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The open questions

• What were the physical properties of early galaxies? 

• How was early galaxy assembly dependent on the environment? 

• What did early galaxies evolve into through cosmic time? 

• When & how was the Universe reionized? 

• What was the impact of reionization on early galaxy formation? 

• What was the role of black holes in early galaxy formation & reionization? 

• How many gravitational wave events do we expect from the early Universe? 

• What can signals from cosmic dawn tell us about cosmology  
  (e.g. nature of dark matter)?
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The emergence of galaxies in the first billion years: 
implications for galaxy formation & cosmology



An over-abundance of bright systems in the first billion years

5

Schrodinger’s Galaxy: z ⇡ 17 or z ⇡ 5? 11

Figure 5. How CEERS-1749 at z ⇠ 16.5 would challenge our understanding of galaxy formation. Left: Implied constraints

on the bright end of the UV LF at z ⇠ 16.5. If this source is indeed confirmed to lie at z ⇠ 16.5, it would defy virtually every

model of early galaxy evolution. The solid light gray lines show predictions from two models (Dayal et al. 2014; Behroozi et al.

2019) at z ⇠ 11, while the darker gray lines are for z ⇠ 15� 16. At the observed number density, CEERS-1749 would be 4mag

too bright for the model predictions. Even more impressive is the comparison with the DM halo mass function. The dotted

gray line shows the predicted LF of an extreme model where all baryons in a given halo are converted into stars. This is the

only way to reproduce the UV LF of this galaxy. For context, similarly luminous galaxies at z ⇡ 6 � 10 have star-formation

e�ciencies inferred to be < 10% (e.g., Tacchella et al. 2018; Stefanon et al. 2021). As an empirical comparison we also show

extrapolations of the double-power law UVLF (”DPL”) from Bowler et al. (2020) to z ⇡ 11 and z ⇡ 16. Right: Galaxy stellar

mass threshold vs. redshift expected for ⇤CDM cosmology, adopted from Behroozi & Silk (2018). The stellar mass threshold is

derived from halo mass functions that assume a 100% star-formation e�ciency, i.e., M?/Mhalo = fbaryon, where fbaryon = 0.16 is

the cosmic baryon fraction. CEERS-1749, and the tentative implied number density of its analogues (⇡ 10�5 Mpc�3), places it

in a regime that significantly deviates from the norm for ⇤CDM. If confirmed to lie at z ⇡ 17, and if analogues of CEERS-1749

prove to be as common as the first JWST extragalactic fields imply, this may provide a compelling constraint on cosmology.

Another relevant class of ideas revises the relationship
between light and mass. For instance, modifying the
IMF to be extremely top-heavy produces much higher
UV luminosities for a given stellar mass (up to ⇡ 10⇥
higher compared to our assumptions of a “normal” IMF,
e.g., Fardal et al. 2007). Pop III stars and binary stars
occurring at low metallicities similarly produce di↵er-
ent translations between light and mass. And finally, a
possibility that can not be ignored is that some fraction
of the luminosity of CEERS-1749 may not be of stellar
origin at all, but could arise from accretion onto early
black holes (e.g., Pacucci et al. 2022).

4.2. Implications of the z ⇡ 5 scenario

We emphasize that the redshift solution for CEERS-
1749 across multiple studies, which use diverse data re-
duction choices and z > 10 selection techniques, seems
unambiguous: z ⇡ 17, with p(z > 10) > 99.9%, and lit-
tle room permitted for any other possibility (Naidu et al.
2022a; Donnan et al. 2022; Harikane et al. 2022a). There
is no hint of a z ⇡ 5 solution that may be upweighted
into relevance by e.g., a luminosity prior. If not for the
conservative error floor on the photometry adopted here,
and the fortuitous environmental evidence, there would

be little reason to place this source at z ⇡ 5 (but see
also Zavala et al. 2022).
The di�culty of identifying the z ⇡ 5 solution for

CEERS-1749 could be construed to imply that some
fraction of the seemingly secure z > 10 candidates
may be interlopers of the kind discussed in this work.
Galaxies with relatively weaker breaks in their SED are
the most vulnerable – e.g., the dusty starburst scenario
could account both for their break as well as the slope
of their longer wavelength photometry. Such interlop-
ers may help resolve the tension described in the prior
section. At slightly lower redshifts (z ⇡ 6 � 10) the
occurrence of the strongest rest-optical lines as well as
the presence of both Balmer breaks as well as Lyman
breaks in the NIRCam coverage provide additional safe-
guards (e.g., Labbe et al. 2022). Further, MIRI pho-
tometry (e.g., see how the dusty galaxy stands out in
Table 2), an additional medium band (for example, in
the JADES GTO program filter-set, Rieke 2020), or any
spectroscopy would comfortably protect against such in-
terlopers.
We also emphasize that we are dealing with an ex-

traordinary situation given the foreground protocluster.
The redshift range in which strong emission lines in a
dusty system perfectly conspire to mimic a Lyman break
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While in perfect agreement with theory at , early JWST observations showed an over-
density of bright systems at . Strong emission lines from z~5 object lead to a pathology 

yielding a photometric z~16 (Arrabal-Haro et al. 2023).

z ≤ 10
z ≥ 11

Absolute UV magnitude

Naidu, incl. Dayal et 
al. 2022, 
Harikane et al. 2023, 
Donnan et al. 2023, 
McLeod et al. 2023
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Observations continue to support over-abundance of bright systems 
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A&A proofs: manuscript no. output

Fig. 6. UV luminosity function comparing the fiducial model with the older model of Mauerhofer & Dayal (2023), and the evolving IMF and
evolving star-formation parameter models. Solid lines show luminosities including dust attenuation, while dashed lines are intrinsic. Various
symbols are observational data points (Atek et al. 2015; Bowler et al. 2017; Atek et al. 2018; Ishigaki et al. 2018; Oesch et al. 2018; Bouwens
et al. 2021, 2022a, 2023a,b; Naidu et al. 2022; Adams et al. 2023; Donnan et al. 2023, 2024; Harikane et al. 2022, 2023, 2024a,b; Leung et al.
2023; McLeod et al. 2023, 2024; Pérez-González et al. 2023; Casey et al. 2024; Finkelstein et al. 2024; Robertson et al. 2024; Willott et al. 2024),
see legends.

Article number, page 8 of 13

Evolving IMF - Hutter et al. 2024

Dust attenuation decreasing with z - Mauerhofer & Dayal 2023
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G.P. Nikopoulos and P. Dayal : A phenomenological model for bright galaxies in the high-redshift Universe

Fig. 1: The evolving UV LF at z ⇠ 5 � 16. In each panel, the dashed and solid black lines show the intrinsic and observed (dust-
attenuated) fiducial UV LF respectively. Dashed and solid red (purple) lines show the intrinsic and observed UV LFs allowing a
scatter of 0.5 and 1 dex on the star formation e�ciency for any halo, respectively, with the dark and light shaded areas showing
their corresponding 1±� scatter. In every panel, the orange solid (dashed) line shows the “maximal intrinsic UV LF" for a Salpeter
and flat-ish IMF, respectively. In every panel, points show observational data, as marked, from (Atek et al. 2015; Bowler et al.
2017; Atek et al. 2018; Ishigaki et al. 2018; Bowler et al. 2020; Bouwens et al. 2021; Bouwens et al. 2022b; Bouwens et al. 2023a;
Harikane et al. 2022a; Donnan et al. 2023; Willott et al. 2023; Adams et al. 2023a; Casey et al. 2023a; Finkelstein et al. 2023a;
Bouwens et al. 2023b; Harikane et al. 2023a,b; Leung et al. 2023; Robertson et al. 2023a; Pérez-González et al. 2023; Harikane
et al. 2024; Donnan et al. 2024; McLeod et al. 2024).

form stars at 10 times the fiducial star formation e�ciency (as
seen from the light shaded area); the z ⇠ 16 data points from
Harikane et al. (2023a,b) lie within our scatter limits given their
very high uncertainties.

In each panel, we also show the “maximal intrinsic UV LF".
We assume each halo to have a cosmological baryon-to-dark
matter ratio and allow all of this gas to form stars instanta-
neously (i.e. f⇤ = 100%). We then calculate the UV luminosity
for two di↵erent IMFs: (i) the first uses our standard (1�100M�)
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Possible solutions include a decreasing importance of dust attenuation with increasing redshift 
(Mauerhofer & Dayal, 2023; Ferrara, Pallottini, Dayal 2023), an evolving initial mass function 
(Yung et al. 2023, Cueto, Hutter & Dayal et al. 2023, Trinca et al. 2024), bursty star formation 
(Mason et al. 2023, Mirocha & Furlanetto 2023, Sun et al. 2023, Nikopoulos & Dayal 2024), 

black hole contribution (Ono et al. 2018, Pacucci, Dayal et al. 2022), feedback-free star 
formation (Dekel et al. 2023) or low-redshift interlopers (Arrabal-Haro et al. 2023).
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An over-abundance of massive systems - CDM implications 
 

 
Figure 1: Redshifts and tentative stellar masses of double-break selected galaxies. Shown 
in gray circles are EAZY-determined redshifts and stellar masses using emission-line 
enhanced templates (Salpeter IMF) for objects with S/N> 8 in the F444W band. Fiducial 
redshifts and masses of the bright galaxies (F444W < 27 AB) that satisfy our double-break 
selection are shown by the large red symbols. Uncertainties are the 16th -84th percentile of the 
posterior probability distribution. All galaxies have photometric redshifts 6.5 < z < 9.1. Six 
galaxies are candidate massive galaxies with fiducial M* > 1010 M⊙.  
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Early observations also seem to indicate an over-abundance of massive systems at all z>7 
(Labbe et al. 2023). Explaining the stellar mass density at early epochs seems to require 

galaxies that can convert ALL of their baryons into stars (Boylan-Kolchin 2023). Or does a 
more prosaic solution lie in evolving mass-to-light ratios at high-redshifts? 

Ruling out ⇤CDM with high-redshift galaxies (?) 3

Figure 2. Stellar mass density limits. The comoving stellar mass density contained within galaxies more massive than "¢ at I ⇡ 9.1 (left) and I ⇡ 7.5 (right)
for three values of the assumed conversion e�ciency n of a halo’s cosmic allotment of baryons into stars. Only if all available baryons in all halos with enough
baryons to form the galaxies reported by L22 have indeed been converted into stars by that point — an unrealistic limit — is it possible produce the stellar mass
density in the highest "¢ bin at I ⇡ 9 measured by L22 in a typical volume of a ⇤CDM Universe with the Planck 2020 cosmology. Results are similar at
I ⇡ 7.5. For more realistic values of n , the required baryon reservoir is substantially larger than the theoretical maximum in this cosmology. When considering
shot noise and sample variance errors (which comprise the plotted uncertainties on the L22 data points in each panel), the measurements are consistent with the
base ⇤CDM model if n > 0.57, which would still imply incredibly e�cient star formation in the high-redshift Universe.

4 DISCUSSION

The first glimpse of high-redshift galaxy formation with JWST has re-
vealed surprisingly massive galaxy candidates at early cosmic times.
These systems provide a way to test a bedrock property of the⇤CDM
model (or, e.g., assumptions in derivations of stellar masses or the
viability of high-redshift galaxy candidates): the stellar content of ha-
los should not exceed the available baryonic material in those halos.
This requirement does not rely on assumptions such as abundance
matching but rather is simply a statement about the distribution of
virialized mass in the Universe as a function of redshift and the bary-
onic reservoirs associated with those virialized halos: galaxies of
mass "¢ can only form if halos of mass "¢/(n 5b) have formed. It
is also more stringent than the requirement that the observed galaxy
UV luminosity function not exceed the theoretical maximum com-
ing from a nearly instantaneous (10 Myr) conversion of a halo’s full
baryonic reservoir into stars (Mason et al. 2022), as it is an integral
constraint as opposed to a di�erential one. The massive, high-redshift
galaxy candidates cataloged in L22 lie at or just beyond the stellar
mass density constraint in ⇤CDM.

There are several sources of observational uncertainty that enter
these results. The flux calibration of NIRCam is continually being
updated; L22 use calibrations that take into account updated detector
o�sets that are not yet part of the o�cial JWST reduction pipeline
(see, e.g., Boyer et al. 2022 for examples of this e�ect and Nardiello
et al. 2022 for related discussions of empirical point spread function
modeling for JWST). With NIRCam photometry, a Balmer or 4000 Å
break at I ⇠ 5 can be mistaken for a Lyman-U break at I & 12 (Zavala
et al. 2023); the L22 sample was selected to contain both Lyman and
Balmer breaks, however, and is at low enough redshift (relative to
I ⇠ 15 sources) that NIRCam filters can typically exclude I ⇠ 5 pho-
tometric solutions. The resulting photometric redshift estimates have

single, narrow (fI ⇡ 0.25) peaks. The masses of the galaxies are
computed using the median of four methods for fitting the photome-
try (see L22 for details) and assume a Salpeter (1955) IMF. Di�erent
assumptions about the photometry (in particular, properties of neb-
ular emission lines) or IMF could a�ect the derived stellar masses,
with the latter being a particularly intriguing possibility. The mass
of the candidate at I ⇠ 7.5 was also corrected for the possibility of
amplification by mild gravitational lensing; this e�ect is estimated by
L22 to be 0.15 dex, and the reported mass (and stellar mass density)
of this object are therefore reduced by this amount to compensate.
The error bars in Figure 2 include errors in the volume estimates
coming from both sample variance and Poisson noise, with the lat-
ter always being dominant in the regime considered here (Trenti &
Stiavelli 2008; Behroozi & Silk 2018).

The discrepancy between the observed high-redshift galaxy can-
didates and ⇤CDM expectations is robust to uncertainties in cos-
mological parameters in the base ⇤CDM model: the precision on
each of the relevant parameters is at the . 1% level (Planck Col-
laboration et al. 2020). Intriguingly, extensions to the base ⇤CDM
with enhanced values of f8 and the physical matter density ⌦m⌘2

— such as some Early Dark Energy (EDE) models whose aim is to
resolve the Hubble Tension — predict earlier structure formation and
a higher abundance of halos at fixed mass at high redshift (Klypin
et al. 2021), which would enhance the baryonic reservoirs available
for forming early massive galaxies. Taking the best-fit EDE param-
eters from Smith et al. (2022), the cumulative comoving baryonic
density contained in halos more massive than "halo = "¢/ 5b for
the most massive L22 galaxy candidate at I ⇡ 9.1 is a factor of
3.3 larger in EDE than in base ⇤CDM, which is non-negligible; the
L22 data points would then lie at n = 0.72 instead of n = 0.99.
However, this EDE cosmology is in stronger tension with values of

MNRAS 000, 1–4 (2023)
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Stellar mass estimates very intricate at these early epochs

The initial mass function (mass 
distribution of stars in a newly formed 
stellar population) crucially determines 

the mass-to-light ratio (Wang incl. Dayal 
et al. 2024)

8 Wang et al.
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Figure 2. Changes in inferred parameter due to di↵erent model choices. The stellar mass, SFR, and mass-weighted age (MWA)
are plotted against the fiducial values in each panel. (Upper panel) The comparison between results assuming an IMF with
x = 1.8 (x = 2.8) and the fiducial Chabrier IMF are shown in orange (green). Significant systematic shifts in stellar mass and
SFR are found. (Middle panel) The fiducial model assumes a rising SFH prior (Wang et al. 2023d), while the alternative model
assumes a bursty prior. The SFRs averaged over the most recent 10 Myr (SFR10, unfilled circles show significant scatter driven
by the stochasticity in the SFH, but the SFRs averaged over the most recent 100 Myr (SFR100, filled circles) are less a↵ected.
The a bursty prior also cause a systematic decrease in stellar age. (Lower panel) The fiducial model computes nebular emission
and continuum from a pre-computed Cloudy grid (Byler et al. 2017), while the alternative model uses a Cloudy emulator dubbed
Cue. The extra flexibility enabled by Cue systematically increases the inferred mass and SFR by ⇠ 0.1� 0.2 dex, similar in size
to the 1� measurement uncertainties indicated by the error bars.

dex di↵erence found in Li & Leja 2022), which is a nat-
ural consequence of the z > 9 population being more
sensitive to nebular modeling than the regular galaxy
population.

It is also a curious finding that the scatter in the model
comparison plot of Figure 4 is noticeably larger than
those of the above two cases—this suggests that, unlike
the IMF and SFH timescales, nebular properties may

well be able to be constrained from broad-band photom-
etry, and this constraining power would be substantially
increased by medium-band photometry.

To gain more insights into the influence of the flexi-
ble model, we show the emission line ratios calculated
from posterior samples for one of the candidates in Fig-
ure 6. The recent measurement of GN-z11 is included
for reference (Bunker et al. 2023). Interestingly, the line
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sensitive to nebular modeling than the regular galaxy
population.

It is also a curious finding that the scatter in the model
comparison plot of Figure 4 is noticeably larger than
those of the above two cases—this suggests that, unlike
the IMF and SFH timescales, nebular properties may

well be able to be constrained from broad-band photom-
etry, and this constraining power would be substantially
increased by medium-band photometry.

To gain more insights into the influence of the flexi-
ble model, we show the emission line ratios calculated
from posterior samples for one of the candidates in Fig-
ure 6. The recent measurement of GN-z11 is included
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Double-break galaxies in CANUCS 7

Figure 3. Stellar masses versus redshift (left) and cumulative mass density by decreasing stellar mass (right). In the left panel, the CANUCS sample
Phosphoros+DB redshifts and mass (red hexagons) and the Bagpipes ones (orange hexagon) are compared to the CEERS L23 sample with masses scaled from
Salpeter (1955) to Chabrier (2003) IMF (blue circles). As Bagpipes and DB do not use the same redshift in the fits, the former using only the Phosphoros best
fit redshift, where the latter uses the full P(I) (represented in this panel by the median point estimate), their redshift value differs. Thus the dotted lines link the
two code results for the same sources. In the right panel, the distribution of cumulative density of sources ranked by stellar masses are shown for both samples
and both mass estimates in the CANUCS case. The red dotted lines in the right panel show the cumulative densities for each of our five clusters (CLU+NCF
fields) separately using the DB results, illustrating the large field-to-field variance in the number densities.

3.3 Results

The resulting stellar masses and redshifts for the CANUCS double-
break sample are presented in Fig. 3 and Table A1. Figure 3 also
shows the results from L23, corrected for the difference in IMF. We
note that the CANUCS double-break population remains under the
mass threshold of 1010 M� , regardless of the code used for the fit.
We find that the majority of our sources have a photometric redshift
I < 9, with the exception of one source (id=3102668) which has a
broad Phosphoros P(I) leading to a large discrepancy between the
best-fit redshift and the P(I) median. This outlier also presents the
highest computed mass with DB, with M⇤ = 7.9+4.6

�4.0 109 M� . The
median stellar mass of the CANUCS sample is M⇤ = 2.0 108 M�
with DB and M⇤ = 7.6 107 M� with Bagpipes.

The solid curves in the right panel of Fig. 3 show the cumula-
tive source density vs. stellar mass for the different samples and
mass fitting procedures. We note a discrepancy between the densi-
ties of the L23 (blue line) and CANUCS Phosphoros+DB (red line)
samples of roughly ⇠ 0.8 dex in stellar mass. We also see that the
CANUCS Bagpipes fits (orange line) provide a lower source density
for a given stellar mass than the Phosphoros+DB fits, but the dif-
ference is mainly due to the most massive source with the uncertain
redshift. Figure 3 right panel also shows the individual cumulative
mass densities for the different CANUCS line-of-sights from the
Phosphoros+DB results. The different field densities exhibit a large
scatter, with differences up to ⇠ 1.5 dex at fixed density. We note that
the density of the L23 sample is reached by the densest CANUCS
fields, but this is mainly due to sources with high photo-I (Iphot > 8.5
values whose redshift and masses are uncertain (see Sect. 4.2).

From the DB and Bagpipes fit results, we build the cumulative

stellar mass density function of our double-break sample. We focus
only on redshifts I ⇠ 8, comparable to L23’s I = 7.0–8.5 range, as
this is where the majority of our sample is. For higher redshifts the
limited size of our (and L23’s) sample would not allow a meaningful
comparison. Following L23, in Figure 4 we show the L23 cumulative
stellar mass density along with CANUCS cumulative stellar mass
densities computed with both our template fitting codes, and the
results of our Phosphoros+DB fitting of the L23 sample photometry.
The Figure also displays the Stefanon et al. (2021) estimation of
the I ⇠ 8 cumulative mass density function derived with HST and
Spitzer/IRAC.

The contours presented in Fig. 4 represent the 1- and 2-f errors on
the position of the cumulative stellar mass density functions. For the
CANUCS samples, they are computed from randomly sampling the
joint mass, redshift and magnification posteriors with 10 000 draws,
and building as many cumulative functions considering random sub-
samples of the full dataset while accounting for fitting errors and for
field-to-field variance in the survey. For the CEERS sample fit with
Phosphoros+DB, we also draw 10 000 samples from the joint mass
and redshift posteriors, although we cannot include field-to-field vari-
ance in the same way as we do for CANUCS since the CEERS data
cover only one field. Instead, we use bootstrap resampling to account
for sample variance. The contours are then built using kernel density
estimate with Scott’s rule (Scott 1992), encompassing 68 and 90 per
cent of the random cumulative mass density point positions.

Figure 4 shows that our Phosphoros+DB fit results for the CEERS
sample are consistent with those in L23. We also note that there is
good agreement between our two fitting procedures for the CANUCS
sample. However, the CEERS and the CANUCS samples provide

MNRAS 000, 1–11 (2023)

Field-to-field variance of stellar mass can 
be as large as a factor 30 - do not find 

stellar masses as high as Labbe 
(Desprez et al. 2023)
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Signals from cosmic dawn: implications for dark matter

CDM

SFHs in the EoR 5

Figure 2. The merger trees for a low-mass galaxy ("¢ = 108 M� , "h = 1010.3 M� , top panel), an intermediate-mass galaxy ("¢ = 109 M� , "h = 1011.2 M� ,
middle panel) and a massive galaxy ("¢ = 1010 M� , "h = 1011.8 M� , bottom panel) at I = 5. Each progenitor is represented by a filled circle with the color
scaling with its star formation rate as per the color bar (black represents the absence of star formation). The size of each circles scales with the halo mass as per
the indicative sizes shown. Progenitors encircled by a black line indicate the major branch with the black arrow indicating the starting leaf of the major branch.
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Testing the nature of (warm) dark matter with JWST

Dayal & Giri, 2023, Dayal et al 2015, 2017, Maio & Viel 2023 10

The detection of any galaxies existing in multiple JWST fields (~ 103 cMpc3) can be used to 
rule out light (1.5 keV) WDM models. Crucial to derive warm dark matter mass constraints at 

an epoch inaccessible by any other means.

Volume ~ 103 cMpc3
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Black holes in the first billion years: implications for the 
era of gravitational wave astronomy



12

Obese black holes in the first billion years in the JWST era

Explaining the supermassive black holes being observed by JWST require explanations such 
as super-Eddington accretion onto low-intermediate mass seeds or Eddington accretion onto 

massive (105 ) seeds that formed at  posing a challenge for theoretical models. M⊙ z ∼ 25

Dayal 2024; also Bogdan et al. 2023, Furtak et al. 2023; Goulding et al. 2023; Greene 
et al. 2024; Kokorev et al. 2023; Maiolino et al. 2023, 24; Joudzbalis et al. 24

Pratika Dayal : Exploring a primordial solution for early black holes detected with the JWST

Fig. 1: The growth of black hole mass as a function of redshift (or cosmic time). Assuming seeding at a redshift of Iseed = 25, we
show black hole growth considering both Eddington-limited ( 5Edd = 1) and super Eddington ( 5Edd > 1) accretion for seed masses of
100, 104 and 105M�, as marked. As detailed in Table 1 and marked in the plot, we compare these models to black holes confirmed
by: Bogdán et al. (2024), Furtak et al. (2024), Kocevski et al. (2023), Maiolino et al. (2023), Harikane et al. (2023), Greene et al.
(2024), Kokorev et al. (2023), Kovács et al. (2024), Juod�balis et al. (2024) and Maiolino et al. (2024).

Kovács et al. 2024). These have been used to infer the existence
of massive black holes as large as 107.5 � 108.1M� at I >⇠ 8.5,
only 600 million years after the Big Bang. A key caveat, however,
is that these observations apply locally calibrated single-epoch
relations to infer black hole masses from observed spectra/X-ray
luminosities. This is driven by two key reasons: the first is that
this provides a redshift-independent estimation of the black hole
mass. The second is that local relations between line broaden-
ing (or X-ray emission) and the black hole mass are associated
with small-scale (<pc scale) physics and dynamics which are
not expected to show any significant dependence on the redshift
(although see King 2024; Lupi et al. 2024).

As seen from Fig. 1, continuous Eddington-limited accretion
onto low-mass (100M�) seeds starting at Iseed = 25 is able to
yield black hole masses of "BH ⇠ 104.8 (107.6)M� by I ⇠
10.3 (7). As a result, this model is able to explain 26 of the
34 JWST-observed black holes, leaving only 6 outliers. These
comprise two of the I ⇠ 7 massive black holes (Harikane et al.
2023; Juod�balis et al. 2024) and all of the beasts observed at
I >⇠ 8.5 (Kokorev et al. 2023; Bogdán et al. 2024; Kovács et al.
2024; Maiolino et al. 2024). Explaining these last 6 outliers with
low-mass seeds requires invoking continuous super-Eddington
accretion with 5Edd = 2.1 that allows assembling "BH ⇠ 108M�
as early as I ⇠ 10.3.

Starting with a intermediate seed mass of 104M� at Iseed =
25 allows assembling a mass of "BH ⇠ 106.8 (109.6)M� by
I ⇠ 10.3 (7), which encompasses all of the observed black holes
apart from the two highest redshift objects at I >⇠ 10 (Bogdán
et al. 2024; Kovács et al. 2024). Explaining these with such
massive seeds requires invoking 5Edd = 1.4. Finally, already
assembling a mass of "BH ⇠ 107.9 (109.6)M� by I ⇠ 10.3 (7),
continuous Eddington accretion onto massive (105M�) seeds is

able to explain all of the current observations, precluding the
need for super-Eddington accretion.

To summarise, Eddington-limited accretion on to “low-mass"
and “intermediate-mass" seeds result in 6 and 2 outliers (out of
34), respectively; seeds starting o� as heavy as 105M� at I = 25
can explain all of the current data.

We then carry out a Gedankenexperiment where we assume
a primordial origin for black holes and calculate the PBH mass
assuming: (i): all of the black holes observed by JWST to have
been seeded primordially - this yields the upper limit to the JWST-
motivated PBH mass function; (ii): only the (6) BHs inexplicable
by Eddington-accretion onto low-mass seeds are primordial; and
(iii): only the (2) BHs inexplicable by Eddington-accretion onto
intermediate-mass seeds are primordial. For each of these cases,
we calculate the PBH seed mass ("PBH) reversing Eqn. 1 as-
suming a redshift of I = 3400; we reasonably ignore any growth
of PBHs before this era of matter-radiation equality. Calculating
the PBH mass function also requires a number density associated
with each seed - for this, we use the number densities quoted in
the literature (see Table 1). These are usually obtained from the
luminosity function (6th column). In the case of multiple objects
contributing to a given luminosity function bin, we assign each
of them the same weight in order to derive the number density
per object (the 7th column) which are the values used here. The
PBH mass function for each of these cases is shown in Fig. 2 with
the PBH seed masses for each object noted in (column 9) of 1.

As seen, case (i) above yields an extended PBH mass func-
tion ranging between 10�5.25 � 103.75M�, reflecting the range
of black hole masses and redshifts measured by the JWST. The
mass function decreases by more than two orders of magnitude
from a value of about 10�3.1cMpc�3 at "PBH ⇠ 10�4.25M� to
10�5.3cMpc�3 at "PBH ⇠ 103.75M�. This reflects the few out-
liers in terms of mass and redshift as opposed to a large number
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Problematic black hole to stellar mass ratios at high-z



JWST observations seem to indicate implausibly high BH to stellar mass ratios of 30-50% 
(Harikane et al. 23, Maiolino et al. 2023, 2024, Kocevski et al. 2023, Furtak (incl. Dayal) et al. 
2023, Larson et al. 2023, Kokorev (incl. Dayal) et al. 2023, 2024, Bogdan et al. 2023). Solutions: 

• Super-Eddington accretion onto low- or heavy-mass seeds (Schneider et al. 2023, Maiolino 
et al. 2024, Furtak et al. 2024, Dayal et al. 2024) 

• Initial phases in the growth of heavy seeds (Natarajan et al. 2024) 
• Stellar mass hidden due to dust/low surface brightness  
• Baryons exist in right amount, but were not able to form stars (Maiolino et al. 2024) 
• Black hole masses over-estimated (King 2024; Lupi et al. 2024) 13

Problematic black hole to stellar mass ratios at high-z
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A need to revisit pathways for black hole seeding and growth

Volonteri 2007; Shields and Bonning 2008; Holley-Bockelmann et al. 2008; Blecha
and Loeb 2008; Blecha et al. 2011; Dunn et al. 2020; Sayeb et al. 2021). In the LISA
context, the occurrence of kicks might have important consequences for the MBHB
event rate, although the assessment of their impact depends very sensitively on the
assumed spin directions that can be strongly affected by the interaction with the
surrounding environment (Schnittman 2007; Bogdanović et al. 2007; Kesden et al.
2010a, b; Berti et al. 2012; Miller and Krolik 2013; Gerosa et al. 2015b, 2020; Dotti
et al. 2010). Furthermore, recoiling MBHs would produce a post-merger EM
signature that can aid in the identification of the merged MBH (Milosavljević and
Phinney 2005; Schnittman and Buonanno 2007; Schnittman and Krolik 2008; Lippai
et al. 2008; Corrales et al. 2010; Rossi et al. 2010).

Potential EM signatures of GW recoils are reviewed by Komossa (2012). If the
recoiling MBHs carry the bound gas as they recoil, they would shine as off-nuclear
AGN (Blecha and Loeb 2008; Volonteri and Madau 2008). The most characteristic
signature is a set of broad emission lines, which led to the identification of several
observational candidates (Komossa et al. 2008; Civano et al. 2012; Tsalmantza et al.
2011; Koss et al. 2014; Chiaberge et al. 2017; Kim et al. 2017; Kalfountzou et al.
2017) and the development of various detection strategies (Lena et al. 2014; Raffai
et al. 2016; Blecha et al. 2016). Identification of such candidates is a particularly

Fig. 22 Pathways towards the formation of MBHs are numerous, and include the collapse of first-
generation stars (Pop III BHs, MBH.103M!), the collapse and/or coalescence of massive stars formed in
compact stellar clusters (nuclear clusters, 102M!.MBH.104M!), the collapse of SMS formed in
primordial environment (direct collapse, MBHJ103M!), and the collapse of cosmological density
perturbations (primordial BHs, 1M!.MBH.1010M!). The shaded orange region shows the redshift and
MBH mass ranges of LISA, and the orange starburst symbols the LISA detections. LISAwill significantly
extend the current MBH EM detections, shown below the curved solid black line (from the local Universe
at z" 0 to the high-redshift quasars at z > 6). Image credit: Melanie Habouzit
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Phinney 2005; Schnittman and Buonanno 2007; Schnittman and Krolik 2008; Lippai
et al. 2008; Corrales et al. 2010; Rossi et al. 2010).

Potential EM signatures of GW recoils are reviewed by Komossa (2012). If the
recoiling MBHs carry the bound gas as they recoil, they would shine as off-nuclear
AGN (Blecha and Loeb 2008; Volonteri and Madau 2008). The most characteristic
signature is a set of broad emission lines, which led to the identification of several
observational candidates (Komossa et al. 2008; Civano et al. 2012; Tsalmantza et al.
2011; Koss et al. 2014; Chiaberge et al. 2017; Kim et al. 2017; Kalfountzou et al.
2017) and the development of various detection strategies (Lena et al. 2014; Raffai
et al. 2016; Blecha et al. 2016). Identification of such candidates is a particularly

Fig. 22 Pathways towards the formation of MBHs are numerous, and include the collapse of first-
generation stars (Pop III BHs, MBH.103M!), the collapse and/or coalescence of massive stars formed in
compact stellar clusters (nuclear clusters, 102M!.MBH.104M!), the collapse of SMS formed in
primordial environment (direct collapse, MBHJ103M!), and the collapse of cosmological density
perturbations (primordial BHs, 1M!.MBH.1010M!). The shaded orange region shows the redshift and
MBH mass ranges of LISA, and the orange starburst symbols the LISA detections. LISAwill significantly
extend the current MBH EM detections, shown below the curved solid black line (from the local Universe
at z" 0 to the high-redshift quasars at z > 6). Image credit: Melanie Habouzit
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Given the different treatments of seeding, growth and merger timescales, different models 
predict the detection of anywhere between 1-100 events per year with LISA (“Astrophysics with 
LISA” white paper, 2023, LRR). Obese black holes uncovered by the JWST require revisiting 

black hole seeding and growth pathways e.g. primordial BHs (Dayal 2024).



A primordial solution for early black holes

Seeding: PBH seeded at  
Big Bang/inflation Linear DM assembly:Accretes 

DM halo around itself till 
z~30; then halo potential 

dominates

Carr 2005, Mack et al, 2007, Carr & Silk 2018, Dayal 2024

Gas assembly: as halo 
grows by smooth accretion 

from IGM, accretes gas 

SN and BH feedback: 
determine gas available for sf 

and BH accretion
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A primordial origin for early black holes

Primordial black holes that assemble their halos (and hence their baryons) around themselves 
naturally yield extremely high black hole to stellar mass ratios (~0.1-1.86) i.e. in some cases, the 

black hole grows to be more massive than the stellar mass of its host halo, presenting an 
attractive alternative to seeding these puzzling early systems.

Dayal 2024

A&A proofs� manuscript no. bh

Fig. 2: As a function of the primordial black hole mass, we show the PBH mass function (left panel) and the fraction of dark matter
composed of such objects (right panel). In both panels, these estimates are obtained assuming Eddington-limited accretion onto
all black holes observed by the JWST (solid line; upper limit) and for those not explicable by Eddington-limited accretion on to
low-mass seeds (dashed line) and intermediate mass seeds (point), respectively. As shown by arrows in the left panel, assuming
super Eddington accretion would shift the mass function towards lower masses; on the other hand decreasing the seeding redshift
would shift the mass function to higher masses.

Fig. 3: The assembly of early galaxies in the scenario where primordial black holes act as the seeds of (isolated) structure formation.
The left and right panels show the inferred stellar (blue points) and black hole (red points) masses for UHZ1 and GHZ9, observed at
I ⇠ 10.3�10.4, respectively. As marked, we show the assembly of the black hole mass (long-dashed line), the halo mass (solid line),
the accreted gas mass (dotted line) and the stellar mass (short-dashed line). In each panel, the dot-dashed line shows the evolution
of the minimum halo mass that is able to bind halos with a baryonic over-density value of X1 = 200.

of “reasonable" mass black holes detected at I <⇠ 7. Indeed, the
massive end of the PBH mass function (for "PBH

>⇠ 100.75M�)
is completely dominated by the outliers in case (ii) above, i.e.,
those lying above the Eddington accretion-limited mass onto low-
mass seeds. Finally, given their similar masses and redshifts, the
outliers in case (iii) above yield PBHs of very similar masses
resulting in a single number density value of 10�5.3cMpc�3 at
"PBH ⇠ 103.75M�. We note that assuming super Eddington ac-
cretion would shift the mass function towards lower masses; on
the contrary, decreasing the seeding redshift would shift the mass
function to higher masses.

We also calculate the density parameter for PBHs as a func-
tion of their mass and convert it to the usual notation of the
fraction of dark matter in the form of PBHs as 5 = ⌦PBH/⌦<.
We show these results in (the right panel of) Fig. 2. We find
that even in the “maximal" scenario where all JWST black holes
are assumed to be primordial, the fractional PBH density pa-
rameter has a value ⇠ 10�19 for "PBH ⇠ 10�5.25M� which in-
creases to a maximum of ⇠ 10�12 for "PBH ⇠ 103.75M�. For
this mass range, observational bounds mostly come from mi-

crolensing, gravitational waves, accretion and dynamical e�ects
(Kavanagh 2024; Carr & Green 2024) and typically allow values
of 5 <⇠ 10�2 � 10�3. Being ten orders of magnitude lower, our re-
sults are in accord with current constraints and, as expected, show
JWST-detected black holes to have a negligible contribution to
the dark matter content.

3. Primordial black holes as seeds of early galaxy
assembly

We now carry out illustrative calculations to show how the PBH
masses calculated for the two outliers (UHZ1 and GHZ9) in
case (iii) above (requiring super-Eddington accretion onto 104M�
seeds) could evolve into the systems observed by the JWST. In
the “seed e�ect", by a redshift I⌘ a PBH of mass "PBH can bind
a dark matter halo mass ("⌘) equal to (Carr & Silk 2018)

"⌘ =
I<A4@

I⌘
"PBH. (2)

Article number, page 4 of 9

Linear halo growth
Halo potential dominates

Gas accretion & SF

BH growth by gas accretion



Early galaxies: implications for reionization 
in the era of 21cm cosmology
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The key reionization sources post-JWST 

Dayal et al. 2024;  Atek (incl. PD) et al. 2024

A&A proofs� manuscript no. output

Fig. 3: The redshift evolution of the electron scattering optical depth (left panel) and the volume filling fraction of ionizied hydrogen
(right panel). We show the volume filling fraction weighted values from both star forming galaxies and AGN as well as the contribution
deconstructed into galaxies with stellar masses above and below 109M� , as marked. In the left panel, the dot-dashed horizontal line
and the shaded region show the electron scattering optical depth and its associated error bars from Planck Collaboration et al. (2020).
In the right panel, points show compilations of &II results from a number of works (Fan et al. 2006; Davies et al. 2018; Yang et al.
2020a; Jung et al. 2020; Lu et al. 2020; Bosman et al. 2022; Gaikwad et al. 2023).

Fig. 4: The redshift evolution of the “escaping" rate of ionizing photons from star forming galaxies and AGN weighted over the
volume filling fraction to account for the effects of reionization feedback (Eqn. 5). We also show the total contribution deconstructed
into sources with stellar masses above and below 109M� , as marked. Points show the observational results from Becker & Bolton
(2013, empty circles), Bouwens et al. (2015, filled squares), Becker et al. (2021, filled circles) and Gaikwad et al. (2023, filled
triangles). The vertical short-dashed (long-dashed) line shows the redshift at which the IGM is half (fully) ionized i.e. &II = 0.5 (1),
as marked.

Bosman et al. 2022; Gaikwad et al. 2023). In this fiducial model,387
reionization reaches its mid-point at I ⇠ 6.9 and is over by388
IA48> ⇠ 5.9. Low-mass ("⇤ <⇠ 109M�) star forming galaxies are389
the key drivers of reionization for the bulk of its history (dis-390
cussed further in Sec. 3.4). Indeed, while a scenario ignoring391
AGN shows no sensible effect on the progress of reionization392
down to I ⇠ 7, the end of the process is delayed to I ⇠ 5 (i.e. by393
about 200 Myrs). In an AGN-only scenario, on the other hand,394
the redshift evolution of &II is naturally delayed, with the mid-395
point of reionization being reached at I ⇠ 6. However, driven396
by an increase in both the number densities and masses of black397
holes at I <⇠ 6, reionization proceeds at an accelarated rate in398
this scenario and is over by I ⇠ 5.2, driven mostly by AGN in399
high-mass ("⇤ >⇠ 109M�) galaxies. This scenario, however, can400
be ruled out given it generates too low a value of g4B = 0.032 (as401
compared to the observed value of 0.054) and is in tension with402

a number of inferred constraints on &II at I >⇠ 7, as seen from the 403
same figure. 404

3.4. The key sources of reionization 405

We now discuss the relative contribution of star forming galaxies 406
and AGN to the reionization process accounting for its feedback 407
(Eqn. 5) as shown in Fig. 4. As noted above, in our fiducial 408
model, the mid-point of reionization occurs at I ⇠ 6.9 with 409
reionization being over by I ⇠ 5.9. Star formation in low-mass 410
galaxies (with "⇤ <⇠ 109M�) is the key driver of the reionization 411
process, providing > 80% of ionizing photons at any redshift 412
between I ⇠ 7.1 � 20. As reionization proceeds and the volume 413
filling fraction exceeds 50% at I ⇠ 6.9, the gas masses and star 414
formation rates of such sources are increasingly suppressed by 415
UV feedback. This results in §=8>= turning over at I <⇠ 7 and drop- 416
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• Escaping emissivity dominated by low-mass ( ) star forming galaxies down to z~7. 

• AGN overtake the contribution from star formation at z~6.2 when reionization is 80% complete. 

• AGN contribute at most 25% to the entire reionization process.

M* ≤ 109M⊙
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Low-mass galaxies driving reionization (top panel) results in a more homogeneous distribution 
of ionized regions as compared to a more biased distribution if high-mass galaxies (bottom 

panel) drive the process (Astraeus VIII: Hutter, Trebitsch, Dayal et al. 2023).

Probing key reionization sources through its topology



The emerging picture..
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• Recent JWST observations indicate an over-abundance of luminous systems at z>10 - could 
be explained by bursty/extremely efficient SF, decreasing effects of dust, evolving IMF, 
interlopers.. 

• JWST detections of exceptionally massive systems in terms of stellar mass could be 
explained by varying IMFs, cosmic variance - no breaking of LCDM as of now. 

• Multiple field studies with the JWST can be used to rule out light (<3keV) WDM models simply 
using the observed stellar masses. 

• JWST yielding a sample of numerous and obese black holes as early as z~10 with black hole 
to stellar mass ratios as high as 50% - solutions include extremely efficient black hole growth, 
inefficient stellar growth or extremely early origins of BH seeds. The presence of such black 
holes also has important connotations for the GW event rates expected from LISA. 

• Low-mass star forming galaxies (  in stellar mass) are indicated to be the key 
reionization drivers. Galaxy-21cm correlations will be crucial in shedding light on the patchy 
topology of reionization and constraining the average neutral fraction.

< 109M⊙

ALMA JWST LISA EUCLID


