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A group of massive galaxies at redshifts of z & 7 have been recently detected by the James Webb Space Telescope (JWST), which
were unexpected to form at such an early time within the standard Big Bang cosmology. In this work, we propose that this puzzle
can be explained by the presence of some primordial black holes (PBHs) with a mass of ∼ 1000M⊙. These PBHs act as seeds
for early galaxy formation with masses of ∼ 108-1010M⊙ at high redshift, hence accounting for the JWST observations. We use
a hierarchical Bayesian inference framework to constrain the PBH mass distribution models, and find that the Lognormal model
with the Mc ∼ 750M⊙ is preferred over other hypotheses. These rapidly growing BHs are expected to have strong radiation and
may appear as high-redshift compact objects, similar to those recently discovered by JWST. Although we focused on PBHs in
this work, the bound on the initial mass of the seed black holes remains robust even if they were formed through astrophysical
channels.
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1 Introduction

Understanding the beginning of galaxy formation at the end
of the cosmic dark ages, where massive black holes (MBHs)
are generally thought to reside, is a key goal of modern cos-
mology [1-3]. One fascinating possibility is that MBHs in
high-redshift galaxies could be seeded by primordial black
holes (PBHs) [4,5]. Consequently, the investigation on PBHs
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offers an exciting opportunity to explore the mechanics of the
early Universe [6].

The presence of PBHs was originally proposed by
Zel’dovich and Hawking [7, 8], and it was speculated that
these exotic objects could form through the gravitational col-
lapse of overdense regions in the early Universe. Given the
increasingly stringent null results from searches for parti-
cle dark matter [9, 10] (see however [11]), the possibility of
PBHs as a class of DM candidates has received wider and
wider attention [12,13]. While various observations over sev-
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eral mass ranges have constrained the abundance of PBHs as
DM candidates (for comprehensive review, see ref. [14]), in
particular, the massive PBHs (10M⊙ . M . 104M⊙) may ac-
count for only a small fraction of the DM. Nonetheless, they
could still be responsible for the MBHs observed at high red-
shift (z & 7) [15].

Fortunately, the ongoing JWST observations are expected
to shed further light on the nature of high-redshift galaxies
and the role of PBHs in their formation [4, 16-18]. Recent
JWST observations have identified several bright galaxy can-
didates at z & 7 [19-22]. One possible interpretation is that
PBHs have altered the matter power spectrum [23-28]. In
this work, we show that PBHs with masses of approximately
1000M⊙ could potentially grow up into MBHs with masses
of 104-108M⊙ through super-Eddington accretion within the
dark matter halo. We then use a hierarchical Bayesian in-
ference framework to constrain the PBH mass distribution
models, and we find that the Lognormal model with the
Mc ∼ 750M⊙ is strongly preferred over other hypotheses.
These growing PBHs, with their strong radiation, may appear
as high-redshift compact objects, accounting for the observa-
tions made by JWST.

2 PBH evolution in the early Universe

After having been generated, PBHs may evolve through
accretion throughout cosmic history, and this accretion of
baryonic matter onto PBHs can significantly impact their
masses [29-31]. However, the physics of accretion is com-
plex, as the accretion rate and the geometry of the accretion
flow are intertwined and both play a crucial role in the evolu-
tion of the PBH masses. An analytic accretion model, such as
the one developed by Mack, Ricotti and Ostriker [32-34], can
be used to study the accretion of baryonic matter onto PBHs
and provide useful insights into the accretion behaviour. In
the intergalactic medium, a PBH with mass M can accrete
baryonic matter at the Bondi-Hoyle rate ṀB, which can be
expressed as

ṀB = 4πλmHngasveffr2
B, (1)

where rB = GM/v2
eff is the Bondi-Hoyle radius, ngas is the

hydrogen gas number density, and veff =

√
v2

rel + c2
s is the

PBH effective velocity, which is defined in terms of the PBH
relative velocity vrel and the gas with sound speed cs. The ac-
cretion parameter λ accounts for the gas viscosity, the Hubble
expansion, and the Compton scattering between the gas and
the CMB, defined in eq. (23) in ref. [34].

It is important to note that since PBHs constitute only
a tiny fraction of the dark matter (DM) in the Universe,
one must also consider the dominant dark matter compo-

nent forming a dark halo around each PBH [29, 34]. Simula-
tions [34, 35] suggest that this dark halo has a density profile
ρ ∼ r−2.25 and a mass given by

Mh(z) = 3MBH

(
1 + z
1000

)−1

, (2)

which increases over time, provided the PBH does not inter-
act with others. Due to the weak interaction between dark
matter particles and between dark matter and baryonic mat-
ter, the timescale for dark matter particles to lose their an-
gular momentum and fall into the PBH is much longer than
that for baryonic matter. Consequently, the direct accretion
of dark matter in the accretion model is negligible [34].

As a result, more and more dark matter particles are at-
tracted by the PBH-dark matter halo system over time, caus-
ing the dark matter halo to grow larger and become more
spherical. On the other hand, the effect of this dark matter
halo, or “dark matter clothing”, is to enhance the gas accre-
tion rate, acting as a catalyst. More specifically, if the Bondi
radius rB of the PBH is greater than twice the characteristic
halo radius rh, the gas accretion rate onto the system is the
same as that of a bare PBH with a dark halo mass Mh. How-
ever, if rB is smaller or rh is larger, the accretion enhancement
caused by the halo must be accounted for, requiring modifi-
cations to the accretion parameter as detailed in refs. [33,34].

However, the gas accretion rate will be suppressed by the
outflows from the PBH, which sweep away the surrounding
medium and only leave the diluted and hot gas. The inte-
gration of this effect, known as mechanical feedback (MF),
into the analytic accretion calculation poses significant chal-
lenges [36,37]. However, a glimmer of optimism arises from
recent 3D numerical simulations [38, 39]. These simulations
have provided valuable insights, suggesting a roughly consis-
tent fractional rescaling factor for PBH accretion. As a result,
we can succinctly express PBH accretion as Ṁacc = fMFṀB,
with an adopted value of fMF ≃ 0.1 as ref. [40]. This selec-
tion is derived from averaging the potential outflow orienta-
tion angles during the accretion process. While this reduction
in the accretion rate is significant, it serves as an illustrative
example of PBH evolution in the early universe. A compre-
hensive analysis of these additional phenomena is a subject
for future investigation, expanding our understanding of this
intricate process.

After considering the effect of the dark halo and the feed-
back, the efficiency and shape of the accretion process are
entirely encoded in the dimensionless baryonic accretion rate
ṁ, which is defined as ṁ = Ṁacc/ṀEdd with the Eddington
accretion ṀEdd = 1.44 × 1017(M/M⊙) g s−1.

In Figure 1, we present the accretion rate ṁ as a function of
PBH mass and redshift, leveraging data sources listed in Ta-
ble 1 through the relationship between M⋆ and MBH. The fig-
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ure illustrates that in the early universe, seed black holes sur-
rounded by dark matter halo can keep stable super-Eddington
accretion because the rapidly growing halo provide gravita-
tional potential and enhance accretion. The black dotted lines
illustrate the trajectories of PBH evolution for various ini-
tial masses, including 20M⊙, 40M⊙, 80M⊙, 160M⊙, 320M⊙,
640M⊙, 1280M⊙ and 2560M⊙ within the (M, z) plane. It is
worth noting that the redshift cutoff for PBH accretion is set
at 7.5 due to significant uncertainties related to large-scale
structure. Typically, the PBHs with initial masses, denoted
as MBH,i, less than a few solar masses face challenges in
achieving efficient growth due to their low accretion rates.
However, for PBHs with higher initial masses, the accretion
process can be significantly more effective. Some PBHs that
originated in the very early Universe have the potential to
grow to a size approaching ∼ 107M⊙ [41].

In the local Universe, a well-established trend reveals a
shared growth pattern between MBHs and galaxies, a re-
lationship extensively discussed in the review by ref. [42].
This co-evolution scenario is believed to be influenced by
feedback processes originating from active galactic nuclei
(AGNs) and the initial mass density of MBHs and galaxies.
An empirical relationship between the mass of the MBHs
denoted as MBH, and the galaxy mass M⋆ is described by
log(MBH/M⊙) = α + βlog(M⋆/M0) + ϵlog(1 + z), where
M0 = 3 × 1010M⊙ serves as a reference value. However,
due to the absence of high-redshift measurements, our un-
derstanding replies on theoretical extrapolation based on the
values reported by ref. [42], which are α = 7.89 ± 0.09,
β = 1.33 ± 0.12 and ϵ = 0.2. In Figure 2 we provide a
visual representation of the initial mass, denoted as MBH,i,
required to account for the current JWST observations of the
high redshift massive galaxies, particularly within the con-
text of the PBH accretion scenario using data obtained from
the JWST. We have assumed that the MBHs at the centers of
these high-redshift galaxies observed by JWST all originate
from PBHs.

3 JWST observations and PBH mass distribu-
tion

The James Webb Space Telescope (JWST), launched on De-
cember 25, 2021, is currently one of the most powerful space
telescopes, equipped with four instruments: Mid-Infrared
Instrument (MIRI), Near-Infrared Spectrograph (NIRSpec),
Near-Infrared Camera (NIRCam) and Fine Guidance Sen-
sor/Near Infrared Imager and Slitless Spectrograph (FGS-
NIRISS). During its Early Release Observations (EROs),
the JWST observed the massive strong lensing cluster
SMACSJ0723. Spectra obtained from this observation re-

vealed both Lyα and Balmer breaks in the galaxies, offer-
ing valuable insights into their masses and redshifts through
Spectral Energy Distribution (SED) fitting. Furthermore, the
Cosmic Evolution Early Release Science (CEERS) program
employed NIRCam to capture multi-band images in a deep
field, covering an area of approximately 40 arcmin2. These
data have been widely utilized in numerous studies to iden-
tify candidates for massive high-redshift galaxies using the
SED fitting method [19-21].

However, it is essential to acknowledge that uncertainties
persist in the photometric redshift estimation. Therefore, in

Figure 1 (Color online) The accretion rate parameter ṁ is shown as a
function of the final mass of PBH MBH, f and redshift z. After consider-
ing the growth of surrounding dark matter halo and the effects of feedback
mechanism, seed black hole in the early universe could achieve stable super-
Eddington accretion. The black points in the figure represent galaxy can-
didates identified from JWST observations, with a relation of M⋆ − MBH.
The figure also shows trajectories of individual PBHs with 20M⊙, 40M⊙,
80M⊙, 160M⊙, 320M⊙, 640M⊙, 1280M⊙, and 2560M⊙ in the (M, z) plane,
represented by black dotted lines.

Figure 2 (Color online) Initial PBH mass (MBH,i, represented by the color
bar) as a function of the galaxy mass M⋆ and the redshift z. The candidates
observed by JWST are represented by the black points, which are listed in
Table 1.
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this analysis, we focus on high-redshift JWST galaxy candi-
dates with spectroscopically determined redshifts, which are
more reliable [43-49]. The galaxies included in Table 1 rep-
resent the most prominent candidates identified to date.

Furthermore, the Bondi accretion affects the mass distribu-
tion of PBHs with redshift. The fraction of PBHs with mass
in the interval (M, M + dM) at redshift z is what we refer to
as the mass function ψ(M, z). Regarding an initial ψ(Mi, zi)
at formation redshift zi, its evolution is governed by [29]

ψ(M f (Mi, z f ), z f )dM f = ψ(Mi, zi)dMi, (3)

where M f (Mi, z f ) is the PBH final mass at redshift z f . In
the literature, there are theoretical realizations for primordial
power spectra that could generate a significantly enhanced
power at small scales allowing for an increase in the abun-
dance of massive PBHs [50], such as non-attractor infla-
tion [51-54] and non-perturbative resonance effects [55-58].
To distinguish various forms of theoretically predicted PBH
mass functions, we consider the following typical PBH mass
functions that arise in PBH formation models [14, 59],

Table 1 (1) Source ID corresponds to galaxies. (2) Spectroscopic redshift
values obtained from measurements of emission lines. (3) Mass of galax-
ies. (4) Pieces of literatures reporting these sources. Fu23 [47], He23 [48],
J23 [49], AH23 [43], La23 [46], Bu23 [45], and Bo23 [44]

Source ID zspec log(M⋆/M⊙) Reference

CEERS-61419 8.998+0.001
−0.001 7.78+0.30

−0.30 Fu23

CEERS-61381 8.881+0.001
−0.001 7.30+0.30

−0.30 Fu23

CEERS-7078 8.876+0.002
−0.002 8.08+0.24

−0.30 Fu23

CEERS-4702 8.807+0.003
−0.003 8.08+0.22

−0.30 Fu23

CEERS-4774 8.005+0.001
−0.001 8.30+0.27

−0.22 Fu23

CEERS-4777 7.993+0.001
−0.001 8.94+0.24

−0.31 Fu23

CEERS-23084 7.769+0.003
−0.003 9.49+0.22

−0.24 Fu23

CEERS-43725 8.715+0.001
−0.001 9.05+0.03

−0.02 He23

CEERS-81061 8.679+0.001
−0.001 10.0+0.01

−0.01 He23

EGS-11855 8.610+0.001
−0.001 9.47+0.04

−0.06 He23

EGS-34697 8.175+0.001
−0.001 9.04+0.10

−0.11 He23

CEERS-59920 7.820+0.001
−0.001 9.07+0.01

−0.01 He23

EGS-8901 7.776+0.001
−0.001 8.85+0.07

−0.06 He23

EGS-33634 7.752+0.001
−0.001 9.84+0.44

−0.66 J23

EGS-36986 7.546+0.001
−0.001 9.77+0.51

−0.69 J23

CEERS-16943 11.416+0.005
−0.005 8.6+0.3

−0.3 AH23

CEERS-11384 11.043+0.003
−0.003 8.7+0.1

−0.1 AH23

GS-z10-0 10.38+0.07
−0.06 7.58+0.19

−0.20 La23

GS-z11-0 11.58+0.05
−0.05 8.67+0.08

−0.13 La23

GS-z12-0 12.63+0.24
−0.08 7.64+0.66

−0.39 La23

GS-z13-0 13.20+0.04
−0.07 7.95+0.19

−0.29 La23

GN-z11 10.6030.001
0.001 8.73+0.06

−0.06 Bu23

Gz9p3 9.3127+0.0002
−0.0002 9.40+0.11

−0.10 Bo23

ψM =



1
√

2πσM
exp

(
− log2(M/Mc)

2σ2

)
Lognormal,

∑
n=1

Anδ(M − Mcn) Multipeak,

1
2

M1/2
c

M3/2Θ(M − Mc) Powerlaw,

1
√

2πσ
exp

(
− (M − Mc)2

2σ2

)
Gaussian,

3.2
M

(
M
Mc

)3.85

exp−
(

M
Mc

)2.85

Critical,

(4)

where Θ(M − Mc) is the step function, and the Mc, Mcn and
σ are parameters in these distributions. For the Multipeak
model, we use two normalized Gaussian distributions with
the same width in our analysis, as the evolution of δ(M−Mcn).

We use the masses of high-redshift galaxies recently ob-
served by JWST to constrain the hyper-parameters λ of each
initial PBH mass function through hierarchical Bayesian in-
ference [60]. For a series of N independent observations, the
posterior distribution for λ is given by

p(λ | d) = π(λ)
N∏
i

∫
L(di | θi)ppop(θi | λ)dθi, (5)

where L(di | θi) denote the likelihood function of the JWST
data given a galaxy’s properties θi (the mass and the redshift).
The distribution of θi as predicted by the PBH population
models is denoted by ppop(θi | λ), which satisfies ppop(θi |
λ) = p(m)p(z), where p(m) is the mass distribution of galax-
ies calculated from the initial PBH mass functions in eq. (4),
and the galaxies are assumed to be distributed uniformly in
the co-moving frame of the Universe. We assign Uniform
priors π(λ) for all of the hyper-parameters in this work. To
approximate the reported result for the mass and redshift of
each galaxy (as shown by a central value plus/minus the un-
certainties in Table 1), we use a two-dimensional skew nor-
mal distribution N(θi), and assume that L(di | θi) ∝ N(θi).
Then the above equation can be calculated via Monte Carlo
integration with sample points drawn from the skew normal
distributions.

To quantitatively evaluate various PBH models and the
statistical significance of our results, we calculate the Bayes
factor between model M1 and model M2, namely BM1

M2
≡

ZM1/ZM2 , where ZM ≡
∫

dλp(λ | d). According to Jef-
freys’ scale criterion, the Bayes factor ∆BM1

M2
greater than

(10, 101.5, 102) (or ∆ lnBM1
M2

larger than [2.30, 3.45, 4.60])
would suggest strong, very strong, or decisive Bayesian ev-
idence in favor of model M1 relative to model M2, given
the available data. Additionally, we calculate the Akaike in-
formation criterion (AIC) [61], defining as AIC ≡ 2Ndof −
2ln(L(di | θi)), to compare models with different numbers
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of parameters. A difference of ∆AIC of 2 or more indicates
strong evidence against the model with the higher AIC value.

Our summarized results, presented in Table 2, reveal a
preference for the Lognormal, Powerlaw, and Multipeak
models over the Gaussian models, with a Bayesian evidence
ln(B) exceeding 3.58. Furthermore, the Lognormal model
outperforms the Powerlaw and Multipeak models, and the
Powerlaw and Multipeak models exhibit comparable quality
as indicated by their slight differences in the Bayesian evi-
dence ln(B) and AIC values. Notably, the Critical model dis-
plays the highest AIC value and the lowest ln(B), thus being
strongly disfavored. Figure 3 displays the constraints on the

five different PBH initial mass functions and the Bayes fac-
tors of each model compared to the Critical model. The col-
ored shaded zones represent the 90% credible regions for the
inferred population distribution. For all models, the majority
of the PBH masses lie ∼ 1000M⊙. According to Jeffreys’
scale criterion, the logarithmic Bayes factors for the Log-
normal model, the Powerlaw model, the Multipeak model,
and the Gaussian model are 16.44, 14.27, 13.25, and 9.67,
respectively, indicating they are decisively preferred by the
data compared to the Critical model. Most notably, the Log-
normal mass function stands out from the five models, with
the lowest AIC value of 8.67 compared to the second pre-

Table 2 Summary of the results for various initial mass functions of PBH. The first column lists the names of the models, followed by the 68% credible
intervals of their parameters. The last two columns list the Bayes factor ∆ lnB and the Akaike information criterion ∆AIC. Additionally, in Appendix, we
provide the parameters’ priors in Table a1 and posterior distributions of individual parameters for five different PBH mass functions in Figure a1

Models xe Mc σ Mc2 fMc Ndof ∆ lnB ∆AIC

Lognormal 0.52+0.33
−0.34 744.25+132.36

−111.62 0.74+0.14
−0.11 - - 2 16.44 0.00

Powerlaw 0.59+0.29
−0.37 243.75+36.16

−37.03 - - - 1 14.27 8.67

Multipeak 0.44+0.36
−0.30 674.31+171.63

−152.37 462.12+170.03
−118.10 1955.31+498.69

−421.32 0.77+0.13
−0.17 4 13.25 8.38

Gaussian 0.43+0.37
−0.30 947.98+155.08

−149.14 694.24+135.09
−105.36 - - 2 9.67 11.16

Critical 0.18+0.28
−0.13 1146.58+92.51

−82.94 - - - 1 0.00 31.69

Figure 3 (Color online) The posterior population distribution of the PBH models within a 90% credible interval. The distribution for Lognormal (red),
Multipeak (orchid), Powerlaw (deepskyblue), Gaussian (orange) and Critical (grey) models are shown, with each line plotted using its optimal parameters.
The Bayes factors for each model are displayed in the upper right corner, where the vertical dot-dashed lines indicate very strong evidence (blue) and decisive
Bayesian evidence (black). Table 2 lists the optimal parameters and their 68% credible intervals.
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ferred model. Consequently, we conclude that JWST obser-
vations provide informative insights into distinguishing the
initial PBH mass function, with current data offering rela-
tively stringent constraints on its shape. Moreover, the above
analysis also highlights the importance of statistical analysis
in making conclusions about the PBH population and their
implications for early cosmology.

4 Summary

The accretion of baryonic matter onto PBHs is believed to
have played an important role in the early Universe, giving
rise to the formation of seed black holes at the centers of
early galaxies. This study demonstrates that PBHs with ini-
tial masses of ∼ 1000M⊙ exhibit rapid growth through ac-
cretion, reaching masses in the range of ∼ 106-108M⊙ by
z & 7, which could potentially account for the massive high-
redshift galaxies observed by JWST. Future multi-band pre-
cise observations, such as JWST, SKA and WFST [62], dur-
ing the cosmic re-ionization era, are expected to reveal these
rapidly growing PBHs, as their accretion may also contribute
to the radiation background, such as radio and X-ray back-
ground [63]. In our efforts to constrain the formation models
of PBHs, we have employed a hierarchical Bayesian infer-
ence framework, leading to a strong preference for the Log-
normal Model with a characteristic mass of Mc ∼ 750M⊙
over other scenarios.

It is noteworthy that, in this work, we focus on massive
black holes evolved from primordial black holes. However,
if the seed black holes were instead formed astrophysically,
their mass growth through accretion would not be more ef-
ficient. Therefore, the lower bound on the mass of the seed
black holes required to account for the JWST observations
would still apply. In other words, the seeds must originate
as “intermediate” mass black holes (∼ 103M⊙), regardless of
their origins. Given that the current high-redshift galaxy sam-
ple remains relatively limited, future observation data may
modify the current model constraints. Nevertheless, our cur-
rent results have demonstrated the promising prospect of dis-
tinguishing between different PBH distribution models with
future observations.
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Appendix The posterior distribution of PBH
population

The posteriors of the hyper-parameters describing the
initial mass distributions of PBHs (Logormal/Gaussian/
Powerlaw/Critical/Multipeak), as introduced in the main text,
are displayed in Figure a1, respectively.
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Figure a1 (Color online) The posterior distributions of individual parameters for five different population models. The upper panels from left to right panels
show the results for the Lognormal, Gaussian and Powerlaw models, respectively. While the lower left and right panels refer to the Critical and Multipeak
models. All models include the ionization fraction of the cosmic gas xe, and we use the parameters listed in Table 2 with Uniform priors. The 68% confidence
intervals for each parameter are reported above each column, corresponding to the models shown in the inset.

Table a1 The priors of the parameters in mass functions of PBH. The first column lists the names of the models, followed by their uniform distribution

Models xe Mc σ Mc2 fMc

Lognormal U(0.01, 1.0) U(10, 2500) U(0.01, 5.0) - -

Powerlaw U(1.0, 10.0) U(0.1, 10.0) - - -

Multipeak U(0.01, 1.0) U(100, 1000) U(10, 1000) U(1000, 5000) U(0.1, 1.0)

Gaussian U(0.01, 1.0) U(10, 10000) U(10, 3000) - -

Critical U(0.01, 1.0) U(500, 5000) - - -
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