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ABSTRACT

The presence of nine candidate galaxies at z = 17 and z = 25 discovered by the James Webb Space Telescope in relatively small sky
areas, if confirmed, is virtually impossible to reconcile with the predictions of the current galaxy formation model. We show here that
the implied UV luminosity density can be produced by a population of primordial black holes (PBHs) of mass MPBH = 104−5 M�
residing in low-mass halos (Mh ≈ 107 M�), and accreting at a moderate fraction of the Eddington luminosity, λE ' 0.36. These
sources precede the first significant episodes of cosmic star formation. At later times, as star formation is ignited, PBH emission
becomes comparable to, or subdominant with respect to, the galactic emission. This PBH+galaxy scenario reconciles the evolution of
the UV luminosity function (LF) from z = 25 to z = 11. If ultra-early sources are powered purely by accretion, this strongly disfavours
seed production mechanisms requiring the presence of stars (massive stars, Pop III stars, or clusters), or their UV radiation (direct
collapse BHs), leaving PBHs as the only alternative solution available so far. Alternative explanations, such as isolated, large clusters
(≈107 M�) of massive (m? = 103 M�) Pop III stars are marginally viable, but require extreme and unlikely conditions that can be
probed via UV and far-infrared (FIR) emission lines or gravitational waves.

Key words. galaxies: evolution – galaxies: high-redshift – galaxies: luminosity function, mass function –
quasars: supermassive black holes

1. Introduction

Since the beginning of its operations in July 2022, the James
Webb Space Telescope (JWST) has obtained a number of piv-
otal results that are revolutionizing our view of the early
Universe. Remarkably, JWST observations have led to the dis-
covery (Naidu et al. 2022; Castellano et al. 2022; Atek et al.
2023; Labbé et al. 2023) and spectroscopic confirmation
(Arrabal Haro et al. 2023; Bunker et al. 2023; Curtis-Lake et al.
2023; Robertson et al. 2023; Wang et al. 2023a; Hsiao et al.
2024; Zavala et al. 2025) of super-early (z > 10) galax-
ies up to redshift z ≈ 14 (Carniani et al. 2024), when
the Universe was ≈300 Myr old. These results challenge
expectations based on pre-JWST data, theoretical predic-
tions, and perhaps even ΛCDM-based1 galaxy formation
scenarios.

Super-early galaxies are characterized by bright UV lumi-
nosities (MUV . −20), steep UV spectral slopes (β . −2.2,
Topping et al. 2022; Cullen et al. 2024; Morales et al. 2024),
compact sizes (effective radius re . 100 pc, Baggen et al.
2023; Morishita et al. 2024; Carniani et al. 2024), large (for
their epoch) stellar masses (M? ≈ 109 M�), and thus are
sometimes nicknamed “Blue Monsters” (Ziparo et al. 2023).
Explaining their relatively large comoving number density (n ≈

? Corresponding author.
1 Throughout the paper, we assume a flat Universe with the following
cosmological parameters: Ωm = 0.3111, ΩΛ = 1−Ωm, Ωr = 9.1× 10−5,
and Ωb = 0.04897, h = 0.6766, σ8 = 0.8102, where Ωm, ΩΛ, Ωr,
and Ωb are the total matter, vacuum, radiation and baryon densities,
in units of the critical density; h is the Hubble constant in units of
100 km s−1 Mpc−1, and σ8 is the late-time fluctuation amplitude param-
eter (Planck Collaboration VI 2020).

10−5−10−6 cMpc−3; see, e.g., Casey et al. 2024; Harvey et al.
2025) requires the introduction of new physical ingredients in
standard galaxy evolution models.

These additions include (a) high star formation
variability (Furlanetto & Mirocha 2022; Mason et al.
2023; Mirocha & Furlanetto 2023; Sun et al. 2023;
Pallottini & Ferrara 2023; Gelli et al. 2024), (b) reduced feed-
back resulting in a higher star formation efficiency (feedback
free model, FFB, Dekel et al. 2023; Li et al. 2024), (c) a top-
heavy IMF or primordial stars (Inayoshi et al. 2022; Wang et al.
2023b; Trinca et al. 2024; Hutter et al. 2025; Cueto et al. 2024),
and (d) very low dust attenuation (Attenuation-Free Model,
AFM, Ferrara et al. 2023; Ziparo et al. 2023; Fiore et al. 2023;
Ferrara 2024a,b; Ferrara et al. 2025). These models have been,
to varying degrees, successful in explaining, at least in part, the
statistical or evolutionary properties of the newly discovered
super-early galaxy population.

However, JWST data continue to be a source of genuine
surprises. Pérez-González et al. (2025) have recently reported
the discovery of six F200W and three F277W robust dropout
sources that are consistent with being at z ≈ 17 and z ≈ 25,
respectively (see also Harikane et al. 2024; Kokorev et al. 2025;
Whitler et al. 2025; Gandolfi et al. 2025; Castellano et al. 2025).
The detection, if confirmed, implies exceptionally high number
densities; i.e., for MUV = −18 sources ≈10−4.2(10−5) Mpc−3 at
z = 17 (z = 25) which, yet again, are at odds with all cur-
rent models. These ultra-early galaxies, if confirmed spectro-
scopically, effectively falsify all the solutions proposed above.
We are therefore compelled to explore “beyond standard model”
(BSM) scenarios to explain their existence in such large num-
bers. Specifically, this means considering modifications to the
ΛCDM model.
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This typically entails assuming different cosmological
scenarios that enhance the halo mass function (HMF) at
z > 10 (Haslbauer et al. 2022; Boylan-Kolchin 2023),
either through effective modification of the transfer function
(Padmanabhan & Loeb 2023), or by exploring different mod-
els, such as an early dark energy contribution at z ≈ 3400
(Klypin et al. 2021; Shen et al. 2024), the tilt of the primor-
dial power spectrum (Parashari & Laha 2023), the importance of
non-Gaussianities (Biagetti et al. 2023), and the presence of pri-
mordial black holes (PBHs, Liu & Bromm 2022; Matteri et al.
2025).

Among these modifications, solving the overabundance
problem with PBHs is appealing, since their impact tends to
decrease with cosmic time. For this reason, PBH solutions do
not cause insurmountable tensions at z < 10, contrary to other
BSM proposals (Gouttenoire et al. 2024; Sabti et al. 2024). This
solution is also particularly attractive as it is known that some of
the super-early galaxies (GN-z11, Maiolino et al. 2024a; GHZ2,
Castellano et al. 2024; GHZ9, Napolitano et al. 2024; UHZ1,
Natarajan et al. 2024) contain massive black holes that con-
tribute significantly to the observed luminosity of the source.
In addition, PBHs could provide optimal seeds from which
supermassive BHs can subsequently grow (Rubin et al. 2001;
Düchting 2004; Khlopov 2010; Kawasaki et al. 2012; Dayal
2024; Ziparo et al. 2025).

In this paper, building on the results from Matteri et al.
(2025, M25 hereafter), we propose that the very slow measured
decrease of ρUV(z) at z > 15 is sustained by PBHs even before
the first galaxies form in detectable numbers. Hence, ultra-early
galaxies could be systems whose emission is completely domi-
nated by accretion onto PBHs, rather than of stellar origin.

2. Model

M25 presented an effective model, calibrated using data at lower
redshifts, to predict the luminosity function (LF) of super-early
galaxies, including the additional PBH contribution. M25 show
that such a model can physically explain the overabundance of
bright galaxies observed at z = 11. Primordial black holes can
affect the LF in two distinct ways: by (a) enhancing the dark
matter power spectrum due to their discrete spatial distribution,
and/or (b) contributing accretion luminosity to the host galaxy,
i.e., as an Active Galactic Nucleus (AGN).

The distribution of PBHs at formation is modelled by a log-
normal mass function with characteristic mass MPBH, standard
deviation σ, and accounting for a mass fraction fPBH of the dark
matter content of the Universe. Their luminosity is produced at a
constant Eddington ratio λE = L/LE, where LE is the Eddington
luminosity. The original model does not account for the growth
of PBHs with time (that is, the PBH mass is assumed to be con-
stant). Stellar emission is accounted for by an effective astro-
physical model whose parameters are calibrated on the measured
LFs in the range 4 < z < 9 (see M25, Fig. 2).

Within these simplified settings, the overabundance of bright
galaxies at z ≈ 11 is explained by the model when a small frac-
tion ( fPBH ≈ 10−8) of low-mass (MPBH ≈ 104 M�) PBHs accrete
at super-Eddington (λE ≈ 10) rates, without violating any cur-
rent constraint from the cosmic microwave background (CMB,
Nakama et al. 2018; Serpico et al. 2020).

In the present work, we extend the M25 model by consid-
ering PBH growth self-consistently with accretion as follows.
For a given radiative efficiency, η, we assumed that a PBH
formed at the radiation-matter equality redshift, zeq = 3400
(Planck Collaboration VI 2020), with mass M0 by redshift z <

zeq will have a mass

M(z) = M0 exp
[
t(z) − t(zeq)

tS
λE

1 − η
η

]
≡ M0g(z, zeq) (1)

where tS = 450 Myr is the Salpeter time (Salpeter 1964), t(z) is
the age of the Universe at redshift z, and g(z, zeq) is the implic-
itly defined growth function. We fixed η = 0.1 and left λE as a
parameter to be determined by matching the data.

Evolving the initial lognormal distribution via Eq. (1) retains
this functional form once the parameters are updated as follows:

[MPBH, fPBH](z) = g(z, zeq)[MPBH, fPBH](zeq) (2)
σ(z) = σ(zeq).

This growth shifts the logarithm of the PBH mass by a constant,
affecting only the peak position and leaving the shape of the dis-
tribution unaltered. Relaxing the approximation of a constant
and uniform λE would lead to a more complex evolution, i.e,
we expect the scatter to increase. This means that either a dif-
ferent functional form for the mass function is produced at late
times or that at least σ grows with cosmic time. Unfortunately,
current data quality prevents us from adopting a more refined
framework.

Following M25, we seeded PBHs in halos above a redshift-
dependent mass Mmin, implicitly defined by∫ ∞

Mmin(z)

dn
dMh

(Mh, z)dMh = n0 ≈ 7.13 Mpc−3 , (3)

where n0 is the comoving density of halos corresponding to
Mmin = 107.5 M� at z = 11 and dn/dMh is the HMF. Although
this choice can be justified by the physical arguments dis-
cussed in M25, it is admittedly uncertain. Nevertheless, we have
checked that it has only a very minor impact on our results as
long as Mmin is roughly 5×107 M� at z = 11. We note that in our
scheme, both PBHs and dark matter halos grow with time, but at
different rates, respectively given by Eq. (2) and the cosmologi-
cal accretion rate governing the HMF evolution (Eq. (3)).

We note that for any (σ, λE) pair, a degeneracy exists
between the other two parameters, MPBH, and fPBH, such that the
derived UV LF depends only on the ratio of these two quantities.
These must satisfy, at z = 11, the relation MPBH f −1

PBH ≈ 1011.7 M�
(M25). Applying Eq. (2), we next constructed the predicted UV
LF at any redshift.

Finally, from the UV LF, we computed the UV luminosity
density, ρUV, which is defined as

ρUV(z) =

∫ Mlim
UV

−∞

LUV(MUV)ΦUV(MUV, z)dMUV (4)

where LUV is the specific UV luminosity corresponding to the
magnitude MUV, ΦUV is the LF, and Mlim

UV is the faint-end magni-
tude limit, conventionally set to −17, as in the observational data
adopted below.

Similarly to M25, we inferred the best parameters of this
model in a Bayesian framework by running a Monte Carlo
Markov Chain (MCMC). We used fPBH, MPBH, σ, and λE as
parameters and the luminosity function data at z = 11 (from
Donnan et al. 2024; McLeod et al. 2024), 17, and 25 (both from
Pérez-González et al. 2025) as constraints. Flat priors were used
on the parameters over the intervals listed in Table 1. Limits
on MPBH were chosen to avoid both small PBHs and viola-
tion of current limits from CMB distortions (Byrnes et al. 2024;
Pritchard et al. 2025).

A186, page 2 of 7



Matteri, A. et al.: A&A, 701, A186 (2025)

Table 1. Prior limits on MCMC parameters.

Parameter Low High

log fPBH −10 0
log MPBH/M� 0 5
σ 0.01 1.5
log λE −2 0.5

log fPBH = 8.04+0.96
0.59

2.4
3.0
3.6
4.2
4.8

lo
gM

PB
H/

M

log MPBH/M  = 3.69+0.79
1.50

0.3
0.6
0.9
1.2
1.5

 = 0.71+0.26
0.16

9.6 8.8 8.0 7.2 6.4
log fPBH

0.6
0.5
0.4
0.3
0.2

lo
g

E

2.4 3.0 3.6 4.2 4.8
log MPBH/M

0.3 0.6 0.9 1.2 1.5 0.6 0.5 0.4 0.3 0.2
log E

log E = 0.44+0.08
0.07

Fig. 1. Corner plot of MCMC results. Priors on parameters are constant
over the intervals reported in Table 1 and are plotted as dashed red lines
on the 1D distributions. The parameters’ median, 16th, and 84th per-
centiles are indicated both above the 1D distributions and as vertical
dashed blue lines.

3. Results

The MCMC analysis yields a one-peaked parameter distri-
bution (see corner plot reported in Fig. 1), which we proceed to
sample to build a fiducial model. In Fig. 2 we present the UV LFs
predicted by our fiducial model at different redshifts (see Table 2
for the parameters at each redshift of interest). At z = 11, the
model matches the observed data well. At MUV ' −21(−19),
PBHs contribute about 75% (50%) of the UV luminosity of
the source, with the remaining 25% (50%) produced by stars.
Notably, at z = 11 our model is virtually indistinguishable from
the AFM (dashed line), which includes only unattenuated radia-
tion from stars (i.e., no PBHs).

At z = 17 the AFM predicts a ≈3 dex UV LF drop at
MUV = −19, driven essentially by the steep decline of the
HMF, resulting in a source comoving density .10× the one
observed by Pérez-González et al. (2025), if confirmed. In con-
trast, our model fits the data well, as PBH emission, regulated by
mass growth, declines less steeply than the HMF. Consequently,
the observed luminosity becomes largely (>90%) dominated by
PBHs.

This trend persists as we extend our analysis to z = 25, as
illustrated in the right panel of Fig. 2. Remarkably, the observed
UV LF, if confirmed, shows only a relatively modest tenfold
decrease, surpassing even the z = 17 predictions (which align
well with data up to z = 11−12) of galaxy formation models such

as the AFM (Ferrara et al. 2025), feedback-free models Li et al.
(2024), and semi-analytical approaches (Somerville et al. 2025).
It should be noted that even if only one of the candidates is
confirmed, the strong tension with the previous models remains
unresolved. This suggests that standard galaxy formation models
lack a crucial component, which we propose to be very early or
primordial black holes. Indeed, when these are incorporated, our
model consistently reproduces the z = 25 UV LF (red curve).

We corroborate these conclusions by examining the pre-
dicted redshift evolution of the UV luminosity density, ρUV,
compared to available data in Fig. 3. The black line represents
our model without PBH accretion, where UV light is produced
solely by stars. Consistent with most galaxy evolution models,
ρUV is in good agreement with the data at z ≈ 10, but declines
dramatically at early epochs. Including PBH emission, however,
recovers the observed data, if confirmed, producing a slower
decline in ρUV.

This feature can be understood by first noting (upper panel
in Fig. 3) that the UV contribution from stars in the host
galaxy drops below 10% by z = 14, indicating that ultra-early
sources are dominated by PBH light. Combining this result
with the relatively slow decrease of the PBH peak mass from
log(MPBH/M�) = 5.03+0.81

−1.49 at z = 11 to log(MPBH/M�) =

4.08+0.79
−1.44 at z = 25, driven by a moderate accretion rate (λE ≈

10−0.44 ≈ 0.36), provides the final interpretation of the trend.
Thus, light production in the Universe shifts from stars to accre-
tion onto PBHs towards cosmic dawn.

A magnitude MUV ≈ −18 corresponds to a UV luminos-
ity produced by a PBH with mass 2.2 × 106 M� accreting at
λE = 0.36, assuming a bolometric correction fbol(LUV) = 0.13
(Shen et al. 2020). This represents a relatively rare (≈3σ) peak
in the PBH mass distribution. The corresponding accreting PBH
X-ray luminosity is well below the current Chandra detection
limits (Xue et al. 2016).

The comoving number density of PBHs is nPBH ∝

fPBH/MPBH when σ is fixed. Such a ratio, according to Table 2
(see also Eq. (8) in M25), does not evolve with redshift. This
arises because PBHs only form during the radiation-dominated
era and are assumed to not evaporate or merge later on. As a
result, the model parameters reported in Table 2 yield nPBH =
0.013+1.262

−0.012 Mpc−3. Using the result in Eq. (3), this implies that
only a small fraction (nPBH/n0 ≈ 10−3 at median density) of
halos above Mmin actually host PBHs. We can use this argument
to calculate the typical mass of halos hosting a PBH shining at
MUV = −18 at z = 25 to be log(Mh/M�) ≈ 7.5, corresponding to
a ratio MPBH/Mh = 0.07.

4. Discussion

The result above indicate that ultra-high (z > 15) redshift galax-
ies, if confirmed, pose an exceptionally difficult challenge to the-
oretical models of galaxy formation. Motivated by this urgency,
we have explored an alternative solution provided by PBHs. We
find that ultra-early galaxies must be largely, if not entirely, dom-
inated by emission from accretion onto intermediate-mass PBHs
rather than by stars.

This scenario is sufficiently extreme to entail a number of
implications that warrant a closer inspection. Here, we limit our
discussion to the most obvious ones. However, before doing so,
we note that if the z = 25 candidates are powered by PBHs, we
expect them to be very compact and show an almost point-like
morphology. Visual inspection of the cutout images of the three
objects appears to confirm this hypothesis.
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Fig. 2. UV luminosity functions at redshift z = 11, z = 15, z = 17 (left and right panels), and z = 25 (right panel). Solid lines represent our median
predictions (galaxies plus PBH emission) with credible intervals at the 16th and 84th percentiles shown as shaded areas. Dashed lines show the
AFM results (Ferrara et al. 2023) for galaxies only. Red hexagons denote z = 17 and 25 observations from Pérez-González et al. (2025); other
points represent data in the range 11 ≤ z ≤ 19 from Donnan et al. (2024), McLeod et al. (2024), Robertson et al. (2024), Morishita et al. (2025),
Harikane et al. (2024), Kokorev et al. (2025), Yan et al. (2023), Whitler et al. (2025).

Table 2. Fiducial values of parameters regulating PBH properties and evolution.

z log fPBH(z) log MPBH(z) [M�] σ log λE log Mmin [M�]

zeq = 3400 −8.02+0.97
−0.63 3.63+0.81

−1.42 0.72+0.25
−0.16 – –

25 −7.62+0.95
−0.54 4.08+0.79

−1.44 0.72+0.25
−0.16 −0.44+0.08

−0.07 5.78
17 −7.31+0.92

−0.49 4.39+0.80
−1.45 0.72+0.25

−0.16 −0.44+0.08
−0.07 6.76

11 −6.71+0.86
−0.41 5.03+0.81

−1.49 0.72+0.25
−0.16 −0.44+0.08

−0.07 7.50

Notes. The PBHs are distributed with a lognormal mass distribution with peak MPBH with constant s.d. σ (see Eq. (2)). They grow via accretion
according to Eq. (2) with constant Eddington ratio λE.

Additionally, if we are observing the light from the accre-
tion disk, the UV continuum spectrum should follow a sim-
ple power law of the form Fλ ∝ λβ with β = −2.33
(Shakura & Sunyaev 1973). The values measured for the three
most distant objects in the Pérez-González et al. (2023) sample
(midis-z25-1, midis-z25-2, and midis-z25-3) are β = (−2.6 ±
0.4,−3.0 ± 0.4,−2.4 ± 0.6). These are broadly consistent within
1σ, although we note that these values were derived from only
two photometric bands and therefore are likely to be highly
uncertain.

The abundance of PBHs is constrained by several observ-
ables that would be affected by their presence (Carr et al. 2021).
These translate into upper limits on the PBH abundance as a
function of mass. For masses on the order of 102−5 M�, these
constraints tighten with MPBH, and PBHs more massive than
105 M� are virtually incompatible with CMB observations due to
the production of an undetected µ-distortion (Chluba et al. 2012;
Nakama et al. 2018; Sharma et al. 2024). Our model requires a
relatively small ( fPBH ≈ 10−8) population of mid-mass (MPBH ≈

104 M�) PBHs (Table 2), whose parameters (MPBH, fPBH) lie
within the current constraints assuming the monochromatic
approximation, i.e., assuming all PBHs have the same mass
MPBH. However, the long tail of the lognormal produces a small
amount (2σ outliers) of &105 M� PBHs, which are in tension
with these constraints. As stated in the literature (Nakama et al.
2018; Byrnes et al. 2024; Pritchard et al. 2025), monochromatic
limits relax when primordial fluctuations are assumed to be

non-Gaussian and are also affected by the specific shape of the
PBH mass function (Wang et al. 2025), implying that the typical
PBHs in our model may not be excluded. That is, a mass function
with a shorter tail could comply with current limits, while still
explaining observations at z = 25 as the most massive outliers,
eventually requiring a faster accretion onto PBHs or mergers.
We defer exploration of this scenario to future work beyond this
paper.

4.1. Implications of the PBH scenario

Nature of seeds The first implication of our results is that
beyond the first galaxies, PBHs were already active and shin-
ing. If ultra-early sources are powered by accretion onto BHs,
then a stellar origin for the seeds becomes unlikely.

Two popular pathways for seed formation (for a review,
see Latif & Ferrara 2016), core-collapse supernovae and dense
stellar clusters, both require the presence of stellar progeni-
tors. The third pathway, direct collapse black holes, requires a
strong UV background to prevent fragmentation caused by H2
formation; this UV radiation must also be initially produced by
stars.

The PBHs required by our model have characteristic masses
of 104−5 M� already at z = 25−17. Therefore, they could serve
very well as supermassive black hole seeds. Indeed, considering
their growth, their mass approaches those inferred for GN-z11 at
z = 10.6, i.e., log(M•/M�) = 6.2 ± 0.3 (Maiolino et al. 2024b).
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Fig. 3. UV luminosity density (integrated to a limiting magnitude
Mlim

UV = −17) evolution with redshift. Our fiducial galaxy plus PBH
model is shown by the red curve and the galaxy-only model by the
black curve. Shaded areas indicate credible intervals between 16th and
84th percentiles. Orange hexagons represent observational data from
Pérez-González et al. (2023, 2025); gray symbols are from Oesch et al.
(2018), Bouwens et al. (2023), Donnan et al. (2023), Harikane et al.
(2023), Adams et al. (2024), Donnan et al. (2024), Finkelstein et al.
(2024), Harikane et al. (2024), McLeod et al. (2024), Willott et al.
(2024), Whitler et al. (2025). Top panel: fractional UV luminosity con-
tribution of the host galaxy relative to the total.

Reionization PBHs could begin to emit radiation as early as
z ≈ zeq, potentially illuminating the cosmic Dark Ages (60 <
z < 1100), the epoch before the formation of the first stars. This
emission could, in effect, “erase” the Dark Ages by providing an
early source of light.

Additionally, PBHs may influence the reionization of cos-
mic hydrogen. The comoving ionization rate density is given by
the relation Ṅion = ξion fescρUV, with the 1500 Å – LyC conver-
sion factor ξion ≈ 1026 Hz erg−1 appropriate for accreting black
holes (Madau et al. 1999). This yields Ṅion = 1049 fesc s−1 Mpc−3

at z = 25 and Ṅion = 1051 fesc s−1 Mpc−3 at z = 12. Photoioniza-
tion is balanced by recombinations in the intergalactic medium,
giving an equilibrium cosmic hydrogen fraction (1 − xHI) ≈
Ṅiontrec/nH ≈ 0.002 fesc at z = 25 and (1 − xHI) ≈ 0.2 fesc at
z = 12. Hence, ionization due to PBHs is expected to be very
modest, even if fesc = 1. These values could also remain unde-
tected in the Thomson optical depth of the CMB, considering
that a reasonable escape fraction of fesc ≈ 0.1 would yield a
reionization epoch very similar to that expected from observa-
tions (Greig & Mesinger 2017). However, it is likely that, in
the configuration where the PBH accretes at the center of a
Mh ≈ 107 M� halo at sub-Eddington rates (and thus without
radiation-driven outflows clearing the gas), fesc � 1, given the
typical absorbing gas column density (&1021 cm−2) in these pri-
mordial objects.

Such PBHs could also impact reionization by heating the
intergalactic medium (IGM) via X-ray emission. Although the
very dense Universe in which these objects accrete may prevent
X-rays from escaping, that is, the accreting gas may become
Compton thick, we note that the abundance of these objects is
very low. Ricotti & Ostriker (2004) consider a scenario in which
PBHs pre-ionize the IGM at z & 20, showing that a fraction
≈6.8 × 10−6 of baryons must be accreted to significantly impact

the medium, i.e., ionize about 50% of the hydrogen. In our
model, PBHs constitute a fraction fPBH ≈ 2×10−7 of dark matter
at z = 11, implying that they accrete up to fPBHΩdm/Ωb ≈ 10−6

of the total baryonic mass by that time, which is still below their
limit.

4.2. Could they be Pop III stars?

As an alternative to the PBH hypothesis, we can speculate that
the observed sources are powered by Pop III stellar clusters.
The (bolometric) light-to-mass ratio of individual massive Pop
III stars increases from Υ = 1405 L�/M� for a m? = 15 M�
star to Υ = 2.7 × 104 L�/M� at m? = 103 M� (Schaerer 2002;
Raiter et al. 2010). To maximize detectability, we assume that a
cluster of m? = 103M� stars has already formed at z = 25. As
a UV bolometric correction in the rest-frame wavelength range
1300−1600 Å, approximately covered by the NIRCam F356W
filter, we obtain fbol ' 0.016, appropriate for a black-body spec-
trum with log(Teff/K) = 5.026. A magnitude MUV = −18, as
observed for the two faintest sources at z = 25, if confirmed,
translates to a UV luminosity LUV = 109.55 L�. Combining
these results, we conclude that a total Pop III stellar mass of
M?,III ≈ 8.2 × 106 M� is required, equivalent to roughly 8200
stars each with m? = 103 M�.

These massive stars have very short lifetimes, t? = 1.9 Myr
(Schaerer 2002), yielding an approximate duty cycle fduty =
t?/t(z = 25) = 0.014, where t(z = 25) = 133.2 Myr is the
cosmic age at z = 25. Given the observed comoving number
density (n ≈ 10−5 Mpc−3) of such objects and the duty cycle, the
cluster of Pop III stars should be hosted by halos with a number
density f −1

duty times higher. This corresponds to a halo of mass
Mh = 9 × 107 M� or a virial temperature of 5 × 104 K, char-
acteristic of an atomic cooling halo. The gas content in such
halos is Mg = (Ωb/Ωm)Mh = 1.4 × 107 M� ≈ M?,III. Thus, it
would be necessary to convert 60% of the halo gas content into
m? = 1000 M� stars in�1.9 Myr to produce the required lumi-
nosity. Hence, if possible at all, very extreme conditions would
be required by the Pop III interpretation. Such a high star forma-
tion efficiency should also be a relatively rare phenomenon, as
implied by the Thompson optical depth of the CMB (Visbal et al.
2015) and by the impact on the IGM temperature of binary BH
remnants (Mirabel et al. 2011).

Although extreme, the Pop III scenario cannot yet be com-
pletely excluded and should be considered in parallel to the PBH
solution proposed here. The HeIIλ1640 line luminosity produced
by a 1000 M� Pop III star is 4.2 × 105 L�. The total luminosity
of the cluster is then LHeII = 3.4 × 109 L�. This corresponds to
a line flux ≈2.9 × 10−18 erg s−1 cm−2 (≈1.3 × 10−19 erg s−1 cm−2)
at z = 17 (z = 25), i.e., it should be detectable by the NIRSpec
deep pointings of a JADES-like survey (Eisenstein et al. 2023).
Interestingly, the line may contaminate the F277W (F444W) fil-
ter band for z = 17 (z = 25) sources, making their spectra bluer
(redder). We caution that HeIIλ1640 could also be excited by
PBH emission.

We also consider that before such massive stars collapse into
a stellar BH at the end of their lives, they may release non-
negligible amounts of heavy elements (primarily CNO) into the
surrounding medium via mass-loss. According to Marigo et al.
(2003), a rotating 103 M� Pop III star produces (1.18, 1.7 ×
10−5, 1.5) M� of (C, N, O), respectively. Hence, once diluted
in a gas mass approximately equal to M?,III, this corresponds
to a gas metallicity Z ≈ 0.11 Z�. These elements could
potentially generate UV lines detectable by JWST (CIVλ1549,
CIII]λ1907, 1909) or by ALMA (e.g. [OI]63 µm, [OIII]88 µm),
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thereby enabling discrimination between the PBH and Pop III
scenarios.

Perhaps the most promising perspective to clarify the nature
of these sources is to use gravitational waves (GW). Stellar BHs
left by m? = 103 M� Pop III stars could merge and produce a
GW signal. Neglecting mass loss and assuming complete col-
lapse, the chirp mass of the binary is M = 870 M�, and the
signal would peak at a characteristic frequency fm ≈ 10 Hz. The
strain is then h ≈ 10−21(Gpc/DL), where the luminosity distance
to z = 25 is DL = 295 Gpc, yielding h ≈ 3.4 × 10−24. This signal
corresponds to a signal-to-noise ratio S/N = 3.4 for the expected
sensitivity of the Einstein Telescope at 10 Hz (Abac et al. 2025).
Clearly, this is an intriguing possibility that deserves further
study.

5. Summary

We have shown that the discovery of nine candidate galaxies at
z = 17 and z = 25, if confirmed, is virtually impossible to rec-
oncile with current galaxy formation model predictions. How-
ever, the implied UV luminosity density can be produced by a
relatively small ( fPBH ≈ 10−8) population of primordial black
holes (PBHs) described with a lognormal distribution of charac-
teristic mass MPBH = 104−5 M�, typically residing in low-mass
halos (Mh ≈ 107 M�), and accreting at a moderate fraction of the
Eddington luminosity, λE ' 0.36. Both the point-like morphol-
ogy and the observed blue spectra of the detected sources are
consistent with this hypothesis, which also complies with cur-
rent constraints on the mass and abundance of PBHs.

PBH sources precede the first significant episodes of cosmic
star formation. At later times, as star formation initiates, PBH
emission becomes comparable to or subdominant with respect
to that of the hosting galaxy. If ultra-early sources are pow-
ered purely by accretion, this strongly disfavors seed production
mechanisms requiring the pre-existence of stars (massive or Pop
III stars or clusters) or their UV radiation (direct collapse BHs),
leaving PBHs as the only alternative solution currently available.

Alternative explanations, such as isolated large clusters
(≈107 M�) of massive (m? = 103 M�) Pop III stars, are only
marginally viable. They require extreme and very unlikely con-
ditions that can nevertheless be tested via UV (e.g. HeII, CIII])
and FIR (e.g. [CII], [OIII]) emission lines or gravitational waves.
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