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A B S T R A C T 

The detection of two z ∼ 13 galaxy candidates has opened a ne w windo w on galaxy formation at an era only 330 Myr after the big 

bang. Here, we investigate the physical nature of these sources: are we witnessing star forming galaxies or quasars at such early 

epochs? If powered by star formation, the observed ultraviolet (UV) luminosities and number densities can be jointly explained 

if: (i) these galaxies are extreme star-formers with star formation rates 5 −24 × higher than those expected from extrapolations 
of average lower-redshift relations; (ii) the star formation efficiency increases with halo mass and is countered by increasing dust 
attenuation from z ∼ 10 −5; (iii) they form stars with an extremely top-heavy initial mass function. The quasar hypothesis is also 

plausible, with the UV luminosity produced by black holes of ∼ 10 

8 M � accreting at or slightly abo v e the Eddington rate ( f Edd ∼
1.0). This black hole mass at z ∼ 13 would require very challenging, but not implausible, growth parameters. If spectroscopically 

confirmed, these two sources will represent a remarkable laboratory to study the Universe at previously inaccessible redshifts. 

K ey words: quasars: supermassi ve black holes – galaxies: starbursts – galaxies: high-redshift – galaxies: luminosity function. 

1  I N T RO D U C T I O N  

The Universe began in the big bang with very simple initial 
conditions, which can be neatly summarized by the standard 
cosmological parameters (see, e.g. Hinshaw et al. 2013 ; Planck 
Collaboration 2018 ). Once the physics of baryons started to have 
a more profound influence on the cosmic evolution, the Universe 
became increasingly complex with the start of galaxy formation and 
reionization (see e.g. Barkana & Loeb 2001 ; Dayal & Ferrara 2018 ). 
In order to bridge the gap between the high- z and the complex local 
Universe, the detection of ever-higher redshift sources is essential 
to understand when and how the first stars and black holes formed 
(see, e.g. Woods et al. 2019 ). 

Currently, the highest-redshift source ever detected with a spec- 
troscopic confirmation is a galaxy at z = 10.957 (Jiang et al. 2021 ) 
with a stellar mass of M � ≈ 10 9 M � (Oesch et al. 2016 ), while the 
highest-redshift quasar is a galaxy hosting a black hole of mass 
M BH ≈ 1 . 6 × 10 9 M � at z = 7.642 (Wang et al. 2021 ). Current 
predictions suggest that the highest-redshift quasar, defined as a black 
hole of mass > 10 9 M �, could be detected by upcoming surv e ys in 
the redshift range z = 9 −12 (Euclid Collaboration 2019 ; Fan et al. 
2019 ). These future detections, with facilities including Euclid and 
the Rubin Observatory, will have profound repercussions on our 

� E-mail: f abio.pacucci@cf a.harvard.edu 

ability to constrain the growth parameters of early populations of 
black holes (Pacucci & Loeb 2020 , 2022 ). 

Recently, Harikane et al. ( 2021 ) presented the detection of two 
H-band drop-out Lyman–Break Galaxy (LBG) candidates at z 

∼ 13 (HD1 and HD2). Although also explicable at z ∼ 4, the 
z ∼ 13 solutions to photometric fitting offer significantly lower 
χ2 statistics. While not confirmed by spectroscopy, one source is 
backed by a 4 σ signal of the [OIII]88 μm line at z = 13.27 with the 
Atacama Large Millimeter Array (ALMA), further supporting the z 
∼ 13 estimate. Although a confirmation of the redshift of these two 
sources will require spectroscopic observations, this claim paves 
the way to performing a deeper search into existing data to look for 
very high- z sources that could have been potentially missed thus far. 
Harikane et al. ( 2021 ) also propose surv e ys to look for more of such 
sources with forthcoming facilities including the James Webb Space 
Telescope (JWST) and the Nancy Grace Roman Space Telescope 
(NGRST). 

These two sources appear extremely ultraviolet (UV) bright (with 
M UV ∼ −23 . 5), and were tentatively explained in Harikane et al. 
( 2021 ) as starburst galaxies, AGN or sources with a top-heavy IMF. In 
this Letter, we further investigate the physical viability of the starburst 
g alaxy h ypothesis, while also proposing a quasar h ypothesis, i.e. 
these two UV-bright galaxies might be accreting super-massive black 
holes at z ∼ 13. Here, we do not consider the possibility that the 
sources are lensed because they are spatially isolated from other 

© 2022 The Author(s) 
Published by Oxford University Press on behalf of Royal Astronomical Society 
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nearby sources. We use the Planck Collaboration ( 2018 ) cosmology 
as a reference. 

2  T H E  STAR-FORMING  G A L A X Y  HYPOTHESI S  

In this section, our key aim is to check whether the two z ∼ 13 
drop-out sources detected by Harikane et al. ( 2021 ) are compatible 
with the extrapolation of lower- z ( z ∼ 5 −10) star-forming galaxy 
data, i.e. if they could be explained as star-forming galaxies. We start 
from the Sheth–Tormen halo mass function (HMF; Sheth & Tormen 
2002 ) and assume each halo to contain a gas mass that is linked to 
the halo mass (M h ) through the cosmological baryon-to-dark matter 
ratio. Assuming bursty star formation, the UV luminosity (L UV ) of a 
halo of mass M h is 

L UV (M h , z) = ε∗(z) 

(
�b 

�m 

)
M h (z)L 1500 . (1) 

Here, ε∗( z) is the star formation efficiency at redshift z, denoting the 
fraction of gas turned into stars in a burst. This is a free parameter 
that is calibrated by matching to the relatively bright part (i.e. 
M UV � −18) of the observed evolving UV luminosity function (UV 

LF) at z ∼ 5 −10. Finally, L 1500 = 10 33 . 07 [ erg s −1 Å−1 M 

−1 
� ] is the 

specific UV luminosity at λ = 1500 Å, obtained from the population 
synthesis code STARBURST99 (Leitherer et al. 1999 ) assuming 
a Salpeter initial mass function (IMF; Salpeter 1955 ) between 
0 . 1 − 100 M �, a stellar metallicity value of 5 per cent Z � (where 
Z � is the solar metallicity) and an age of 2 Myrs. This age should 
be treated as an illustrative example. As seen, the UV luminosity 
is determined by a combination of L 1500 and ε∗( z). Therefore, a 
decrease in the value of L 1500 (see Eqn. 14, Dayal et al. 2014 ) when 
assuming an age of a hundred million years for the dominant stellar 
population (see e.g. Laporte et al. 2021 ) could be countered by scaling 
up ε∗( z) by the same amount ( ∼50). We also note that this ‘first-order’ 
calculation ignores the impact of feedback (both from supernovae and 
reionization) that is crucial in determining the properties of low-mass 
galaxies (Sobacchi & Mesinger 2013 ; Dayal et al. 2014 ; Hutter et al. 
2021 ), as well as the impact of dust attenuation, which is important in 
determining the visibility of high-mass galaxies (e.g. Dayal, Ferrara 
& Saro 2010 ; Bowler et al. 2015 ; Bouwens et al. 2021a ). 

As shown in Fig. 1 , these simple assumptions result in a theoretical 
UV LF that, within error bars, is in quite good agreement with 
observations o v er M UV values ranging between −18 to −23.5 at z 
∼ 5 −9. The corresponding values of ε∗( z) are shown in Table 1 . 
Between z ∼ 5 −9, ε∗ roughly evolves with redshift as 

log [ ε∗( z)] = 0 . 12 z − 3 . 4 . (2) 

Although the star formation efficiency seems to saturate between 
z ∼ 9 to z ∼ 10, this must be treated with caution given the paucity 
of data at z ∼ 10. We therefore use two limiting cases to calculate 
the UV LF at z ∼ 13: (1) log ( ε∗) saturates at a value of −2.3 (i.e. a 
star formation efficiency of 0 . 5 per cent ) at z � 9; (2) we assume that 
the redshift trend of the star formation efficiency inferred in Eqn. 2 
holds also at z � 10. 

We now compare in Fig. 1 the results of such scaling to the 
observational UV LF at z ∼ 13. As seen, Harikane et al. ( 2021 ) infer a 
number density of ∼10 −7.4 cMpc −3 associated with their two sources, 
centered at M UV ∼ −23 . 5. Ho we ver, at the same number density, 
our UV LFs predict galaxies to be much fainter, with M UV ∼ −20 . 4 
( ∼−21.7) for case 1 (2). Indeed, the theoretical scalings, which 
reproduce the observed galaxy populations well at z ∼ 5 −10, are 
unable to produce any bright galaxies with M UV ∼ −23 at z ≥ 9, 
including the sources at z ∼ 13. 

Figure 1. The evolving UV LF at z ∼ 5 −7 ( upper panel ) and z ∼ 8 −13 
( lower panel ). Points show observational data: z ∼ 5 (filled cyan triangles; 
Bouwens et al. 2021b ; Finkelstein et al. 2015 ; Harikane et al. 2022 ), z ∼ 6, 7 
(empty grey squares and empty red circles, respecti vely; Bo wler et al. 2015 ; 
Finkelstein et al. 2015 ; Bouwens et al. 2021b ; Harikane et al. 2022 ), z ∼ 8 
(empty blue triangles; Finkelstein et al. 2015 ; Ishigaki et al. 2018 ; Bowler 
et al. 2020 ; Bouwens et al. 2021b ), z ∼ 9 (filled green squares; Ishigaki 
et al. 2018 ; Bowler et al. 2020 ; Bouwens et al. 2021b ), z ∼ 10 (filled yellow 

circles; Oesch et al. 2018 ; Bowler et al. 2020 ; Harikane et al. 2022 ) and z ∼
13 (filled purple triangle; Harikane et al. 2021 ). In both panels, the solid lines 
show theoretical UV LFs obtained by tuning the value of the star formation 
efficiency to the data at each redshift (see Table 1 ). The short- and long-dashed 
lines show the UV LF at z ∼ 13 assuming that the star formation efficiency 
saturates to a value of ∼ 0 . 5 per cent at z � 9 (case 1) and using the redshift 
evolution of the star formation efficiency inferred from z ∼ 5 −9 data (Eqn. 
2 ; case 2), respectively. 

Table 1. For z = 5 −10 we show the star formation efficiency required to 
match to the observed UV LF. 

z 5 6 7 8 9 10 

log ( ε∗) −2.8 −2.7 −2.55 −2.45 −2.3 −2.3 

We then use the relation SFR UV = κL UV to infer the UV 

SFR. Assuming continuous star formation for 100 Myrs at 
5 per cent Z � metallicity, we obtain a value of κ = 8 . 23 ×
10 −29 [ M � yr −1 erg −1 s Hz ] using STARBURST99. This results in 
SFR UV = 78 . 9 M �yr −1 and SFR UV = 125 . 2 M �yr −1 for HD1 and 
HD2, respectively, as also noted in Table 2 . On the other hand, our the- 
oretical scalings produce SFR UV values of about 5 . 3 (16 . 5) M �yr −1 

for case 1 (2) for the observed number density. This implies that these 
galaxies are extreme star formers , whose UV SFR (and hence star 
formation efficiencies) are a factor ∼ 15 − 24 (4 . 8 − 7 . 6) higher than 
expected in case 1 (2) for a given halo mass. In order to cross-check 
our result, we can also look at the halo masses that would host SFR UV 
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Table 2. For HD1 and HD2, we show UV luminosities observed at a rest- 
frame wavelength of 1500 Å (L UV in units of L �) and the associated UV SFR 

(SFR UV in units of M �yr −1 ). If all of this luminosity is attributed to black 
hole accretion, the associated bolometric luminosity (L BH in units of erg s −1 ) 
and black hole mass (M BH , in M �) are also reported. 

Source L UV SFR UV L BH M BH 

HD1 10 11.7 78.9 1.5 × 10 46 1.2 × 10 8 

HD2 10 11.9 125.2 2.1 × 10 46 1.7 × 10 8 

values of the order of 79 − 125 M �yr −1 at z ∼ 13. Using the scalings 
abo v e, these correspond to M h ∼ 10 12 . 17 −12 . 37 (10 11 . 6 −11 . 8 ) M � for 
case 1 (2). Ho we ver, the number densities of such haloes are 
≤10 −10.8 cMpc −3 , which are three orders of magnitude lower than 
the observationally inferred values. 

To conclude, the number densities of z ∼ 13 galaxies inferred 
by Harikane et al. ( 2021 ) are too large compared to the evolution 
expected from lower redshifts ( z ∼ 5 −9). Indeed, the observed 
SFRs are more likely to be hosted in significantly larger haloes 
of M h ≥ 10 11 . 6 M �, whose number density at z = 13 would be 
≤10 −10.8 cMpc −3 . Based on the combination of their UV luminosity 
and number density, some plausible explanations for the observed z 
∼ 13 galaxy candidates are (see also Harikane et al. 2022 , 2021 ): 
(i) : these galaxies are extreme star-formers whose star formation 
efficiency is 5 −24 × higher than expected for a given halo mass 
(Harikane et al. 2022 ); (ii) : at any redshift, the star formation 
efficiency increases with increasing halo mass and is countered by 
increasing dust attenuation from z ∼ 10 −5, leading to a lack of 
evolution in the bright-end of the UV LF (e.g. Bowler et al. 2020 ; 
Harikane et al. 2022 ); (iii) these galaxies have an IMF that is more 
top-heavy compared to the Salpeter IMF assumed here (Harikane 
et al. 2021 ). An extremely top-heavy IMF where the number of 
stars ( N ) of a given mass (M � ) scales as N ∝ M 

−0 . 95 
� (Fardal et al. 

2007 ) could produce about 8 times more UV luminosity per unit star 
formation rate using, e.g. STARBURST99. 

3  T H E  QUASA R  HYPOTHESIS  

We then explore the quasar hypothesis, i.e. the possibility that 
these galaxies host early super-massive black holes, and that the 
ele v ated UV is powered by their accretion. By assuming that the UV 

luminosity of HD1 and HD2 is solely generated by accretion power, 
we can obtain an estimate of the black hole mass and of its accretion 
rate. 

Following the results of Marconi et al. ( 2004 ), we use the standard 
scaling L ν∝ ν−0.44 to convert the UV luminosity of HD1 and HD2 
into a B-band luminosity. We then use the conversion (Marconi et al. 
2004 ): 

log L BH 

νB L νB 
= 0 . 80 − 0 . 067 γ + 0 . 017 γ 2 − 0 . 0023 γ 3 , (3) 

where γ = log L BH − 12, to infer the bolometric luminosity of the 
black hole, L BH . The luminosities of the two sources are L BH = 

1 . 5 × 10 46 erg s −1 and L BH = 2 . 1 × 10 46 erg s −1 , respectively. By 
assuming that these sources are shining at the Eddington luminosity 
L Edd ≈ 1 . 26 × 10 38 (M BH / M �) erg s −1 , we can estimate the associ- 
ated black hole mass M BH . For the two sources, the inferred black 
hole masses are M BH = 1 . 2 × 10 8 M � and M BH = 1 . 7 × 10 8 M �, 
respectively, and their accretion rates are Ṁ BH = 2 . 7 M �yr −1 and 
Ṁ BH = 3 . 7 M �yr −1 (assuming a standard matter-to-energy conver- 
sion efficiency ε = 0.1). These properties are reported in Table 2 . 

Note that these estimated masses are 1 −2 orders of magnitude 
lower than those of the most massive black holes at z ∼ 7, which, 
ho we ver, had ∼440 Myr more time to grow (see, e.g. Inayoshi, Visbal 
& Haiman 2020 ; Pacucci & Loeb 2022 ). Also, note that the estimated 
bolometric luminosities are the same as that of a low-luminosity 
quasar detected at z = 7.07 (Matsuoka et al. 2019 ). With a bolometric 
luminosity of ∼ 2 × 10 46 erg s −1 , assuming z = 13, these sources 
have a bolometric flux of ≈ 10 −14 erg s −1 cm 

−2 . We assume an X- 
ray bolometric correction of ∼ 10 per cent , given that the observed 
frame 0.5 −10 keV corresponds to the rest-frame 7 −140 keV, which 
should not be affected by significant obscuration, due to the very high 
energies involved. Hence, we obtain an estimated X-ray flux of ≈
10 −15 erg s −1 cm 

−2 . Unfortunately, both HD1 and HD2 are very close 
to the border of the field of view in the COSMOS and UDS fields, 
where the detection of point-like sources is particularly challenging. 
Targeted, deep X-ray observations could ultimately clarify the nature 
of these sources, as the X-ray flux from a starburst is lower than that 
expected from a black hole. 

Having obtained an estimate of the black hole mass and bolometric 
luminosity, we proceed to check if the observed photometry can 
be modeled by standard spectral energy distributions (SEDs) for 
quasars. We caution the reader that our intent here is not to obtain 
a best-fitting SED given the photometric data, because the estimate 
of the black hole mass and of the bolometric luminosity are very 
tentative. Our goal is to use standard black hole SEDs to show that 
the quasar hypothesis is compatible with the photometric data. 

We use the standard atlas of quasar SEDs by Shang et al. ( 2011 ), 
a modern version of the classic catalog by Elvis et al. ( 1994 ). In 
our range of interest (1200 Å to 4300 Å rest-frame) the two SED 

templates provided (radio-loud versus radio-quiet) are similar to 
each other (Shang et al. 2011 ). We choose the quasar 3C 263 to 
normalize the SED template, a well studied source with plenty 
of available data regarding accretion rates and black hole mass. 
In addition, Shang et al. ( 2011 ) discuss how the radio-loud SED 

is constructed from higher-redshift sources, when compared to 
the radio-quiet one. We obtain that the mean flux density of 3C 

263 at ∼ 1060 Å (observed frame) is 1 . 19 × 10 −14 erg s −1 cm 

−2 Å−1 

(Shang et al. 2011 ). Furthermore, we need to rescale it taking 
into account the different physical properties of 3C 263 when 
compared with the estimated properties of HD1 and HD2. The 
black hole mass of 3C 263, at z = 0.646, is 10 9 . 1 M �, with a 
mass accretion rate of 2 . 95 M � yr −1 , leading to an Eddington ratio 
f Edd = Ṁ BH / Ṁ Edd ∼ 0 . 11 (McLure et al. 2006 ; Daly 2021 ). The 
normalization of the SED template is based on the definition of 
flux density such that F λ = L λ(4 πD 

2 
L ) 

−1 (1 + z) −1 where L λ is the 
luminosity density and D L is the luminosity distance. Furthermore, 
in the specific case of a black hole, L ∝ f Edd Ṁ Edd ∝ f Edd M BH . 

Regarding the properties of the putative z ∼ 13 sources, they are 
assumed as follows: HD1 is black hole with mass ∼ 1 . 2 × 10 8 M � at 
z = 13.3, while HD2 is black hole with mass ∼ 1 . 7 × 10 8 M � at z = 

12.3. Finally the SED template is truncated for wavelengths shorter 
than the Ly α, at 1215 . 67 (1 + z) Å with an exponential decay factor 
exp ( − τ ), where τ is calculated following Madau ( 1995 ). 

The SEDs are a good fit to the photometric points with Eddington 
ratios f Edd ≈ 1.0 for HD1 and f Edd ≈ 1.1 for HD2 (see Fig. 2 ). Note 
that the actual Eddington ratios estimated from photometric data are 
similar to the initial working assumption f Edd = 1 used in the quasar 
hypothesis. 

The flux densities estimated for HD1 and HD2 are roughly in 
accordance with the ones reported in Wang et al. ( 2021 ) for the 
farthest confirmed quasar detected thus far, considering that J0313–
1806 is almost exactly 10 times more massive than HD2, has an 
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Figure 2. Fitting of photometric points with quasar SEDs. The points and 
their associated 2 σ uncertainties for sources HD1 and HD2 are from Harikane 
et al. ( 2021 ). Arrows indicate upper limits. 

Eddington ratio ∼1.6 times lower than HD2, and it is at redshift z = 

7.642 instead of z = 12.3. 

4  C O N S T R A I N T S  O N  BLACK  H O L E  G ROW T H  

IF  T H E  S O U R C E S  A R E  QUA S A R S  

The growth of a ∼ 10 8 M � black hole by z ∼ 13 is very challenging, 
but not impossible given current growth models (see, e.g. Woods 
et al. 2019 ; Inayoshi et al. 2020 ). The age of the Universe at z = 13 
is 330 Myr, which is about ∼350 Myr earlier than J0313–1806, the 
current record-holder as the farthest quasar (Wang et al. 2021 ). 

If a heavy black hole seed formed HD1 and HD2 and reached 
∼ 10 8 M � already at z ∼ 13, then, assuming that the growth rate 
stays constant, we should be observing super-massive black holes 
with mass in excess of ∼ 10 12 M � by z ∼ 7. We do not observe such 
ultra-massive black holes, as the heaviest one detected at high- z is 
on the ∼ 10 10 M � scale (Wu et al. 2015 ). This can be explained by: 
(i) a black hole cannot sustain accretion at the Eddington rate for 
∼500 Myr, probably due to the lack of av ailable gas; (ii) e ven if 
it grew to masses 	 10 10 M �, it would not be electromagnetically 
detectable (see, e.g. Inayoshi & Haiman 2016 ; King 2016 ). 

Recently, Pacucci & Loeb ( 2022 ) pointed out that the disco v ery 
of farther quasars would impro v e the estimation of the parameters 
for black hole growth: Eddington ratio ( f Edd ), duty cycle ( D ), seed 
mass ( M seed ) and radiati ve ef ficiency ( ε). This is due to the fact that a 
higher detection redshift implies a shorter time between seeding and 
observation. Pacucci & Loeb ( 2022 ) calculated that the uncertainties 
in the determination of the growth parameters decrease by ∼5 when 
the detection redshift goes from z = 9 to z = 12. 

While the interested reader is referred to Pacucci & Loeb ( 2022 ) 
for an in-depth description of the model, we provide some essential 
details here. This technique of ‘blind estimation’ is aimed at con- 
straining the entire parameter space [ f Edd , D, ε, M seed ] that could al- 
lo w the gro wth of a gi ven black hole by the observ ed redshift. F or this 
experiment, we assume a seeding redshift z = 25. Additionally, we 
assume the following flat priors on the growth parameters: (i) f Edd ∈ 

[0 , 1]; (ii) D ∈ [0 , 1]; (iii) ε ∈ [0.057, 0.32] (within the thin disk 
efficienc y re gime, see, e.g. Bardeen 1970 ; F abian & Lasenby 2019 ); 
(iv) light seeds: Log 10 M •, L ∈ [0, 3], heavy seeds: Log 10 M •, H ∈ [3, 6]. 

Applying the same technique, we present our results for the 
putative black hole in HD1 in Fig. 3 . The 2D joint distributions 
in the lower half of the panel show contour plots, where levels are 
iso-proportions of the probability mass function with each partition 

Figure 3. Growth parameters constrained from the observation of HD1. The 
method applied to HD2 yields a very similar corner plot and constraints on 
parameters (Pacucci & Loeb 2022 ). 

comprising 10 per cent of it. Our analysis shows that a detection of a 
1 . 2 × 10 8 M � black hole by z = 13.3 (the estimated parameters for 
HD1) would require mean Eddington ratios and duty cycles above 
∼0.7, very low accretion efficiencies ( ε ∼ 6 per cent , typical of no- 
spin conditions) and a black hole seed mass well into the heavy seeds 
regime ( M seed � 10 5 M �). 

The preferred values for the growth parameters for HD1, presented 
as mean ± standard deviation, are: f Edd = 0.93 ± 0.05, D = 

0 . 93 ± 0 . 05, ε = 0.06 ± 0.003 and log 10 M seed = 5.82 ± 0.14. Note 
that these constraints are similar to what obtained for a 10 9 M � quasar 
detected at z = 12 (Pacucci & Loeb 2022 ). Additionally, the number 
density at z ∼ 13 estimated from these two sources in Harikane 
et al. ( 2021 ) is 4 × 10 −8 mag −1 Mpc −3 , with uncertainties of a factor 
∼50. Interestingly, Matsuoka et al. ( 2018 ) estimates a quasar number 
density of 2 × 10 −8 mag −1 Mpc −3 at z = 6 for sources of the same UV 

absolute magnitude. Note that the number density of haloes with mass 
M h < 10 10 M � is similar at z = 10 and z = 6, as their ratio is < 10 
(Loeb 2010 ). If the black hole mass is dictated by halo velocity dis- 
persion, then the number density of black holes ∼ 10 8 M � would be 
similar at z ∼ 6 and z ∼ 13, further supporting the quasar hypothesis. 

5  C O N C L U S I O N S  A N D  DI SCUSSI ON  

Moti v ated by the detection of two z ∼ 13 galaxy candidates (Harikane 
et al. 2021 ), in this Letter we discuss their physical nature. In 
particular, we present two fiducial models to explain the observed 
UV emission from HD1 and HD2 in the case that: (i) they are ultra 
UV-bright star-forming galaxies at z ∼ 13; or (ii) they are quasars at z 
∼ 13. Alternativ ely the y could be z ∼ 4 passiv e galaxies, despite the 
fit obtained against the measured photometry being less significant 
in this case (Harikane et al. 2021 ). Our key findings are: 

(i) The combination of the observed UV luminosity (M UV ∼
−23 . 5) and number density ( ∼10 −7.4 cMpc −3 ) cannot be reproduced 
when using averaged trends for star-forming galaxies extrapolated 
from lo wer-redshifts. A fe w solutions are that these galaxies are 
possibly either extreme star-formers (with star formation efficiencies 
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5 −24 × higher than expected from average relations), or have a 
star formation efficiency that increases with halo mass, or have a 
top-heavy IMF. 

(ii) The quasar hypothesis is feasible, as we have shown that 
the observed UV luminosity could be produced by a ∼ 10 8 M �
black hole, accreting at or slightly abo v e the Eddington rate ( f Edd 

∼ 1.0 −1.1) at z ∼ 13. 
(iii) The black hole model would require heavy seeds and large 

mean Eddington ratios and duty cycles (assuming a standard thin- 
disk accretion model) to be feasible. Additionally, its growth would 
need to be stunted by lack of gas in the period z = 13 −7 to a v oid 
10 12 M � quasars at z ∼ 7. Alternati vely, such ultra-massi ve black 
holes might become electromagnetically undetectable. 

More probable than these ‘extreme scenarios’ is a situation in 
which the UV luminosity of these z ∼ 13 sources is contributed by 
a combination of star formation and black hole accretion. Indeed, at 
z ∼ 5 −6, they contribute almost equally to the UV luminosity for 
M UV ∼ −23 . 5 galaxies (Ono et al. 2018 ; Piana, Dayal & Choudhury 
2022 ; Harikane et al. 2022 ). The contribution from star formation 
would decrease the predicted mass of the black holes, requiring less 
extreme growth conditions to assemble by z ∼ 13. 

If the z ∼ 13 nature of these sources is confirmed by further 
spectroscopic observations, and the black hole hypothesis holds, 
these sources will provide a remarkable laboratory to test seed 
formation models. As explained in Section 4 , a black hole of 
∼ 10 8 M � by z ∼ 13 would likely require a heavy seed, with typical 
mass � 10 5 M �. Many formation channels have been proposed to 
form such seeds already at very high- z (see, e.g. Woods et al. 2019 ; 
Inayoshi et al. 2020 ). Alternatively, heavy seeds could be formed 
very early in the history of the Universe as primordial black holes 
(PBHs) with a mass scale M PBH ∼ 10 5 ( t/ 1 s ) M �, where t is the 
formation time after the big bang (see, e.g. Carr & Silk 2018 ; Inayoshi 
et al. 2020 ). The formation of v ery massiv e seeds is suppressed, and 
the most-likely mass formed is close to the Chandrasekhar mass. 
Despite this, the formation of ∼ 10 4 −5 M � seeds remains possible, 
with recent papers exploring the possibility that PBHs could play an 
important role in the formation of the first super-massive black holes 
(see, e.g. Hasinger 2020 ; Cappelluti, Hasinger & Natarajan 2022 ). 
Additional data, from forthcoming facilities such as the JWST, the 
Extremely Large Telescope (ELT), and the NGRST, will be crucial 
in answering many of these open questions and shedding light on 
galaxy formation at these previously inaccessible epochs. 
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