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Breakthroughs in studying galaxies through cosmic time

NASA / JWST AND HST TEAMS



5

Breakthroughs in studying galaxies through cosmic time

NASA / JWST AND HST TEAMS

prese
nt



6

Number of galaxies of a 
given luminosity per unit 
volume as a function of 
cosmic time (Luminosity 

function)

Subaru

VLT

Spitzer

HST

ALMA

Total rate of star formation 
per unit volume 


(Star formation rate 
density)

The golden age for observing early galaxies

Total mass bound in stars 
per unit volume 


(Stellar mass density)

The dust masses of early 
galaxies

Sizes and mergers of early 
galaxies; young star 

clusters 

JWST



7

The open questions

• What were the physical properties of early galaxies?


• How was early galaxy assembly dependent on the environment?


• 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?


• 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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Structure formation in the cold dark matter paradigm

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.

MNRAS 000, 1–19 (2021)
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Early galaxy observation implications for the 
astrophysics/cosmology
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An over-abundance of bright systems 

Naidu et al. 2022a, b; Atek et al. 2022; Adams et al. 2022; 
Donnan et al. 2022; also Harikane et al. 2021  

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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The redshift range in which strong emission lines in a
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Early observations seem to indicate an over-abundance of luminous systems at all z~11-16. 
The number density at the observed luminosity is orders of magnitude higher than predicted by 

any theoretical models and requires a 100% of baryons to be in the form of stars.
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An over-abundance of massive systems 
 

 
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⊙.  
  

 
 

Figure 4: Cumulative stellar mass density, if the fiducial masses of the JWST-selected 
red galaxies are confirmed. The solid symbols show the total mass density in two redshift 

bins, 7 < z < 8.5 and 8.5 < z < 10, based on the three most massive galaxies in each bin. 

Uncertainties reflect Poisson statistics and cosmic variance. The dashed lines are derived 

from Schechter fits to UV-selected samples.3 The JWST-selected galaxies would greatly 

exceed the mass densities of massive galaxies that were expected at these redshifts based on 

previous studies. This indicates that these studies were highly incomplete or that the fiducial 

masses are overestimated by a large factor.  
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Early observations also seem to indicate an over-abundance of massive systems at all z>7. 
This results in an inferred stellar mass density that is again orders of magnitude higher than 

expected at z~10.


Labbe et al. 2023; arXiv: 2207.12446
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An over-abundance of massive systems - CDM implications
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)

Explaining the stellar mass density at early epochs seems to require galaxies that can convert 
ALL of their baryons into stars


Boylan-Kolchin 2023; arXiv:2208.01611
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Massive systems to get hints on Dark Energy

lations and type-Ia supernovae yield �8 ⇡ 0.8 for the
⇤CDM cosmology; such a value vary by ⇡ 2 % when
different combinations (w0, wa) are assumed (Ade et
al. 2016; Di Valentino 2017; Mehrabi et al. 2018).
To adopt a conservative approach, so as to maximize
the predicted abundance of large-mass DM halos, we
adopt the value �8 = 0.83.

3. Results

Here we compare the maximal stellar mass densi-
ties ⇢max,w0,wa(> M⇤) allowed by different combina-
tions (w0, wa) with the values ⇢obs(> M⇤) measured
by Labbé et al. (2022). We focus on the most mas-
sive bin considered by the above authors correspond-
ing to M⇤ � M⇤ = 1010.5 M� in the redshift range
z1 = 9  z  z2 = 11, corresponding to a cosmic
volume V (z1, z2). The corresponding predicted maxi-
mal (i.e. assuming M = M⇤/fb) stellar mass density

⇢max(> M⇤) ⌘
Z z2

z1

Z 1

M⇤
fb

dN

dM
fb M dM

dV

dz

dz

V (z1, z2)

(2)
is shown in fig. 1 for DDE cosmologies with fixed
w0 = �1 and four different values of wa, and com-
pared with the measurement by Labbé et al. (2022)
from the early JWST observations.

Fig. 1. The maximal stellar mass density predicted by DDE sce-
narios with w0 = �1 and four different values of wa shown in the
legend. In the predictions, we have considered an uncertainty of 0.5
dex in the value of M⇤. The point is the value measured by Labbé et
al. (2022). For the sake of simplicity, the latter - derived assuming
a ⇤CDM cosmology - has not been rescaled to the different values
corresponding to different cosmological scenarios (see text).

To derive robust, conservative upper limits we as-

sumed the most conservative value for fb which is still
consistent with CMB observations. For the Planck val-
ues (Planck Collaboration 2020) ⌦b h

2 = 0.0224 ±
0.0001, h ⌘ H0/100 km sMpc�1 = 0.674 ± 0.05,
and ⌦m = 0.315± 0.007, we derive fb = 0.18 as the
most conservative estimate (this upper limit holds also
for CMB measurements in DDE cosmologies, see Ade
et al. 2016). In additions, in fig. 1 the predictions for
log ⇢max from eq. 2 include the 20% theoretical un-
certainty on the mass function recalled in Sect. 2. This
has been considered as an errorbar of 0.08 dex on the
predictions for log ⇢max computed from eq. 2, and the
predictions are conservatively computed at the upper
tip of such errorbar.

The ⇤CDM case (wa = 0) is well below the 1-�
deviation from the observational value ⇢obs and thus
in tension (at ⇡ 2� level) with observations as ob-
tained by Boylan-Kolchin (2022). Notice that our
prediction in the ⇤CDM case is slightly larger than
that obtained by Boylan-Kolchin (2022) due to the our
consideration of measurement uncertainties in the ob-
served value of M⇤, and to our conservative choice of
adopting fb = 0.18, while the latter author adopts
fb = 0.158 derived from the best-fit values of the
Plank cosmological parameters . The tension is larger
for increasing values of wa, thus showing that the con-
dition ⇢max(> M⇤) � ⇢obs(> M⇤) provides ex-
tremely stringent constraints on DDE models.

To explore the impact of the measured stellar mass
density on the full parameter space of DDE mod-
els, and derive proper confidence level for exclusion
for each considered cosmology, we consider a grid
of DDE models characterized by different combina-
tions (w0, wa). For each combination we first cor-
rect the observed densities ⇢obs with the volume factor
fV ol = V⇤/Vw0,wa (computed in the redshift range
z = 9 � 11) to account for the fact that the volume
density given in Labbé et al. (2022) have been de-
rived assuming a ⇤CDM cosmology. Analogously, we
must take into account that the stellar masses measured
by the above authors have been inferred from lumi-
nosities assuming a ⇤CDM cosmology to convert ob-
served fluxes into luminosities. Thus, for each combi-
nation (w0, wa) we must correct the measured masses
by a factor flum = D

2
L,w0,w1

/D
2
L,⇤ where D

2
L,w0,w1

is the luminosity distance at z = 10 for the considered
(w0, wa) combination, and D

2
L,⇤ is its value in the

⇤CDM case. For each combination (w0, wa) we com-
pare the (cosmology corrected) observed mass density
of galaxies ⇢obs(> M⇤) at z = 10 with the predicted

3

Menci et al. 2020 (arXiv:2007.12453 ), 2022 (arXiv: 2208.11471)

The growth of perturbations (and hence the number of halos of a given mass per comoving 
volume) depend on the cosmic expansion rate that depends on the dark energy equation of 
state (w). Assuming all baryons to form stars, this can be used to obtain a limit on the dark 

energy equation of state at high-z.


CDM
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al. 2016; Di Valentino 2017; Mehrabi et al. 2018).
To adopt a conservative approach, so as to maximize
the predicted abundance of large-mass DM halos, we
adopt the value �8 = 0.83.

3. Results

Here we compare the maximal stellar mass densi-
ties ⇢max,w0,wa(> M⇤) allowed by different combina-
tions (w0, wa) with the values ⇢obs(> M⇤) measured
by Labbé et al. (2022). We focus on the most mas-
sive bin considered by the above authors correspond-
ing to M⇤ � M⇤ = 1010.5 M� in the redshift range
z1 = 9  z  z2 = 11, corresponding to a cosmic
volume V (z1, z2). The corresponding predicted maxi-
mal (i.e. assuming M = M⇤/fb) stellar mass density

⇢max(> M⇤) ⌘
Z z2

z1

Z 1

M⇤
fb

dN

dM
fb M dM

dV

dz

dz

V (z1, z2)

(2)
is shown in fig. 1 for DDE cosmologies with fixed
w0 = �1 and four different values of wa, and com-
pared with the measurement by Labbé et al. (2022)
from the early JWST observations.

Fig. 1. The maximal stellar mass density predicted by DDE sce-
narios with w0 = �1 and four different values of wa shown in the
legend. In the predictions, we have considered an uncertainty of 0.5
dex in the value of M⇤. The point is the value measured by Labbé et
al. (2022). For the sake of simplicity, the latter - derived assuming
a ⇤CDM cosmology - has not been rescaled to the different values
corresponding to different cosmological scenarios (see text).

To derive robust, conservative upper limits we as-

sumed the most conservative value for fb which is still
consistent with CMB observations. For the Planck val-
ues (Planck Collaboration 2020) ⌦b h

2 = 0.0224 ±
0.0001, h ⌘ H0/100 km sMpc�1 = 0.674 ± 0.05,
and ⌦m = 0.315± 0.007, we derive fb = 0.18 as the
most conservative estimate (this upper limit holds also
for CMB measurements in DDE cosmologies, see Ade
et al. 2016). In additions, in fig. 1 the predictions for
log ⇢max from eq. 2 include the 20% theoretical un-
certainty on the mass function recalled in Sect. 2. This
has been considered as an errorbar of 0.08 dex on the
predictions for log ⇢max computed from eq. 2, and the
predictions are conservatively computed at the upper
tip of such errorbar.

The ⇤CDM case (wa = 0) is well below the 1-�
deviation from the observational value ⇢obs and thus
in tension (at ⇡ 2� level) with observations as ob-
tained by Boylan-Kolchin (2022). Notice that our
prediction in the ⇤CDM case is slightly larger than
that obtained by Boylan-Kolchin (2022) due to the our
consideration of measurement uncertainties in the ob-
served value of M⇤, and to our conservative choice of
adopting fb = 0.18, while the latter author adopts
fb = 0.158 derived from the best-fit values of the
Plank cosmological parameters . The tension is larger
for increasing values of wa, thus showing that the con-
dition ⇢max(> M⇤) � ⇢obs(> M⇤) provides ex-
tremely stringent constraints on DDE models.

To explore the impact of the measured stellar mass
density on the full parameter space of DDE mod-
els, and derive proper confidence level for exclusion
for each considered cosmology, we consider a grid
of DDE models characterized by different combina-
tions (w0, wa). For each combination we first cor-
rect the observed densities ⇢obs with the volume factor
fV ol = V⇤/Vw0,wa (computed in the redshift range
z = 9 � 11) to account for the fact that the volume
density given in Labbé et al. (2022) have been de-
rived assuming a ⇤CDM cosmology. Analogously, we
must take into account that the stellar masses measured
by the above authors have been inferred from lumi-
nosities assuming a ⇤CDM cosmology to convert ob-
served fluxes into luminosities. Thus, for each combi-
nation (w0, wa) we must correct the measured masses
by a factor flum = D

2
L,w0,w1

/D
2
L,⇤ where D

2
L,w0,w1

is the luminosity distance at z = 10 for the considered
(w0, wa) combination, and D

2
L,⇤ is its value in the

⇤CDM case. For each combination (w0, wa) we com-
pare the (cosmology corrected) observed mass density
of galaxies ⇢obs(> M⇤) at z = 10 with the predicted

3

Menci et al. 2020 (arXiv:2007.12453 ), 2022 (arXiv: 2208.11471)

The growth of perturbations (and hence the number of halos of a given mass per comoving 
volume) depend on the cosmic expansion rate that depends on the dark energy equation of 
state (w). Assuming all baryons to form stars, this can be used to obtain a limit on the dark 

energy equation of state at high-z.
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It is crucial to confirm the high-redshift nature of systems
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Table 4. The results of our comparisons to the photometric redshifts derived in the studies Atek et al. (2022) in the left columns and Yan et al. (2022) in the
right columns. We provide the original name assigned to the object and its original redshift. We present alongside the redshift solution found in our study, which
we note has processed the images and conducted the SED fitting procedure di�erently. We display all 15 candidates from Atek et al. (2022) and the 16 matched
candidates from Yan et al. (2022) listed as being brighter than magnitude 28 in F444W. The top three Atek et al. (2022) candidates are the three spectroscopically
confirmed objects at I > 7.

Original Name Original I Our I Original Name Original I Our I

SMACS-z10a 9.92 ± 0.09 9.59+0.65
�0.30 F150DB-C-4 10.4 4.00+0.08

�0.08
SMACS-z10b 9.79 ± 0.2 9.50+0.17

�0.20 F200DA-033 6.4 5.01+0.02
�0.15

SMACS-z10c 9.94 ± 0.1 9.59+0.31
�0.16 F150DB-090 11.4 3.16+0.09

�0.08
SMACS-z10d 9.98 ± 7.97 2.31+0.06

�0.27 F150DA-063 7.4 6.94+0.07
�0.08

SMACS-z10e 10.44 ± 8.34 1.38+1.37
�0.24 F150DA-057 11.4 3.82+0.06

�0.03
SMACS-z10f 10.47 ± 0.47 2.25+0.08

�0.21 F150DB-075 11.4 0.04+0.01
�0.01

SMACS-z11a 10.75 ± 0.28 1.73+0.18
�0.04 F150DB-021 11.8 2.06+0.47

�0.70
SMACS-z11b 11.22 ± 0.56 6.94+0.07

�0.07 F150DA-050 13.4 3.42+0.30
�0.20

SMACS-z11c 11.22 ± 0.32 3.84+0.05
�0.04 F200DB-086 15.4 3.53+10.28

�1.84
SMACS-z11d 11.28 ± 3.89 2.35+0.30

�0.67 F150DB-041 16.0 3.70+0.02
�0.59

SMACS-z11e 11.52 ± 9.76 11.10+0.21
�0.34 F150DA-083 11.8 8.68+16.32

�7.74
SMACS-z12a 12.03 ± 0.28 0.10+2.26

�0.02 F150DA-058 13.4 0.12+0.03
�0.03

SMACS-z12b 12.35 ± 0.68 12.09+0.16
�0.18 F150DA-062 11.4 1.78+0.20

�0.08
SMACS-z16a 15.97 ± 0.37 2.96+0.73

�0.21 F200DB-045 20.4 0.70+0.19
�0.05

SMACS-z16b 15.7 ± 0.7 15.39+0.18
�0.26 F150DA-075 13.4 2.34+0.02

�0.02
F200DA-098 19.8 5.20+6.34

�2.05

Figure 5. Sérsic profile fits for 4 of our high-z candidates. Left panels show
the source along with its Petrosian region in dashed light green, the 2D Sérsic
model is shown in the central panel, together with its Sérsic index (=), right
panel displays the residuals after source subtraction. Profiles are fitted with
the M����������� code, as in Ferreira et al. (2022).

profiles in the F444W band as measured by Morfometryka (Ferrari
et al. 2015). We include in this analysis the sources verified as being
at I > 7 from Carnall et al. (2022). As input into this part we use
64 ⇥ 64 pixels stamps as well as a PSF generated with �������.
This code measures the luminosity growth curve through aperture
photometry in a segmented region based on the Petrosian radius. A
1D Sérsic fit is performed on the luminosity profile, which in turn is
used as inputs to a 2D Sérsic fit done with the galaxy and the PSF
images.

We list the sizes in terms of the e�ective radius ('e) in kpcs as
well as the Sérsic index (=), which defines the steepness of the light
profile. These values are listed in in Table 5. Examples of the fitting
procedure, the models, and residuals are shown in Figure 5.

Overall, the sources exhibit structures resembling light profiles of
disk-like systems, consistent with exponential light profiles. We also
find that the galaxies in our sample are very small. For the most
part we find that the e�ective radii of our systems is < 0.5 kpc,
with all systems < 1 kpc. Figure 6 shows the location of the objects
we examine with reference to a previously published I = 9 stellar
mass vs. e�ective radius diagram. Whilst some of our objects are
consistent with this relation, one of them appears to be smaller than
their stellar mass would imply (ID 6878), this is likely due to the the
e�ects of magnification which we have not corrected for.

3.5 An unusual red structure in the secondary SMACS0723
observation

Among our final list of high-I candidates is ID 1514 which is located
in the NIRCam module that is not centered on the SMACS0723
cluster. In our inspection of our candidates, we find that ID 1514
(RA = 110.61465, DEC = �73.4774) is potentially a part of a wider
structure located at high redshift. ID 1514 is the bright, compact
centre component of the circled system shown in Figure 7. Within
close physical proximity, the target has three neighbouring objects
with similarly very red colours. The object immediately below it has a
photometric redshift that is similar to ID 1514 at Iphot = 9.6±0.3; the
object immediately above is also a F090W dropout but was provided
a redshift of 7.1 ± 4.8 by our template fitting procedure.

MNRAS 000, 1–11 (2015)

Atek+2022 z

Springer Nature 2021 LATEX template

8 Spectroscopy of bright, early galaxy candidates

Figure 4: Spectral energy distributions of the three main sources
reported. For a) Maisie’s Galaxy (MSA ID 1), b) CEERS2 588 (MSA ID 10)
and c) CEERS-93316 (MSA ID 0), each panel shows the observed photometry
(colored points) compared to the best-fitting stellar population model (black
line) and the observed spectra (colored line). In panel c), the model is delib-
erately shown at z = 16.2 to demonstrate the way in which strong emission
lines impact the observed photometry in this specific case to replicate the pres-
ence of the Ly↵ break at z ' 16 and an apparently blue continuum at longer
wavelengths. The brown squares show the observed photometry omitting the
spectroscopic emission line contribution (shaded brown in the spectrum). Error
bars are 1� uncertainties while the upper limits correspond to 2� limits.

Adams+PD et al. 2022 (arXiv:2207.11217; Arrabal-Haro et al. 2023 (arXiv:2303.15431)
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right columns. We provide the original name assigned to the object and its original redshift. We present alongside the redshift solution found in our study, which
we note has processed the images and conducted the SED fitting procedure di�erently. We display all 15 candidates from Atek et al. (2022) and the 16 matched
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Figure 5. Sérsic profile fits for 4 of our high-z candidates. Left panels show
the source along with its Petrosian region in dashed light green, the 2D Sérsic
model is shown in the central panel, together with its Sérsic index (=), right
panel displays the residuals after source subtraction. Profiles are fitted with
the M����������� code, as in Ferreira et al. (2022).

profiles in the F444W band as measured by Morfometryka (Ferrari
et al. 2015). We include in this analysis the sources verified as being
at I > 7 from Carnall et al. (2022). As input into this part we use
64 ⇥ 64 pixels stamps as well as a PSF generated with �������.
This code measures the luminosity growth curve through aperture
photometry in a segmented region based on the Petrosian radius. A
1D Sérsic fit is performed on the luminosity profile, which in turn is
used as inputs to a 2D Sérsic fit done with the galaxy and the PSF
images.

We list the sizes in terms of the e�ective radius ('e) in kpcs as
well as the Sérsic index (=), which defines the steepness of the light
profile. These values are listed in in Table 5. Examples of the fitting
procedure, the models, and residuals are shown in Figure 5.

Overall, the sources exhibit structures resembling light profiles of
disk-like systems, consistent with exponential light profiles. We also
find that the galaxies in our sample are very small. For the most
part we find that the e�ective radii of our systems is < 0.5 kpc,
with all systems < 1 kpc. Figure 6 shows the location of the objects
we examine with reference to a previously published I = 9 stellar
mass vs. e�ective radius diagram. Whilst some of our objects are
consistent with this relation, one of them appears to be smaller than
their stellar mass would imply (ID 6878), this is likely due to the the
e�ects of magnification which we have not corrected for.

3.5 An unusual red structure in the secondary SMACS0723
observation

Among our final list of high-I candidates is ID 1514 which is located
in the NIRCam module that is not centered on the SMACS0723
cluster. In our inspection of our candidates, we find that ID 1514
(RA = 110.61465, DEC = �73.4774) is potentially a part of a wider
structure located at high redshift. ID 1514 is the bright, compact
centre component of the circled system shown in Figure 7. Within
close physical proximity, the target has three neighbouring objects
with similarly very red colours. The object immediately below it has a
photometric redshift that is similar to ID 1514 at Iphot = 9.6±0.3; the
object immediately above is also a F090W dropout but was provided
a redshift of 7.1 ± 4.8 by our template fitting procedure.
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Figure 4: Spectral energy distributions of the three main sources
reported. For a) Maisie’s Galaxy (MSA ID 1), b) CEERS2 588 (MSA ID 10)
and c) CEERS-93316 (MSA ID 0), each panel shows the observed photometry
(colored points) compared to the best-fitting stellar population model (black
line) and the observed spectra (colored line). In panel c), the model is delib-
erately shown at z = 16.2 to demonstrate the way in which strong emission
lines impact the observed photometry in this specific case to replicate the pres-
ence of the Ly↵ break at z ' 16 and an apparently blue continuum at longer
wavelengths. The brown squares show the observed photometry omitting the
spectroscopic emission line contribution (shaded brown in the spectrum). Error
bars are 1� uncertainties while the upper limits correspond to 2� limits.

Adams+PD et al. 2022 (arXiv:2207.11217; Arrabal-Haro et al. 2023 (arXiv:2303.15431)
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Hierarchical structure formation in CDM
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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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Hierarchical structure formation in WDM

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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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 (arXiv:2303.14239); also PD et al 2015 (arXiv:1408.1102), PD 
et al. 2017 (arXiv:1501.02823), Maio & Viel 2023 (arXiv:2211.06230)
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The detection of any galaxies existing in multiple JWST fields can be used to rule out 1.5 keV 
WDM. 



Early galaxy observation implications for black 
holes and gravitational waves
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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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Numerous pathways for black hole seed formation and growth

“Astrophysics with LISA” white paper, 2023, LRR, 26, 2
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Obese black holes in the first billion years with the JWSTUNCOVER z=8.5 AGN 9

Figure 6. Black hole mass versus cosmic age. The red star shows the result presented in this work. The dark blue squares and
violet diamonds show the results for z = 6 � 7 and z > 7 QSOs respectively, as presented in Inayoshi et al. (2020); Maiolino
et al. (2023b) and Fan et al. (2022). Triply lensed z = 7 QSO from Furtak et al. (2023a) is shown as a cyan square. A tentative
MBH range for UHZ1 at z = 10.1 from Goulding et al. (2023) is shown as a blue circle. Two high-z AGN candidates, namely
z = 8.7 AGN from CEERS (Larson et al. 2023) and GNz11 at z = 10.6 (Maiolino et al. 2023a) are shown as open diamond
and circle, respectively. Dashed lines show analytical models of blackhole mass accretion at an Eddington rate starting from a
stellar seed (maroon) and a direct collapse (DCBH) model (black).

find similar (within 1�) mass and luminosity when com-
pared to a z = 7.07 quasar presented in Matsuoka et al.
(2019).

4.2. Ionization Mechanisms

In this section we briefly explore the ratios between
the measured emission lines to investigate the potential
ionization mechanisms in our source. We observe an
unusually high ratio between the auroral [OIII]4364 line
and [OIII]5007 (RO3) of 0.32. In Figure 4 we explore the
typical “allowed” RO3 for a range of electron tempera-
tures Te and densities ne from the models presented in
Nicholls et al. (2020), alongside our observed and dust
corrected RO3. When compared to the models, our ob-
ject appears to be a significant outlier, regardless of the
adopted Te and ne values. Extreme values of RO3 have
already been reported in recent JWST spectra, for ex-
ample a z = 8.5 galaxy presented in Katz et al. (2023)
shows RO3 of 0.048, when corrected for dust. Elevated
RO3 are not new and have been discussed in the con-

text of low-z Seyfert galaxies (e.g. Koski & Osterbrock
1976; Osterbrock 1978; Ferland & Netzer 1983; Dopita
& Sutherland 1995; Nagao et al. 2001; Baskin & Laor
2005; Binette et al. 2022). In fact, the photoionization
models of Baskin & Laor (2005) suggest that it is possi-
ble to reach the required densities and temperatures to
produce extreme RO3 within the NLR around an AGN.
In addition we can investigate our source in

the context of the often utilized “OHNO” di-
agnostic, which compares the [OIII]5007/H� and
[NeIII]3869/[OII]3727,3729 ratios. This diagnostic has
been used at low and high-z to ascertain whether
the ionization is powered purely by star formation
or by an AGN (Backhaus et al. 2022; Cleri et al.
2022; Larson et al. 2023). After dust correction, we
find log10([OIII]5007/H�)⇠ 0.68 and a lower limit of
log10([NeIII]3870/[OII])> 0.15. These line ratios, while
not as high as reported in other z > 8 AGN candidates
(Larson et al. 2023), are still indicative of high ionization
in 20466.

Goulding et al. 2023; Kokorev et al. 2023; Furtak et al. 2023; Greene et al. 2023

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

onto massive (104 ) seeds that formed at  posing an enormous challenge for all 
existing theoretical models. 

M⊙ z ∼ 50
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An over-abundance of black holes with the JWST

The JWST indicates at black hole number densities that are at the upper limit of theoretical 
expectations (each halo has a black hole similar to the local Universe that can accrete at the 

Eddington rate), specially at z>6.5. 

15

Figure 7. UV luminosity function as measured at 1450Å. We show the luminosity function in two redshift bins, 4.5 < z < 6.5
in red circles and 6.5 < z < 8.5 in red squares. We compare with the UV-selected luminosity functions from Akiyama et al.
(2018) (left) and (Matsuoka et al. 2023) (right). We show other JWST -selected broad-line AGN from Harikane et al. (2023),
Maiolino et al. (2023), and Matthee et al. (2023). Finally, we compare with the galaxy luminosity function from Bouwens et al.
(2017). Consistent with Harikane et al., we find that the reddened AGN account for ⇠ 20% of the broad-line objects at this
redshift, and a few percent of the galaxy population. Our AGN are far more numerous than the UV-selected ones, although
they have overlapping bolometric luminosities.

Figure 8. Bolometric luminosity functions (4.5 < z < 6.5 left, 6.5 < z < 8.5 right) as inferred from LH↵ (Table 3). The
number densities are lower limits, particularly at low bolometric luminosity where our search will be particularly insensitive to
galaxy-dominated objects. At left, we compare with the theoretical bolometric luminosity functions from Shen et al. (2020),
using their “local” fits to z = 5 data. In addition, we show a maximal bolometric luminosity function assuming that every halo
harbors an accreting black hole radiating at its Eddington limit; the black hole mass is set from two local black hole scaling
relations (see text for details). Under these assumptions, we are pushed towards an occupation fraction of unity at the highest
Lbol that we probe, particularly in the higher redshift bin.
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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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Assumptions on BH seeds masses, feedback and merger 
timescales crucially determine event rates

(stellar hardening, torques in circumnuclear discs and circumbinary discs; see
Sect. 2.3.1) in post-processing (Katz et al. 2020; Volonteri et al. 2020; Sayeb et al.
2021), although there are prospects for a full on-the-fly treatment (Rantala et al.
2017).

An important point is that for the moment the mass ratio of merging binaries is
based either on information obtained long before the MBH mergers (before including
the dynamical delays) or on specific choices applied in post-processing (Sayeb et al.
2021), which may or may not capture how each of the MBHs grows in mass during
the final phase of dynamical friction and during the hardening and circumbinary disc
phase. Moreover, the limited resolution limits the ability to self-consistently follow
the tidal stripping of the galaxy nucleus during the dynamical friction phase, and this
affects the orbital decay. A comparison of the predictions obtained by different state-
of-the-art simulations is reported in Fig. 24, with (bottom panel) and without (top
panel) the inclusion of a post-processed delay between the time when MBHs merge
in the simulation and the estimate of the coalescence time taking into account the
expected, but unresolved, physical processes.

Fig. 25 Comparison of merger rates from different semi-analytical models, assuming heavy seeds (top
panel) and light seeds (bottom panel). For all models, we employed the Science Requirement curve (Babak
et al. 2021) applying an SNR cut of 8. Different assumptions for models by Barausse et al. (2020b) are
shown, with or without SN feedback, and including or not delays. Dayal et al. (2019) include reionisation
feedback and delays, whereas Ricarte and Natarajan (2018b) do not include delays. The still large
uncertainties in the modelling result in significant variations, up to two orders of magnitude, with mergers
between light seeds typically dominating the event rate, but for the case when SN feedback is included, as
in Barausse et al. (2020b). Image credit: Marta Volonteri
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Galaxy populations 

link between dark matter and baryons, 

physical properties of galaxies and their 
evolution with time

Spitzer

Early galaxy formation: advances & implications

ALMA

JWST

LISA

Cosmology

hints on the nature of DM and 

possibly on the DE EoS

Gravitational wave astronomy

constraints on black hole masses, 
abundances; constraints on black 

hole seeding mechanisms and 
growth channels

EUCLID
21cm cosmology


constraints on source population 
and its redshift evolution, 

constraints on topology and history 
of reionization


