requires us to estimate the fraction of
CBH candidates that go on to form SMSs and DCBHs. Lupi et al.

 2021 ) investigate an overdense region of haloes, and find that one
rogenitor of a quasar-hosting halo form a synchronized pair and 
ventually merge with the quasar host at z = 6. This synchronized
air forms when a star-forming halo is near ( ≤1 kpc) a pristine ACH,
lluminating it with an LW flux � 10 3 , preventing its fragmentation
fter reaching the atomic cooling stage, bridging the gap between 
he onset of atomic cooling and SMS formation (Dijkstra et al. 2008 ;
isbal, Haiman & Bryan 2014b ). Toyouchi et al. ( 2023 ) follow up

he MMH and LWH haloes from Wise et al. ( 2019 ), which were the
ocus of Scoggins et al. ( 2022 ), and they find that one of these two
aloes go on to form supermassive stars. These investigations set a
easonable lower bound for at least one DCBH candidate per quasi-
tellar object (QSO) host to eventually form a DCBH. Ho we ver, the
pper bound for the fraction of DCBH candidates that go on to form
CBHs is unclear. 
For the purpose of calculating the OMRL, we here consider two

cenarios. In the pessimistic scenario, we assume only the most 
rradiated halo in each tree, as a proxy for the synchronized pair
cenario, goes on to form a DCBH and we discard all other branches
or that tree. In an optimistic scenario, we select the five most
rradiated DCBH sites and assume they go on to form SMSs and
CBHs. This represents ∼1 per cent of the DCBH candidates in 

ach tree (typically hosting 400–1, 200 DCBH candidates, similar to 
he 1390 pristine QSO progenitors in Lupi et al. 2021 ). We note that
hile our model does not explicitly track metal enrichment, which 

ould affect the formation and mass of the SMS, we mitigate this
y selecting the most irradiated haloes. We also note that our SMS
MNRAS 531, 4584–4597 (2024) 
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Figure 2. We compare several models for calculating the stellar mass. We 
apply these to a representative dark matter halo branch (shown by the dashed 
black line), which is the most irradiated DCBH candidate from a randomly 
selected MC merger tree. The Behroozi et al. ( 2019 ) model is applied within 
the bounds of the fit, z ≤ 10 and M halo ≥ 10 10.5 M �. The stellar mass at 
the time of DCBH formation and until M halo exceeds 10 8.5 M � is calculated 
using the halo-stellar mass relation from Wise et al. ( 2014 ), fitting stellar mass 
to halo mass in a cosmological simulation run until z = 7 with dark matter 
haloes 10 6.5 ≤ M halo /M � ≤ 10 8.5 . Between these two fitting formulae, we 
interpolate in M halo -space anchoring the initial mass to the last point provided 
by Wise et al. ( 2014 ) and the first point provided by Behroozi et al. ( 2019 ). 
We also compare this approach to two alternative stellar mass calculations, 
M ∗ = f 

�b 
�m 

M halo for f = 0.05, 0.005. 
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andidates, by construction, reside in haloes in which no progenitor
as formed stars (enforced by the criterion that every progenitor has
 cooling time longer than the dynamical time). Ho we v er, e xternal
etal pollution from nearby haloes could still reduce somewhat the

umber of SMS candidates (Lupi et al. 2021 ). 
In the optimistic model, it is not clear if the five DCBH candidates

ill merge as their host haloes merge. We simplify accounting for
ergers by assuming the two haloes hosting a DCBH merge the BHs

nstantly and the resulting black hole remains at the centre of the
alo. While this o v ersimplifies black hole mergers, a careful account
hould be bounded by the optimistic and pessimistic cases excluding
ccounting for ejection. Ho we ver, see the Appendix for a discussion
f ejection, where we find that it is appropriate to assume that the
lack holes remain in the potential wells of their host halo after a
erger. 

.5 Calculating stellar and black hole mass 

e assign stellar masses to our haloes following a combination of
tting formulae in two different disjoint halo mass ranges. First,
e follow Behroozi et al. ( 2019 ), which uses a combination of

imulation data and observational constraints to fit median stellar
ass to halo mass and redshift. Specifically, we adopt the relations in

heir appendix J with constants adopted from their table J1. Constants
re chosen depending on the following: stellar mass (SM) being true
r observed; star-forming versus quenched (SF/Q); satellite or central
aloes (Sat/Cen); and including or excluding intrahalo light (IHL).
e choose row 15 of the table, corresponding to the true stellar
ass for star-forming central and satellite haloes. This only leaves

he option to exclude IHL (SM = True, SF/Q = SF, Sat/Cen = All,
HL = Excl). Equation J1 in Behroozi et al. ( 2019 ) comes from
est-fitting the median ratio of stellar mass to peak historical halo
ass ( M peak ), the maximum mass attained o v er the halo’s assembly

istory. For our MC merger trees which grow monotonically, M peak =
 halo at an y giv en snapshot. These formulae were fit and are applied

or haloes with mass 10 10 . 5 ≤ M halo / M � < 10 15 , at redshift z ≥ 10. 
The second fitting formula comes from Wise et al. ( 2014 ), which

nds stellar mass and halo mass statistics from a cosmological
imulation. In their table 1, they provide log( M vir ) and log( M ∗)
tatistics for 6.5 ≤ log ( M vir /M �) ≤ 8.5 in 0.5 dex bins. We interpolate
cross log( M vir ) to derive log( M ∗) for a given halo mass and apply this
o haloes with 10 6.5 ≤ M halo /M � ≤ 10 8.5 . We note that these statistics
re generated from a simulation that ran until z = 7.3, but we apply
hem to haloes with redshift z ≥ 6. For haloes with a mass between
hese two bounds, 8.5 ≤ log ( M vir /M �) ≤ 10.5, we calculate stellar

ass by interpolating across halo mass between the smallest mass
alculated with Behroozi et al. ( 2019 ) and the largest mass calculated
y Wise et al. ( 2014 ), for every branch. We show an example of our
tellar mass calculation in Fig. 2 , applied to a randomly selected MC
ranch. Though the DCBH formation mechanism assumes little to
o star formation at the time of forming the SMS and subsequent
lack hole seed, we follow this stellar mass description which gives
enerous estimates for the initial stellar mass, making our OMRL
alculations conserv ati ve. 

Black holes are assumed to form shortly after the haloes reach the
CT. Similar to S22 , we explore a range of parameters. Initial seed
lack hole masses in the Renaissance simulation are estimated
o fall within the range 10 4 M � ≤ M bh ≤ 10 6 M � where gravitational
ollapse to an SMBH is triggered by relativistic instability. We
ote that a resimulation of two of the atomic cooling haloes in
he Renaissance suite found lower SMS masses of M ≈ 10 2 –
0 4 M � (Regan et al. 2020a ), with higher J LW yielding a higher
NRAS 531, 4584–4597 (2024) 
ass. Ho we ver, the haloes in this resimulation experienced a much
maller J LW ( ∼10 J 21 ) than we investigate here ( ∼10 3 J 21 ), so we
xpect our seeds to be much more massive. We estimating the
nitial black hole mass to be some fraction of the baryonic material,
 0 = f cap 

�b 
�m 

M halo , with f cap ∈ { 0.1, 0.5 } . This typically yields black

oles with masses 10 4 –10 5 M �. The growth of these black holes is
ssumed to follow the Eddington rate 

˙
 bh = 

L edd 

εc 2 
= 

4 πGμm p M bh 

σT cε
= 

M bh 

τfold 
(11) 

ith speed of light c , gravitational constant G , mean molecular
eight μ ( μ ∼ 0.6 for ionized primordial H + He gas), proton
ass m p , Thomson cross-section σ T , and radiative efficiency ε. This

eads to a black hole mass given by M bh ( t ) = M 0 exp ( t / τ fold ) with
-folding time τ fold = ( σ T c ε)/(4 πμGm p ) ≈ 450 ε Myr. Assuming
fficiency ε ≈ 0.1, we consider τ fold ∈ { 40, 80 } Myr. We additionally
uench black hole growth when the mass of the black hole exceeds
 prescribed fraction of the baryonic matter in the halo, capping M bh 

f cap M halo �b / �m . To summarize, our simple model go v erns black
ole growth through f cap , τ fold , M halo , and M 0 (which is determined
y f cap and M halo ). 
We start the growth of our black holes immediately after formation.
hile stellar feedback could initially stunt black hole accretion in
ost ACHs, recent work has suggested that black holes born in biased

rogenitor haloes that end up in very massive haloes (such as the M
10 12 M � host explored in this work at z = 6) do not experience

ignificant stunting (e.g. see the comparisons between the left and
ight panels in fig. 12 in Inayoshi et al. 2020 ). 

.6 Calculating the o v ermassi v e relation lifetime 

e define the lifetime for an SMBH to satisfy an unusual mass ratio
s τOMRL = t f − t 0 where t 0 is the time when the black hole is formed
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Figure 3. Left: the redshift distribution of the ACT crossing for our most irradiated DCBH candidates. The most irradiated progenitors, orange, represent the 
most irradiated haloes at the point of the ACT crossing for each tree. The blue distributions represent the five most irradiated DCBH candidates during the 
ACT crossing. We consider a halo a DCBH candidate if it reaches this point without collapsing and forming stars before this (we assume this happens if the 
cooling time exceeds the Hubble time at all snapshots for all progenitors prior to this crossing). Right: showing the same haloes as the left figure, but plotting 
the distribution of the Lyman–Werner radiation intensity they experience at ACT crossing, J LW , and noting the fraction of ACH sites with J LW > J crit . 

a  

t  

a
t  

p  

l

3

3

I  

o  

m
m
m  

c  

c
T
l  

c
(  

h
 

o  

(
t  

t  

t  

r  

m
w
t
d
c
J

i  

w  

m  

t  

Figure 4. The evolution of the most Lyman–Werner irradiated DCBH 

candidate in each MC merger tree, beginning from the time when the halo 
crosses the atomic cooling threshold (ACT). The subsequent median mass of 
these haloes is shown in red. Dashed lines show the virial temperature, and 
we assume crossing the ACT happens when halo virial temperatures reach 
10 4 K. The curves near the bottom left represent small haloes that merge with 
the 10 12 M � halo near redshift z ∼ 6. 
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nd t f is the time when the black hole first crosses the minimum
hreshold for M bh / M ∗, typically chosen to be unity but other values
re explored below. This value gives a generous threshold where 
he mass relation is unambiguously abo v e the light seed formation
athway ( ∼10 −2 ), the high- z QSO mass relation ( ∼10 −2 ), and the
ocal SMBH relation ( ∼10 −3 ). 

 RESULTS  

.1 DCBH candidates and halo evolution 

n Fig. 3 , we show the redshift distribution and the J LW distribution
f our DCBH candidates at the time of crossing the ACT for the
ost irradiated haloes (orange, the pessimistic case) and the five 
ost irradiated haloes (blue, the optimistic case) from each MC 

erger tree. Following the method laid out in Section 2 , these DCBH
andidates are haloes that reach T vir = 10 4 K while satisfying the no-
ooling condition t cool > t hub at all snapshots for every progenitor. 
hese extremely irradiated haloes cross this threshold at somewhat 

arger redshifts than in previous works, where the time of ACT
rossing is typically dominated by haloes at redshift z ∼ 10–15 
e.g. see fig. 2 in Lupi et al. 2021 ). Our distribution is dominated by
aloes crossing closer to z ∼ 15–20. 
There are lik ely tw o reasons for this. The first is that our selection

f the most irradiated haloes with T vir = 10 4 K prefers lower mass
higher redshift) due to J LW tending to grow with redshift along 
he 10 4 K contour, until z ∼ 30. (see fig. 2 of Li et al. 2021 , where
he y e xplore the evolution of the primary progenitors of MC merger
rees and find that the median J LW tends to grow up to ∼10 3 at
edshift z = 30, then sharply declines at higher redshift). This non-
onotonic behaviour can be explained by the onset of star formation, 
hich causes the initial increase in J LW , eventually being offset by 

he merger of star-hosting haloes. These mergers cause the average 
istance between active regions to begin to grow and outpace the 
ontribution from star formation, resulting in a steady decline of 
 LW . The second reason that our redshift distribution is higher than 
n previous work is due to the nature of MC merger trees. Other
orks which investigate ACHs and the redshift of the ACT crossing
ay compare haloes in a comoving v olume, b ut do not guarantee that

hey merge into the SMBH’s halo near redshift z = 6, whereas our
C merger trees focus on haloes in extremely biased dense regions
hich are guaranteed to end up in the 10 12 M � halo at redshift z =
 by construction. This biases our selection to the slightly more
assive progenitors which tend to cross the ACT at higher redshifts.
iven this, the most irradiated haloes at the time of ACT crossing

epresent the outliers, and the majority of the DCBH candidates cross
his threshold at lower redshifts. 

We also show the value of J LW at the time of the ACT crossing in
ig. 3 . While previous work has found that a v oiding star formation
nd achieving DCBH candidacy requires J LW ≥ J crit = 10 3 , most
f our DCBH haloes do not experience these levels of radiation, as
ynamical heating from rapid mergers contributes to offsetting most 
 2 cooling, preventing fragmentation and star formation prior to the 
CT. For the pessimistic case, 38.4 per cent of our 10 000 ACHs

xperience J LW ≥ J crit . For the optimistic case, 12.5 per cent of our
0 000 ACHs experience J LW ≥ J crit . 
In Fig. 4 we show the evolution of the most irradiated DCBH

andidate from each MC merger tree, as well as the median mass of
MNRAS 531, 4584–4597 (2024) 
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M

Figure 5. The co-evolution diagram comparing black hole and stellar mass. Orange shows black holes with the most (solid) and least (dashed) massive final 
mass, along with the median black hole and stellar mass for our DCBHs (blue circles). We compare our DCBH evolution to their light-seed counterparts, with 
growth parameters being the same but starting with 10 and 100 M � seeds. Left represents the pessimistic case where only the most irradiated halo of each tree 
forms a DCBH and the right shows the optimistic case where the five most irradiated haloes form DCBH candidate sites from each tree form a DCBH and 
ev entually merge. F or τ fold = 80 (top), the black holes rarely reach the cap we imposed by the fraction f cap = 0.1 of the total baryonic mass in the halo, and 
the discrepancy in mass between the three seeds is roughly fixed over different values of M ∗. With more efficient growth, τ fold = 40 (bottom), the final mass is 
roughly independent of initial seed mass, as the growth is limited by the cap. Grey points show the high- z quasar samples compiled by Izumi et al. 2019 , with 
stellar mass calculated from [C II ]-based dynamical mass conversions calibrated in low-redshift galaxies (Tacconi et al. 2018 ; see also Hu et al. 2022b ). We also 
plot the recent JWST observations compiled in Table 1 (crosses). 
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hese haloes abo v e T vir = 10 4 K for each snapshot. We also compare
he co-evolution of black holes and the stellar mass of their hosts in
ig. 5 . We show the evolution of the most and least massive black
ole at z = 6, as well as the median black hole and stellar mass
or each snapshot. Left panels show the pessimistic case and right
anels show the optimistic case. All panels show black hole growth
ith f cap = 0.1, though top panels show τ fold = 80 Myr and the
ottom panels show τ fold = 40. For reference, we show the high- z
uasar samples compiled by Izumi et al. ( 2019 ). We also show the
 bh / M ∗ ratio of 1:1 (the ratio we typically use in most of our OMRL
NRAS 531, 4584–4597 (2024) 
 v aluations in the next section) along with a 1: 100, the standard
atio for the Pop III formation pathway and most of the observed
MBHs at high redshift. We compare the evolution of our DCBHs

o their light-seed counterparts, using the same model for growth,
ut with an initial mass of 10 and 100 M �. We also compare these
esults to recent JWST observations, with their M bh and M ∗ compiled
n Table 1 . 

The largest black hole at z = 6 is similar for all panels ( ∼10 10 M �)
ith a mass ratio of nearly 1:1. The smallest black hole varies by

lmost an order of magnitude for different models of BH growth,
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Table 1. A collection of recently disco v ered high-redshift massive black holes. We share their black hole 
mass and the stellar mass of their host, if known. UHZ1 has a mass relation of ∼1, while several other black 
holes have M bh – M ∗ relations ∼0.1, making these black holes heavy seed candidates. 

Source/ID z M bh /M � M ∗/M � References 

UHZ1 10.3 4 × 10 7 4 × 10 7 Bogd ́an et al. ( 2024 ) 
GHZ9 10 8 × 10 7 ∼3 × 10 8 Kov ́acs et al. ( 2024 ) 
JADES GN 1 146 115 6.68 4 × 10 8 8.3 × 10 8 Juod ̌zbalis et al. ( 2024 ) 
CEERS 1670 5.242 1.3 × 10 7 < 6 × 10 9 Kocevski et al. ( 2023 ) 
CEERS 3210 5.642 0.9–4.7 × 10 7 < 6 × 10 10 Kocevski et al. ( 2023 ) 
CEERS 1019 8.679 9 × 10 6 3 × 10 9 Larson et al. ( 2023 ) 
GN-z11 10.6 1.6 × 10 6 8 × 10 8 Maiolino et al. ( 2024 ) 
COSW-106725 7.65 ≥6.4 × 10 8 8.3 × 10 11 Lambrides et al. ( 2024 ) 
Abell2744-QSO1 7.0451 3 × 10 7 < 1.4 × 10 9 Furtak et al. ( 2023 ) 
PEARLS/NEP-21567 14.1 3.6 × 10 5 ? Nabizadeh et al. ( 2024 ) 
PEARLS/NEP-22802 8.2 1.5 × 10 6 ? Nabizadeh et al. ( 2024 ) 
J0100 + 2802 6.327 1.15 × 10 10 < 3.38 × 10 11 Yue et al. ( 2024 ) 
J0148 + 0600 5.977 7.79 × 10 9 5.49 × 10 10 Yue et al. ( 2024 ) 
J1030 + 0524 6.304 1.53 × 10 9 < 4.46 × 10 10 Yue et al. ( 2024 ) 
J159–02 6.381 1.24 × 10 9 1.38 × 10 10 Yue et al. ( 2024 ) 
J1120 + 0641 7.085 1.19 × 10 9 6.45 × 10 9 Yue et al. ( 2024 ) 
J1148 + 5251 6.422 4.36 × 10 9 8.5 × 10 10 Yue et al. ( 2024 ) 
UNCOVER-20466 8.50 1.47 × 10 8 5 × 10 8 Kokorev et al. ( 2023 ) 
J0371 + 4459 5.01 5 × 10 9 ≤5 × 10 10 Stone et al. ( 2024 ) 
J1340 + 2813 5.36 6.3 × 10 9 ≤6.3 × 10 10 Stone et al. ( 2024 ) 
J2239 + 0207 6.25 ≥3.5 × 10 8 ≤2.5 × 10 10 Stone et al. ( 2023 , 2024 ) 
J2236 + 0032 6.40 1.4 × 10 9 1.3 × 10 11 Ding et al. ( 2023 ) 
J2255 + 0251 6.34 2.0 × 10 8 3.4 × 10 10 Ding et al. ( 2023 ) 
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eing as small as 10 6 M � and up to 10 7 M �, with a mass ratio well
elow 10 −2 . The smallest black holes represent the late-forming 
CBHs which then quickly merge with the 10 12 M � halo at z = 6,

eaving little time for BH growth. 
The median black hole mass is larger in the optimistic cases than in

he pessimistic cases for any given stellar mass abo v e M ∗ > 10 8 M �,
ut the pessimistic cases have larger black holes below this stellar
ass. This is likely due to the most irradiated haloes typically being
ore massive (as J LW increases with mass) and initially experiencing 
 smaller halo gro wth, allo wing the hosted black hole to grow faster
elative to the surrounding stellar mass. In both cases, the black holes
nitially start with a ratio of ∼10, then grow slightly, before reaching
 near M ∗ = 10 6 M �. This initial ratio of our black holes is indicative
f the stellar mass calculation o v erpredicting the initial stellar mass,
here DCBHs typically have ratios closer to 10 3 . 
Comparing the light seed and heavy seed models in Fig. 5 , we

nd that the final mass varies dramatically depending on the chosen 
fold . We also note that the influence of mergers is negligible on final
edian mass of our black holes (comparing the left panels to the

ight panels). With extremely aggressive black hole growth, ( τ fold = 

0, bottom panels), light seeds formed in these ACHs can account for
he SMBHs observed at high redshift, but even in this case, the mass
elation at higher redshift ( z ≥ 10) is typically below 10 −2 . If we
ompare the light and heavy seed models in this figure to the recent
igh-redshift low-mass SMBH observations, we find that almost 
 very observ ation is more consistent with the light seed model, with
he exception of UHZ1. See Section 4 for further discussion of these
bservations. 

.2 The o v ermassi v e relation lifetimes of the DCBHs 

n Fig. 6 , we calculate distribution of the OMRLs of the DCBHs,
hich, as defined abo v e, is the total time elapsed from black hole

ormation until the M bh / M ∗ relation falls below a fixed ratio M bh / M ∗
1 (top) and M bh / M ∗ ≤ 0.1 (bottom). We compare the OMRL distri-
utions for several black hole growth parameters, with τ fold ε{ 40, 80 }
yr and f cap ε{ 0.1, 0.5 } , for both the pessimistic (left) and optimistic

right) case. We also compute the fraction of the DCBHs which have
aintained their o v ermassiv e signature for a given duration (i.e. 1 −
DF, where CDF is the cumulative distribution function), shown in 
lack. For models with the most aggressive BH growth (the bottom
eft panels), most lifetimes exceed 600 Myr. For the least aggressive
H growth (the top right panels), the lifetimes are much shorter,
here the median is usually ∼200 Myr. 
Comparing these distributions to the MMH and most Lyman–
erner irradiated halo (LWH) from S22 , these target haloes are not

ecessarily outliers, though we note that their OMRL is not sensitive
o the growth parameters. This is caused by the growth of the MMH
nd LWH haloes being relatively modest until a merger with a much
arger halo near redshift z = 8, meaning the MMH and LWH have
 well established OMBG relation for most growth parameters until 
his merger wipes out the OMBG property after ∼400 Myr. 

The median OMRL in Fig. 6 is calculated with a minimum ratio
f M bh 

M ∗ = 1 (top) and M bh 
M ∗ = 0 . 1 (bottom), but we explore the effect

f varying this ratio in Fig. 7 . We plot the median OMRL against
he minimum ratio M bh 

M ∗ , with error bars showing 10th (bottom) and
0th percentile (top) of the OMRLs. As usual, the left shows the
essimistic case and the right shows the optimistic case. We find
hat with a minimum ratio similar to local values of 10 −3 , most of
he black holes have an OMRL greater than 600 Myr. At the other
xtreme with a minimum ratio of 10 3 , nearly 100 per cent of the black
oles drop below this immediately. This is conservative though, as 
ur initial stellar mass calculations are generous given the DCBH 

cenario meaning our initial M bh / M ∗ ratios are also conserv ati ve. 
With a minimum ratio of 10 −1 , an order of magnitude abo v e the

atio for SMBHs at high redshift, the median v alues v ary from 300 to
00 Myr depending on the model for black hole growth. This means
hat some of these black holes will be detectable into a redshift
MNRAS 531, 4584–4597 (2024) 
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M

Figure 6. The OMRL distribution for our DCBH candidate haloes. The OMRL is calculated using the difference in time between the assembly of the black 
hole (assumed to happen almost immediately after crossing the ACT) and the first instance when M bh / M ∗ < 1 (top) and M bh / M ∗ < 0.1 (bottom). Left shows 
the case where only the most irradiated DCBH candidate forms a massive seed. Right shows a more optimistic assumption for growth, where the five most 
irradiated DCBH in each tree form a massive seed, and the black holes in each tree merge before z = 6, though we only plot the OMRL of the earliest DCBH 

candidate halo. Dashed vertical lines show the median lifetime for each distribution and the solid black curves show the fraction of OMBGs which still hold an 
outstanding relation, ranging from 1 in the top left and ending at 0 in the bottom right of each panel. We compare these OMRLs to the MMH (shown in orange) 
and LWH (shown in blue) haloes explored in Wise et al. ( 2019 ) and Scoggins et al. ( 2022 ). These OMBG candidates are hosted by haloes that experience slow 

growth until merging with a much more massive halo at redshift z = 8, making them less sensitive to growth parameters. 
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ust beyond the redshift of the observed quasars near z = 6, with
ost observable at even higher redshifts. This means the heavy

eed mechanism should be distinguishable from other formation
athways. 

.3 Number density of OMBGs 

iven that the OMRLs of the DCBHs are maintained into a redshift
etectable by JWST and X-ray surv e ys (see Section 4 for a discussion
f detecting this mass relation), we are moti v ated to calculate their
xpected number density. First, we calculate N r ( z), the average
umber of haloes that have a mass ratio abo v e r at redshift z, by
veraging the total number of haloes with an outstanding relation
cross all 10 000 trees for each snapshot. The results are shown in
he top panels of Fig. 8 , varying the parameters for BH growth, with
he total number of DCBH sites shown in black. N r ( z) represents
he expected number of outstanding haloes for every ∼10 12 M � halo
ear redshift z = 6. The results are very sensitive to the number
NRAS 531, 4584–4597 (2024) 
f DCBH candidates which actually go on to form DCBHs. The
op left, showing the pessimistic case of one DCBH per tree, sets
 lower bound for the expected number of outstanding DCBH sites
er ∼10 12 M � halo as a function of redshift. At redshift z > 20,
ess than 1/3 of DCBHs have formed. DCBH formation is complete
ear redshift z = 10 when the total number of DCBH candidates
pproaches 1. The expected number of OMBGs varies for each
rowth parameter but tends to peak near redshift z = 12. The results
or the top right panel (the optimistic case, assuming five DCBHs
er tree) are similar in shape to the top left panel, though larger
n magnitude. The number of outstanding sites again peaks near
edshift z = 12 for every model for growth. The total number of
CBH candidates does not flat-line, instead peaking near redshift
 = 12, with N r (12) ∼ 4 . 2, then approaching 1 as the DCBHs merge.

The comoving number density of haloes with mass 11.5 ≤
og ( M halo /M �) ≤ 12.5 at redshift z = 6 is n 1e12 ≈ 2 × 10 −5 

Mpc −3 (calculated using the halo mass function in Murray, Power &
obotham 2013 ). We approximate the DCBH results from our MC
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Figure 7. The median OMRL versus the minimum ratio which determines the OMRL, for a pessimistic case, assuming only the most irradiated DCBH site 
forms an SMS and BH seed (left), and an optimistic case assuming the five most irradiated DCBH sites form BH seeds (right) and with 80 per cent error bars. 
For a minimum ratio of 0.1, more than half of the sites in both cases live through z ≤ 10, with the optimistic case yielding an even higher fraction. 

Figure 8. Top: the average number OMBGs per tree (i.e. per 10 12 M � halo) with M bh / M ∗ > 1, e v aluated at each redshift. We compare dif ferent gro wth models, 
varying the e-folding time τ fold and black hole mass cap f cap . The black line shows the total number of DCBHs, regardless of the relation between black hole 
mass and stellar mass. The right vertical axis labels show the corresponding number density, given that the abundance of haloes with mass 11.5 ≤ log ( M halo /M �) 
≤ 12.5 at redshift z = 6 is n 1e12 = 2 × 10 −5 cMpc −3 . Bottom: the total number of outstanding ( M bh / M ∗ > 1) haloes shown per unit redshift per square arcmin. 
The black lines show the total number of DCBH candidates. The vertical right axis labels give the expected number of objects per unit redshift per JWST 
NIRCam field. The left columns again show the pessimistic case, and the right shows the optimistic case. 
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erger trees as being representative of haloes in this mass range 
nd use this number density to determine the expected number 
ensity for outstanding DCBHs. The results of this conversion 
re shown by the labels on the right axis of the top panels in
ig. 8 . We check the consistency of our DCBH number density
gainst the results from Regan et al. ( 2020b ), where they calculate a
CBH seed number density of 0.26 cMpc 3 in the Renaissance

imulation. Accounting for the rarity of the simulated o v erdensity,
hey conclude that the global number density should be 3 to 4
rders of magnitude smaller. This results in a global DCBH seed
MNRAS 531, 4584–4597 (2024) 
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ensity of ∼2.6 × 10 −5 –2.6 × 10 −4 cMpc −3 . This lower bound is
reater than the number density predicted from our pessimistic case
which predicts a maximum number density of ∼2 × 10 −5 cMpc −3 ),
uggesting that our pessimistic case is extremely conserv ati ve. The
esults from our optimistic case, with a peak number density of
 × 10 −5 cMpc −3 , are in better agreement with the results from
egan et al. ( 2020b ). 
Combining n 1e12 with the physical volume per unit redshift per

nit solid angle, d V 
d �d z = d 2 A ( z) c d t d z where d t 

d z = 
1 

H ( z )(1 + z ) , d A ( z) = 
d( z) 
1 + z 

s the angular diameter distance, and d ( z) is the comoving distance,
hen the number of outstanding DCBH sites per unit redshift per
olid angle is given by 

d N 

d zd �
( z) = n DCBH ( z) 

d V 

d �d z 
(1 + z) 3 , (12) 

= c N r ( z ) n 1e12 
d( z ) 2 

H ( z ) 
, (13) 

here n DCBH ( z) = N r ( z) n 1e12 is the outstanding DCBH comoving
umber density. The results are shown in the bottom panels of Fig. 8 .
gain, the optimistic and pessimistic cases are similar in shape for

he outstanding DCBHs but differ in magnitude. Within the redshift
ange z = 6–15, in the pessimistic case, we expect there to be � 0.01
CBHs arcmin −2 dz −1 , or roughly 10 6 dz −1 on the sky in total per
nit redshift. With a JWST NIRCam field of 9.7 arcmin 2 , we expect
p to 0.1 objects per field per unit redshift. For the optimistic case,
e expect roughly ∼5 × 10 6 dz −1 , up to 1 object per JWST NIRCam
eld per unit redshift. 

 DISCUSSION  

hile this work has focused on MC trees which evolve into a 10 12 M �
alo at redshift z = 6, SMBH host haloes near this redshift can be
omewhat larger. Arita et al. ( 2023 ) estimates the masses of 107
uasar hosts at redshift z ∼ 6 and find them to be ∼7 × 10 12 M �
y the projected correlation function, or ∼7 times larger than the
aloes explored in this work. Larger haloes would be composed of
rogenitors that experience more frequent mergers or mergers with
arger haloes, leading to increased dynamical heating, and likely more
CBH candidates. Being more massive on average, these DCBH

andidates could also cross the ACT and form SMSs/black holes at
arlier times, resulting in more massive black holes at each redshift.
o we ver, the stellar mass would also be larger, so we expect our
MRLs calculated using 10 12 M � haloes to be comparable. 
Comparing our results to a similar exploration in Visbal & Haiman

 2018 ), where they analysed a 20 comoving Mpc box, starting at z =
0, and tracked the evolution of the M bh / M ∗ relation in ACHs within
his volume. They also find that these sites have outstanding relations,
hough their outstanding relations last ∼100 Myr. We can attribute
hese differences to two effects: (1) we focus on the haloes that end
p in a 10 12 M � halo and (2) we consider the evolution prior to the
CT, filtering out haloes that would have experienced star formation.
hese effects fa v our more massive, rapidly merging, higher redshift
CHs which would lead to a longer OMRL. The contrast between

hese two works highlights the idea that forming a DCBH earlier and
n an o v erdense re gion (such as the haloes we have explored which
erge with a 10 12 M � halo), increases the OMRL (see also Lupi

t al. 2021 ). 

.1 Searching for OMBGs 

everal recent works have focused on detecting and measuring the
roperties of high-redshift SMBHs on the low-mass end, or to image
NRAS 531, 4584–4597 (2024) 
heir hosts’ stellar light with JWST (e.g. Bezanson et al. 2022 ; Ding
t al. 2023 ; Furtak et al. 2023 ; Goulding et al. 2023 ; Harikane et al.
023 ; Kocevski et al. 2023 ; Kokorev et al. 2023 ; Larson et al. 2023 ;
aiolino et al. 2023 ; Pacucci et al. 2023 ; Übler et al. 2023 ; Whalen,

atif & Mezcua 2023 ; Barro et al. 2024 ; Juod ̌zbalis et al. 2024 ;
ov ́acs et al. 2024 ; Lambrides et al. 2024 ; Maiolino et al. 2024 ;
atthee et al. 2024 ; Nabizadeh et al. 2024 ; Natarajan et al. 2024 ;

tone et al. 2024 ; Yue et al. 2024 ). In this section, we briefly discuss
ome of these observations and note these SMBHs approach the mass
ange where they can be probed by the M bh / M ∗ relation. We compile
hese low-mass SMBHs in Table 1 . Establishing the SMBH’s location
n the M bh / M ∗ relation will help distinguish between heavy and light
eeds. 

One of the objects most rele v ant to this work includes the disco v ery
f a DCBH candidate, detailed in Bogd ́an et al. ( 2024 ). Using the
handra X-ray Observatory, they identify the black hole UHZ1 in
 gravitationally lensed galaxy, behind the cluster lens Abell 2744.
lthough based only on a few detected X-ray photons, the bolometric

uminosity is estimated to be L ∼ 5 × 10 45 erg s −1 and assuming
ddington accretion, the implied black hole mass is 4 × 10 7 M �.
omparing this to two different estimates for the surrounding stellar
ass, 4 × 10 7 M � (Castellano et al. 2023 ) and 7 × 10 7 M � (Atek

t al. 2023 ), these observations suggest that if UHZ1 indeed harbours
 low-mass SMBH, it is an OMBG with M bh / M ∗ ∼ 1 (Goulding et al.
023 ; Natarajan et al. 2024 ), meaning this could be a black hole
hat originates from direct-collapse, or similar heavy seed models.

halen et al. ( 2023 ) presents estimates for the radio flux of UHZ1
nd estimates the required integration time of 10–100 h and 1–10 h for
quare Kilometer Array and Very Large Array , respectively , which
ould put even better constraints on this black hole’s properties.
iven the current measurements, we find that UHZ1 is consistent
ith the evolution of our DCBHs, shown in Fig. 5 . 
We also highlight other DCBH candidates. The first, detailed in

ocevski et al. ( 2023 ), is a black hole of mass 1.47 × 10 8 M �.
y modelling the spectral energy distribution in optical and near-

nfrared, they find that the host halo has a stellar mass < 5 × 10 8 M �.
his leads to M bh / M ∗ � 0.3. Another o v ermassiv e candidate from

he JWST Advanced Deep Extragalactic Surv e y (JADES) surv e y,
etailed in Juod ̌zbalis et al. ( 2024 ), includes a black hole of mass
 × 10 8 M � which yields a relation of M bh / M ∗ � 0.4. Finally, we
ention the OMBG candidate GHZ9 at z ∼ 10, with a black hole
ass of 8 × 10 7 M � and a stellar mass of ∼3 × 10 8 M � (Kov ́acs

t al. 2024 ; Wang et al. 2024 ). 
Se veral additional ne w SMBHs at redshift z ∼ 6 were identified

ecently in Yue et al. ( 2024 ). The six SMBHs discussed in this
ork have an estimated M bh / M ∗ ratio similar to 10 −1 . While this is

lmost an order of magnitude larger than the typical SMBH mass
elation, given the large masses of these SMBHs, their location in
ig. 5 suggests that they could still be consistent with light seeds
hich hav e e xperienced rapid growth. This illustrates the need to
nd lower-mass SMBHs for the M bh / M ∗ ratio diagnostic to be useful.
Other recent observations include evidence for black holes that

a ve ev olved from light seeds (and may be experiencing super-
ddington accretion) or heavy seeds that have lost their relation.
ocevski et al. ( 2023 ) find two SMBHs, with masses ∼10 7 M �.
hey estimate the surrounding stellar mass and find that the M bh / M ∗

atio is 10 −2 . While this is abo v e location relations (10 −3 ), it is no
onger possible to determine if this was once an OMBG which has
ormalized it relation, or if it started as a light seed. Furtak et al.
 2023 ) find a black hole with a similar relation, while Lambrides
t al. ( 2024 ) find a black hole with a lower-limit of 10 −3 on the
elation, but potentially much higher. Observations also include a
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lack hole at z = 8.679, with a mass of ∼10 7 M �, accreting at
.2 times the Eddington limit (Larson et al. 2023 ) and a black hole
t z = 10.6, with a mass of ∼10 6 M �, accreting at ∼5 times the
ddington limit (Maiolino et al. 2024 ). The estimated stellar mass of

hese places their M bh / M ∗ relation at 10 −3 , not only well below the
MBG relation, but also below the high-redshift SMBH relation of 
0 −2 . 
While we have focused on the mass relation, DCBHs should 

lso contain unique spectral signatures (Pacucci et al. 2015 , 2016 ;
nayoshi et al. 2022 ; Nakajima & Maiolino 2022 ). Using these
nique spectral features, Nabizadeh et al. ( 2024 ) finds two DCBH
andidates in the Prime Extragalactic Areas for Reionization and 
ensing Science (PEARLS) surv e y. With future work to determine 

he stellar mass of their hosts, their place in the M bh / M ∗ relation could
orroborate their DCBH candidacy. These exciting observations are 
o doubt just a first glimpse into the future of JWST ’s role in probing
he origin of massive black holes at early cosmic times. Our results
uggest that we should find many more heavy seeds in the future,
hich can be safely distinguished from light-seed scenarios. 
Recently, Zhang et al. ( 2023 ) have presented and applied their

RINITY model to predict halo-galaxy–SMBH connections. They 
onclude that recent JWST active galactic nuclei are broadly con- 
istent with their model. Ho we v er, the y note that UHZ1 is only
arginally consistent, and also conclude that it may be in an OMBG

hase. 
Alternatively, recent work has suggested that these black holes 

re not inconsistent with local mass relations (Li et al. 2022 ,
024 ). Rather, these black holes may appear o v ermassiv e due to
 combination of effects including selection biases and measurement 
ncertainties. Though Pacucci et al. ( 2023 ) argues that recent mea-
urements are significant enough to suggest an intrinsic o v ermassiv e
elation, future observations and impro v ed measurements will help 
larify this possibility. 

 CONCLUSIONS  

he heavy-seed pathway, and specifically the so-called direct- 
ollapse black hole scenario producing 10 5–6 M � ‘seed’ black holes, 
emains a promising explanation for the origin of SMBHs of M ≥
0 9 M � at redshift z ∼ 6. At their birth, DCBHs have a uniquely large
H mass to host stellar mass ratio, as emphasized by e.g. Agarwal
t al. ( 2013 ). S22 measured the lifetime for two DCBH candidates
so-called MMH and LWH, identified by Wise et al. 2019 ) for which
hey remain strong outliers in the M bh / M ∗ relation. They find that
oth candidates indeed remain strong outliers down to redshift z ∼
 (when they both fall into massive ∼10 11 M � haloes), well into a
ange where they are potentially detectable by JWST and sensitive 
-ray telescopes. 
In this paper, we followed up on S22 using Monte-Carlo merger 

rees to analyse the statistics of the OMRL in up to 50 000 DCBHs
cross the assembly history of 10 4 dark matter haloes reaching 
0 12 M � at z = 6. Using a simple semi-analytic model that accounts
or Lyman–Werner irradiation and dynamical heating, we find that 
ach merger tree has 400–1200 DCBH candidates at the time of
rossing the ACT. We considered two cases, a pessimistic case where 
nly the most irradiated of these candidates from each tree go on to
orm a DCBH, and an optimistic case where the five most irradiated
aloes form DCBHs. We find that in both cases, a significant fraction
emain strong outliers in the M bh / M ∗ relation, down to redshifts where
hey become detectable by JWST . Depending on the minimum mass
atio used to e v aluate the OMRL, we find that up to 60 per cent are
till outliers at redshift z = 10, with a comoving number density
10 −5 cMpc −3 . We expect to find up 0.1–1 OMBG in each JWST
IRCam field per unit redshift. 
We discussed several recently observed DCBH candidates, com- 

iled in Table 1 . Most of these objects are still consistent either with a
assive seed or a Pop III stellar-mass seed origin. Ho we ver, Bogd ́an

t al. ( 2024 ) has identified a particularly tantalising candidate black
ole, UHZ1, at z = 10.3, for which they inferred M bh / M ∗ ∼ 1. If
his object is confirmed to be such a strong outlier, it very strongly
a v ors a massive-seed origin. Future low-mass SMBH disco v eries,
nd their placement in the M bh / M ∗ relation, will help diagnose the
ormation pathway of SMBHs with masses ≥10 9 M � at redshift z ≥
. 

Finally, as discussed in S22 , we note that the M bh / M ∗ ∼ 1 mass-
atio test is not unique to the direct-collapse scenario, but applies to
ost heavy seeds in general, for which the requirement is to form in
 pristine atomic-cooling halo. Our conclusions therefore similarly 
old for those scenarios. 
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ogd ́an Á. et al., 2024, Nat. Astron. , 8, 126 
ogdanovi ́c T. , Reynolds C. S., Miller M. C., 2007, ApJ , 661, L147 
osman S. E. I. , 2022, All z > 5.7 Quasars Currently Known, Version 1.15 
astellano M. et al., 2023, ApJ , 948, L14 
hon S. , Hirano S., Hosokawa T., Yoshida N., 2016, ApJ , 832, 134 
ole S. , Lacey C. G., Baugh C. M., Frenk C. S., 2000, MNRAS , 319, 168 
MNRAS 531, 4584–4597 (2024) 

https://github.com/mscoggs/dcbh_relation_lifetime
http://dx.doi.org/10.1111/j.1365-2966.2012.21651.x
http://dx.doi.org/10.1093/mnras/stt696
http://dx.doi.org/10.1093/mnras/stw929
http://dx.doi.org/10.3847/1538-4357/ace43a
http://dx.doi.org/10.1093/mnras/stad1998
http://dx.doi.org/10.1086/590927
http://dx.doi.org/10.1016/S0370-1573(01)00019-9
http://dx.doi.org/10.3847/1538-4357/ad167e
http://dx.doi.org/10.1093/mnras/stu2284
http://dx.doi.org/10.1093/mnras/stz1182
http://arxiv.org/abs/2212.04026
http://dx.doi.org/10.1093/mnras/sty208
http://dx.doi.org/10.1038/s41550-023-02111-9
http://dx.doi.org/10.1086/518769
http://dx.doi.org/10.3847/2041-8213/accea5
http://dx.doi.org/10.3847/0004-637X/832/2/134
http://dx.doi.org/10.1046/j.1365-8711.2000.03879.x


4596 M. T. Sco g gins and Z. Haiman 

M

D  

D
D
D
E
F
F  

F
G
G
G
G  

H  

H
H
H
H  

H
H  

H  

H  

H
I  

I
I  

I
I  

I
J
K
K
K
K  

L
L
L  

L  

L
L
L
L
M
M
M
M
N
N
N  

O  

O
P  

P  

P  

P
P  

P
P
R  

R  

R  

S  

S
S  

S
S
S  

S  

S  

T
T
T
T
T  

T  

U
U  

V  

V
V  

V
V
V
W
W  

W  

W  

W
W
W  

X  

Y
Y
Z

A
E

I  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/4584/7693149 by Institute of Science and Technology Austria user on 01 O
ctober 2025
ijkstra M. , Haiman Z., Mesinger A., Wyithe J. S. B., 2008, MNRAS , 391,
1961 

ijkstra M. , Ferrara A., Mesinger A., 2014, MNRAS , 442, 2036 
ing X. et al., 2023, Nature , 621, 51 
raine B. T. , Bertoldi F., 1996, ApJ , 468, 269 
scala A. , 2021, ApJ , 908, 57 
an X. , Ba ̃ nados E., Simcoe R. A., 2023, ARA&A , 61, 373 
errara A. , Salvadori S., Yue B., Schleicher D., 2014, MNRAS , 443,

2410 
urtak L. J. et al., 2023, Nature , 628, 57 
alli D. , Palla F., 1998, A&A , 335, 403 
lo v er S. C. O. , 2015, MNRAS , 453, 2901 
oulding A. D. et al., 2023, ApJ , 955, L24 
reif T. H. , Springel V., White S. D. M., Glo v er S. C. O., Clark P. C., Smith

R. J., Klessen R. S., Bromm V., 2011, ApJ , 737, 75 
aemmerl ́e L. , Woods T. E., Klessen R. S., Heger A., Whalen D. J., 2018,

MNRAS , 474, 2757 
aiman Z. , Rees M. J., Loeb A., 1996, ApJ , 467, 522 
aiman Z. , Rees M. J., Loeb A., 1997, ApJ , 476, 458 
arikane Y. et al., 2023, ApJ , 959, 39 
irano S. , Hosokawa T., Yoshida N., Kuiper R., 2017, Science , 357,

1375 
ollenbach D. , McKee C. F., 1979, ApJS , 41, 555 
osokawa T. , Hirano S., Kuiper R., Yorke H. W., Omukai K., Yoshida N.,

2016, ApJ , 824, 119 
u H. , Inayoshi K., Haiman Z., Quataert E., Kuiper R., 2022a, ApJ , 934,

132 
u H. , Inayoshi K., Haiman Z., Li W., Quataert E., Kuiper R., 2022b, ApJ ,

935, 140 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 

liev I. T. , Scannapieco E., Martel H., Shapiro P. R., 2003, MNRAS , 341,
81 

nayoshi K. , Omukai K., Tasker E., 2014, MNRAS , 445, L109 
nayoshi K. , Haiman Z., Ostriker J. P., 2016, MNRAS , 459,

3738 
nayoshi K. , Visbal E., Haiman Z., 2020, ARA&A , 58, 27 
nayoshi K. , Onoue M., Sugahara Y., Inoue A. K., Ho L. C., 2022, ApJ , 931,

L25 
zumi T. et al., 2019, PASJ , 71, 111 
uod ̌zbalis I. et al., 2024, preprint ( arXiv:2403.03872 ) 
ocevski D. D. et al., 2023, ApJ , 954, L4 
okorev V. et al., 2023, ApJ , 957, L7 
ov ́acs O. E. et al., 2024, ApJ , 965, L21 
ulkarni M. , Visbal E., Bryan G. L., 2021, ApJ , 917,

40 
ambrides E. et al., 2024, ApJ , 961, L25 
arson R. L. et al., 2023, ApJ , 953, L29 
atif M. A. , Schleicher D. R. G., Schmidt W., Niemeyer J., 2013, MNRAS ,

433, 1607 
atif M. A. , Niemeyer J. C., Schleicher D. R. G., 2014, MNRAS , 440,

2969 
i W. , Inayoshi K., Qiu Y., 2021, ApJ , 917, 60 
i J. et al., 2022, ApJ , 931, L11 
i J. et al., 2024, preprint ( arXiv:2403.00074 ) 
upi A. , Haiman Z., Volonteri M., 2021, MNRAS , 503, 5046 
aiolino R. et al., 2023, preprint ( arXiv:2308.01230 ) 
aiolino R. et al., 2024, Nature , 627, 59 
atthee J. et al., 2024, ApJ , 963, 129 
urray S. G. , Power C., Robotham A. S. G., 2013, Astron. Comput. , 3, 23 
abizadeh A. et al., 2024, A&A , 683, A58 
akajima K. , Maiolino R., 2022, MNRAS , 513, 5134 
atarajan P. , Pacucci F., Ricarte A., Bogd ́an Á., Goulding A. D., Cappelluti
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Figure A1. Top: the redshift distribution of 40 000 mergers across 10 4 MC 

merger trees, hosting a total of 50 000 DCBH candidate haloes (five per tree). 
Middle: the mass ratio of the BH mergers. Black holes are assumed to grow 

exponentially with an e-folding time-scale of τ cap = 80 Myr until they reach 
a fraction f cap = 0.1 of the total baryon mass of the halo, although we find 
that the mass ratio, and the resulting recoil velocity, is similar for different 
growth parameters. Bottom: the distribution of the ratio of recoil versus escape 
velocity. We find that 85 per cent of mergers have a recoil velocity less than 
the escape velocity. Our escape velocity was conserv ati vely estimated by 
calculating the escape velocity at the virial radius of the halo. 
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lly merge into the final DM halo at z = 6. We have as-
umed that the DCBHs within these haloes also merge, doing 
o instantly. We have ignored the possibility of ejection. Here, 
e briefly discuss a few merger statistics and the possibility of

jection. 
We approximate the escape velocity for the black hole at the 

irial radius of the halo, which results in a conserv ati ve estimate
or escape velocity (where leaving the centre of the halo would 
equire more energy), and calculate the recoil velocity following 
aker et al. ( 2008 ). The recoil velocity is dependent on several
arameters, namely the ratio of the masses, the angles between the 
lack hole spin vectors, and the binary orbital angular momentum 

ector. Moti v ated by Bogdanovi ́c, Reynolds & Miller ( 2007 ) who
rgues that external torques during infall help align the black 
oles, we assume the black holes are completely aligned and the 
ecoil is only dependent on the binary spin magnitudes, the mass
atio, and the fitting parameters of Baker et al. ( 2008 ). For each
ecoil, we randomly draw a spin vector for each black hole from a
niform distribution with 0.0 ≤ a 1,2 ≤ 0.9 and calculate the escape 
elocity. 

We show merger statistics in Fig. A1 , calculating the redshift distri- 
ution of our mergers (top), the mass ratio of the black holes at those
ergers (middle), and a conserv ati ve estimate for the ratio of recoil

elocity to the escape velocity. As noted in Volonteri & Rees ( 2006 ),
anaka & Haiman ( 2009 ), and Inayoshi et al. ( 2020 ), these large black
oles sitting in the deep potential wells of large dark matter haloes
re unlikely to experience recoils because they experience unequal- 
ass mergers. This leads to a ‘rich-get-richer’ effect where light 

lack holes are likely to be ejected but initially large black holes are
ypically safely settled into their haloes. Our results agree with this
onclusion, where 85 per cent of our mergers have v recoil / v esc < 1. A
areful account of escape velocity, including dynamical friction and 
tarting with the black hole at the centre of the halo, would result in
n even larger escape velocity and a higher fraction of mergers where
 recoil / v esc < 1. 
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