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 Timeline of the Life

The diversity of life on 

Earth today 


is the result of 

Universe evolution 
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highest z~11

Hubble Space Telescope

 Timeline of the Universe

Key Questions 

1.What are the first stars/galaxies?
2.How did reionization occur? and  
   what caused it?

3.Observed structures consistent with  
   initial conditions?
4.Physics beyond base ΛCDM?

Robertson 2022 
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Why JWST

Hubble Webb

galaxy cluster SMACS 0723, known as Webb’s First Deep Field unveiled July 11, 2022

Telescope Primary 
Mirror Sizes 

λobs = (1 + z) λemit



Lilan Yang & Mike Boylan-Kolchin                                          @Cosmologyfromhome2023 

Overview of JWST

1

2

3

4
Near Infrared Spectrograph (NIRSpec): near-IR spectroscopy from 0.6–5.3 μm

Near Infrared Camera (NIRCam): offers imaging from 0.6–5.0 μm, coronagraphy, 
                                                            slitless spectroscopy

Example of 
NIRCam filters 

1 2

Mid-Infrared Instrument (MIRI): imaging and spectroscopic from ~5 to 28μm
 
Near Infrared Imager and Slitless Spectrograph (NIRISS): slitless spectroscopy, and imaging

3 4

https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-observing-modes/nircam-imaging
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1.What are the first stars/galaxies?
2.How did reionization occur? and what caused it?

3.Observed structures consistent with initial conditions?
4.Physics beyond base ΛCDM?

Key Questions List 
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GLASS-JWST Early Release Science (PI:Tommaso Treu)

NIRISS+NIRCam parallel (June 
2022)


NIRSPEC+NIRCam parallel 
(Nov 2022)


Hubble central (green solid line) 
and parallel 

Abell 2744, a cluster of galaxies at z=0.308

“In 2017, thirteen "Early Release Science" (ERS) Programs were selected with the goal 
of collecting as quickly as possible public datasets that would showcase the power of 
JWST while enabling a full characterization of its instrument suite.” Treu …. Yang et al, 2022

First look by Webb

2. Cluster center

1. Parallel 
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Dropout technique & SED Fitting
searching for the high-z galaxies

Dropout technique:
large break occurs at the 912-1216 Å (Lyman limit-Lyman alpha) 
from neutral hydrogen absorption in the line-of-sight  

Spectral energy distributions (SED):
Estimating galaxies’s properties, such as stellar mass, dust attenuation etc

Hainline et al.2020
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Credits: Science: NASA, ESA, CSA, Tommaso Treu (UCLA);

 Image Processing: Zolt G. Levay (STScI)


With just 4 days of analysis

F090W    F115W    F150W    F200W     F277W    F356W   F444W F090W    F115W    F150W    F200W     F277W    F356W   F444W

Size ~0.43 kpc 

Castellano …, Yang, et al. 2022
Yang et al.2022

Size ~0.12 kpc 

Discovery 2 bright early galaxies

Milky Way: ~13 kpc, Magnitude ~ -21.3

Z~10.5

Z~12.5
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Roberts-Borsani, …Yang, 2023 Nature
ultra-faint galaxy (MUV = −17.35, z=9.79)

Discovery 1 ultra-faint early galaxy 
With gravitational lensing

brighter

Lensed image is reconstructed by Lenstruction, Yang et al 2020

magnified 

distorted 


Size ~0.15 kpc 



Lilan Yang & Mike Boylan-Kolchin                                          @Cosmologyfromhome2023 

 JADES-GS-z13-0 spectroscopically confirmed redshift 13.20 

Spectroscopically redshift z=13.20

Highest confirmed redshift 

Image credit: NASA, ESA, CSA, STScI, M. Zamani (ESA/Webb), and L. Hustak (STScI). 
Science: B. Robertson (UCSC), S. Tacchella (Cambridge), E. Curtis-Lake (Hertfordshire), 
S. Carniani (Scuola Normale Superiore), and the JADES Collaboration.
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3.Observed structures consistent with initial conditions?
4.Physics beyond base ΛCDM?
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Galaxies Transformed the Early Universe

Credits: NASA, ESA, CSA, Joyce Kang (STScI)

Wise 2019
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ground-based and Hubble UVLF

Robertson 2022 

Ionized gas

Brighter vs fainter galaxy 

Production of ionizing photons
total UV luminosity density 

production efficiency 

photons escaping rate
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Malmquist Bias

Given luminosity, 
smaller size are easier to be observed 

preferential detection 
of intrinsically bright objects

Determine the shape of UVLF
Correcting selection bias

higher surface brightness  

MUVbrighter fainter

Observed 

Number 

density  

Correcting selection bias

Intrinsic 
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UVLF using JWST data 
Updated of UVLF at bright-end

Harikane et al.2023
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UVLF using JWST data 
Updated of UVLF at bright-end

See also Bouwens et al. 2022; Donnan et al. 2023; 
Finkelstein et al. 2022; Naidu et al. 2022



Lilan Yang & Mike Boylan-Kolchin                                          @Cosmologyfromhome2023 

The first optical band Size-L relation
Updated of size-L at bright-end

Hubble 

Yang et al. 2022
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Sizes of early galaxies z~7-13

Yang et al. 2022 

rest-frame optical

size is roughly 
0.45-0.6 kpc 

at the MUV=-21
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Faint galaxies observed via strong lensing

extrapolation

Yang et al. 2022 

red points are Hubble lensed galaxies

Bouwens et al. 2022
Sipple & Lidz, 2023
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Overview of UV luminosity function

Sipple & Lidz, 2023
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1.What are the first stars/galaxies?
2.How did reionization occur? and what caused it?

3.Observed structures consistent with initial conditions?
4.Physics beyond base ΛCDM?

Key Questions List 



ρb, ρc, ns, As, θ⋆, τ
⟨δ2

T⟩1/2 ∼ 10−5
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ρb, ρc, ns, As, θ⋆, τ
⟨δ2

T⟩1/2 ∼ 10−5

z = 127
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ρb, ρc, ns, As, θ⋆, τ
⟨δ2

T⟩1/2 ∼ 10−5

z = 127 z = 0
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From dark matter halos to galaxies

to the lack of suppression of star formation activity at the
pre-EoR.

(B) Presence of AGN activity. Another possibility is that a
large fraction of the observed UV luminosity densities at
z∼ 12–16 are produced by AGNs, and there are no
excessive SFR densities at z∼ 12–16 beyond the constant
star formation efficiency model. This is an interesting

scenario that mitigates the existence of supermassive
black holes (SMBH) at z∼ 7 (Mortlock et al. 2011;
Bañados et al. 2018; Wang et al. 2021) by efficient gas
accretion on SMBHs creating AGNs, while a standard
gas accretion limited by the Eddington accretion rate does
not explain the existence of the SMBHs at z∼ 7.
However, our z∼ 12–16 candidates except for GL-z12-
1 show extended morphologies (Section 3.5). Thus the

Figure 12. UV luminosity functions at z ∼ 9 (left) and 12 (right). The red diamonds represent the number densities of our galaxy candidates, while the red arrows
indicate the 1σ upper limits. The errors include cosmic variance (see text). The red solid and dashed lines are our best-fit double-power-law and Schechter functions,
respectively. In the left panel, the orange circles indicate the luminosity functions at z ∼ 9 obtained in Donnan et al. (2023) using JWST data, and the gray symbols and
shades denote the results at z ∼ 9 derived by the previous studies using HST or ground-based telescope data: Oesch et al. (2013; squares), McLeod et al. (2016; right-
pointing triangles), Morishita et al. (2018; pentagons), Stefanon et al. (2019; triangles), Bowler et al. (2020; circles), Bouwens et al. (2021; diamonds), Rojas-Ruiz
et al. (2020; hexagons), Leethochawalit et al. (2022; down-pointing triangle), Finkelstein et al. (2022a; shade with dotted lines), and Bagley et al. (2022b; shade with
dashed lines). In the right panel, the orange circles, the red circle, the orange down-pointing triangle, and the orange squares indicate the number density of galaxies at
z ∼ 12, z ∼ 13, z ∼ 10–13, and z ∼ 12–13 reported by Donnan et al. (2023), Harikane et al. (2022a), Naidu et al. (2022b), and Bouwens et al. (2022b), respectively.
The gray open symbols indicate the luminosity functions at z ∼ 10 obtained by McLeod et al. (2016; diamonds), Oesch et al. (2018; squares), Morishita et al. (2018;
pentagons), and Bowler et al. (2020; circle). The green open star mark represents the number density of GN-z11 (Oesch et al. 2016). See Harikane et al. (2022a) for an
estimate of the number density and the UV magnitude of GN-z11. Our estimated luminosity functions at z ∼ 9 and 12 agree well with previous HST and JWST results.

Figure 13. UV luminosity function at z ∼ 16. The red diamond and the arrows
represent the number density of our galaxy candidates and the 1σ upper limits,
respectively. For reference, we show the UV luminosity functions at the lower
redshifts, z ∼ 14 (Donnan et al. 2023; orange filled circle), z ∼ 14 (Finkelstein
et al. 2022b; orange filled square), z ∼ 12 (this study; gray open diamonds),
z ∼ 13 (Harikane et al. 2022a; gray open circle), and z ∼ 10–13 (Naidu
et al. 2022b; gray open down-pointing triangle).

Table 7
Obtained Luminosity Function at each Redshift

MUV Φ
(ABmag) (Mpc−3 mag−1)

F115W Dropouts (z ∼ 9)
−23.03 <6.95 × 10−5

−22.03 <7.67 × 10−5

−21.03 ( ) ´-
+ -4.00 103.85
9.42 5

−20.03 ( ) ´-
+ -4.08 103.92
9.60 5

−19.03 ( ) ´-
+ -2.24 101.46
1.87 4

−18.03 ( ) ´-
+ -1.12 100.90
1.03 3

F150W Dropouts (z ∼ 12)
−23.21 <5.85 × 10−6

−22.21 <6.40 × 10−6

−21.21 ( ) ´-
+ -5.00 104.27
11.56 6

−20.21 ( ) ´-
+ -1.31 100.89
1.75 5

−19.21 ( ) ´-
+ -2.40 101.40
2.38 5

−18.21 ( ) ´-
+ -1.42 101.10
1.97 4

F200W Dropouts (z ∼ 16)
−23.59 <2.42 × 10−6

−20.59 ( ) ´-
+ -6.62 104.49
8.84 6

Note. Errors and upper limits are 1σ.

20

The Astrophysical Journal Supplement Series, 265:5 (27pp), 2023 March Harikane et al.

TheoryObservations

Lilan Yang & Mike Boylan-Kolchin                                          @Cosmologyfromhome2023 



From dark matter halos to galaxies

L2 J.B. Muñoz et al.

sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as

MNRAS 000, 1–?? (2023)

can do the same procedure for stellar mass functions as well using P(M⋆ |MUV)
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as

MNRAS 000, 1–?? (2023)

UV luminosity function

can do the same procedure for stellar mass functions as well using P(M⋆ |MUV)
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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sity of galaxies (Ren et al. 2019; Mirocha 2020). We illustrate
this degeneracy in Fig. 1, where we show an array of models
that can explain the observed UVLF at z ⇠ 4 (from Bouwens
et al. 2021), but have vastly di↵erent halo-galaxy connections
(with stronger or weaker stochasticity).
Here we argue that galaxy clustering can break this degen-
eracy at high redshifts, akin to halo-occupation-distribution
(HOD) studies at lower z (e.g., Kravtsov et al. 2004; Zheng
& Weinberg 2007; Moster et al. 2010; Zentner et al. 2019;
Hadzhiyska et al. 2021), and that this clustering can be
measured by current-generation surveys. Galaxies residing
in heavier dark-matter halos will cluster more strongly than
their lighter counterparts, boasting a larger galaxy bias. As
such, measuring clustering at high z will allow us to deter-
mine whether UV-bright galaxies are rare because their host
halos are rare as well, or because they only form stars ef-
ficiently some fraction of the time. To illustrate this point,
we will show how current bias data at z ⇠ 4 � 6 tend to
prefer a closer halo-galaxy connection (with lower stochas-
ticity, and a duty cycle near unity). Turning to z & 10,
we will argue that upcoming surveys, like Cosmos-Web with
JWST (Casey et al. 2022) and the Roman high-latitude sur-
vey (HLS, Spergel et al. 2015), will be able to distinguish
between models of galaxy formation. In particular, they will
help determine whether the first galaxies showed enhanced
stochasticity or higher UV emission. Throughout this work,
we will fix our cosmological parameters to h = 0.7 and
⌦m = 0.3 to match Bouwens et al. (2021), set �8 = 0.85,
ns = 0.966, !b = 0.022, and use AB magnitudes (Oke &
Gunn 1983).

2 THE DEGENERACY IN THE UVLFS

Let us begin by laying out our definitions, and with them the
intrinsic degeneracy in the UVLF. The UVLF measures the
number density of objects with a particular UV magnitude
MUV. Assuming all galaxies live in dark-matter halos (and a
halo-occupation fraction of unity), we can find the UVLF as:

�UV ⌘ dn
dMUV

=

Z
dMh

dn
dMh

P (MUV|Mh) , (1)

where dn/dMh is the halo mass function, following the Sheth
& Tormen (2002) fit, and P (MUV|Mh) is the probability that
a halo of mass Mh hosts a galaxy with magnitude MUV. The
UVLF is often reported in bins:

�
bin
UV =

Z
dzWz(z)

Z
dMUVWUV(MUV)�UV(MUV, z) , (2)

where both window functionsWi integrate to unity. The mag-
nitude windows WUV are assumed to be tophats, whereas the
Wz are Gaussians fit to the redshift distributions in Bouwens
et al. (2021, where it is important for data and predictions
to match the true mean and width z, see also Trapp et al.
2022).
The P (MUV|Mh) term, despite its apparent simplicity, en-
codes the complex halo-galaxy connection (Wechsler & Tin-
ker 2018), including any stochasticity. We will model it
through a semi-analytic approach where P (MUV|Mh) is a
Gaussian centered around a predicted “mean” MUV(Mh),
with a mass-independent dispersion �UV that we allow to
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Figure 1. Illustration of the degeneracy between stochasticity and
star-formation e�ciency at high z. We show the UVLF (top) and
the bias (bottom) at z ⇠ 4 as a function of UV magnitude for
di↵erent models. These are all calibrated to the UVLF data (black
circles, from Bouwens et al. 2021) and colored by their standard
deviation �UV (in the P (MUV|Mh) distribution), whose posterior
against the star-formation e�ciency ✏?,UV is shown in the inset.
The bias predictions di↵er dramatically, depending on whether
heavy or light halo masses are responsible for the bright end of
the UVLF. We show the biases reported in Harikane et al. (2022b)
as gray open squares, which have not been used in the inference.
All predictions are binned with �MUV = 0.5.

vary. The UV magnitude of a galaxy will depend on its star-
formation rate (SFR):

Ṁ? = f?(z,Mh)fbṀh , (3)

where fb ⇡ 0.16 is the baryon fraction (Aghanim et al. 2020),
and we take a model of exponential accretion Mh(z) / e

aaccz

with aacc = 0.79 (Schneider et al. 2021, see also App. A).
The average halo-galaxy connection is encoded in the star-
formation e�ciency (SFE) f?, generically a function of red-
shift z and halo mass Mh. Inspired by analytic and simulation
studies (Moster et al. 2010; Furlanetto et al. 2017), we assume
a double-power law functional form:

f? =
2✏?

(Mh/Mc)�↵? + (Mh/Mc)��?
, (4)

which was shown to fit well both observations and simula-
tions in Sabti et al. (2022a). This f? has four free parame-
ters: an amplitude ✏?, a critical mass Mc, and two power-law
indices ↵? > 0 and �? < 0 for the faint and bright ends, re-
spectively. The SFR is converted to UV luminosity through
LUV = Ṁ?/UV. Given that the conversion factor UV is
fully degenerate with ✏?, we will define:

✏?,UV ⌘ ✏? (UV/UV)
�1

, (5)

for a fiducial UV = 1.15 ⇥ 10�28 (M� yr�1) /(erg s�1) as
in Madau & Dickinson (2014). The UV luminosity per unit
SFR could be higher for a top-heavy initial mass function (as
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z∼ 16–27, implying the first star formation in this epoch. This
formation epoch agrees with theoretical simulations (Hirano
et al. 2014, 2015), although this is a very rough estimate. In
particular, it is not clear whether the assumed M MSFR h h–
relation holds at z> 10 or not, because physics in the first star
formation are expected to be different from star/galaxy
formation at the epoch we currently observe due to the
evolution of physical parameters such as metallicity.

6.3. Origin of the Bright-end Excess of the Galaxy Luminosity
Function

As presented in Section 4.2.2, the obtained galaxy UV
luminosity functions cannot be explained by the Schechter
functions at the bright end (MUV−23 mag), indicating the
existence of the bright-end excess of the number density
beyond the Schechter function. Since these luminosity

Figure 23. Comparison of the cosmic SFR density at z > 7. The red curve with the shade represents the cosmic SFR density calculated in this work based on the
constant star formation efficiency at z > 5 (Equation (57)), integrated down to the SFR of 0.3Meyr

−1 (MUV = −17 mag), as previous studies (Bouwens
et al. 2015, 2020; Finkelstein et al. 2015b; Oesch et al. 2018). The gray dashed curve shows the extrapolation of the relation of Madau & Dickinson (2014) at z > 6.
The other curves show predictions from models of Mason et al. (2015a; blue dashed curve), Mashian et al. (2016; orange dashed curve), Sun & Furlanetto (2016;
green solid curve), Tacchella et al. (2018; green dashed curve), and Behroozi et al. (2020; blue solid curve). The orange shaded region indicates a prediction of the halo
evolution model in Oesch et al. (2018). All results are converted to use the Salpeter (1955) IMF (Equation (55)).

Figure 24. Fit to the observed cosmic SFR densities. The red dashed curve
represents our fit (Equation (60)) to the observed cosmic SFR densities at
z  10 and the calculated SFR densities at z > 10 in this work. The gray dashed
curve shows the fit in Madau & Dickinson (2014). All results are converted to
use the Salpeter (1955) IMF (Equation (55)).

Figure 25. Cumulative number of formed stars as a function of the redshift.
The red line shows the cumulative number of formed stars calculated based on
the SFR density (Equation (61)). We extrapolate the M MSFR h h– relation both
to the higher-redshift and lower-mass range, and the shaded region indicates
possible uncertainties of the MSFR h ratio and the mass limit of the integration.
The cumulative number reaches 1 around z ∼ 16–27, implying the first star
formation at this epoch.
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z∼ 16–27, implying the first star formation in this epoch. This
formation epoch agrees with theoretical simulations (Hirano
et al. 2014, 2015), although this is a very rough estimate. In
particular, it is not clear whether the assumed M MSFR h h–
relation holds at z> 10 or not, because physics in the first star
formation are expected to be different from star/galaxy
formation at the epoch we currently observe due to the
evolution of physical parameters such as metallicity.

6.3. Origin of the Bright-end Excess of the Galaxy Luminosity
Function

As presented in Section 4.2.2, the obtained galaxy UV
luminosity functions cannot be explained by the Schechter
functions at the bright end (MUV−23 mag), indicating the
existence of the bright-end excess of the number density
beyond the Schechter function. Since these luminosity

Figure 23. Comparison of the cosmic SFR density at z > 7. The red curve with the shade represents the cosmic SFR density calculated in this work based on the
constant star formation efficiency at z > 5 (Equation (57)), integrated down to the SFR of 0.3Meyr

−1 (MUV = −17 mag), as previous studies (Bouwens
et al. 2015, 2020; Finkelstein et al. 2015b; Oesch et al. 2018). The gray dashed curve shows the extrapolation of the relation of Madau & Dickinson (2014) at z > 6.
The other curves show predictions from models of Mason et al. (2015a; blue dashed curve), Mashian et al. (2016; orange dashed curve), Sun & Furlanetto (2016;
green solid curve), Tacchella et al. (2018; green dashed curve), and Behroozi et al. (2020; blue solid curve). The orange shaded region indicates a prediction of the halo
evolution model in Oesch et al. (2018). All results are converted to use the Salpeter (1955) IMF (Equation (55)).

Figure 24. Fit to the observed cosmic SFR densities. The red dashed curve
represents our fit (Equation (60)) to the observed cosmic SFR densities at
z  10 and the calculated SFR densities at z > 10 in this work. The gray dashed
curve shows the fit in Madau & Dickinson (2014). All results are converted to
use the Salpeter (1955) IMF (Equation (55)).

Figure 25. Cumulative number of formed stars as a function of the redshift.
The red line shows the cumulative number of formed stars calculated based on
the SFR density (Equation (61)). We extrapolate the M MSFR h h– relation both
to the higher-redshift and lower-mass range, and the shaded region indicates
possible uncertainties of the MSFR h ratio and the mass limit of the integration.
The cumulative number reaches 1 around z ∼ 16–27, implying the first star
formation at this epoch.
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z∼ 16–27, implying the first star formation in this epoch. This
formation epoch agrees with theoretical simulations (Hirano
et al. 2014, 2015), although this is a very rough estimate. In
particular, it is not clear whether the assumed M MSFR h h–
relation holds at z> 10 or not, because physics in the first star
formation are expected to be different from star/galaxy
formation at the epoch we currently observe due to the
evolution of physical parameters such as metallicity.

6.3. Origin of the Bright-end Excess of the Galaxy Luminosity
Function

As presented in Section 4.2.2, the obtained galaxy UV
luminosity functions cannot be explained by the Schechter
functions at the bright end (MUV−23 mag), indicating the
existence of the bright-end excess of the number density
beyond the Schechter function. Since these luminosity

Figure 23. Comparison of the cosmic SFR density at z > 7. The red curve with the shade represents the cosmic SFR density calculated in this work based on the
constant star formation efficiency at z > 5 (Equation (57)), integrated down to the SFR of 0.3Meyr

−1 (MUV = −17 mag), as previous studies (Bouwens
et al. 2015, 2020; Finkelstein et al. 2015b; Oesch et al. 2018). The gray dashed curve shows the extrapolation of the relation of Madau & Dickinson (2014) at z > 6.
The other curves show predictions from models of Mason et al. (2015a; blue dashed curve), Mashian et al. (2016; orange dashed curve), Sun & Furlanetto (2016;
green solid curve), Tacchella et al. (2018; green dashed curve), and Behroozi et al. (2020; blue solid curve). The orange shaded region indicates a prediction of the halo
evolution model in Oesch et al. (2018). All results are converted to use the Salpeter (1955) IMF (Equation (55)).

Figure 24. Fit to the observed cosmic SFR densities. The red dashed curve
represents our fit (Equation (60)) to the observed cosmic SFR densities at
z  10 and the calculated SFR densities at z > 10 in this work. The gray dashed
curve shows the fit in Madau & Dickinson (2014). All results are converted to
use the Salpeter (1955) IMF (Equation (55)).

Figure 25. Cumulative number of formed stars as a function of the redshift.
The red line shows the cumulative number of formed stars calculated based on
the SFR density (Equation (61)). We extrapolate the M MSFR h h– relation both
to the higher-redshift and lower-mass range, and the shaded region indicates
possible uncertainties of the MSFR h ratio and the mass limit of the integration.
The cumulative number reaches 1 around z ∼ 16–27, implying the first star
formation at this epoch.

31

The Astrophysical Journal Supplement Series, 259:20 (37pp), 2022 March Harikane et al.

Harikane et al. 2022, 2023

Pre-JWST expectations

(C) a top-heavy IMF with a Population III–like star formation
can explain the observed high SFR densities at z∼ 12–16.
These possibilities can be further investigated by follow-up
observations with JWST/MIRI covering a longer wave-
length than the Balmer break to obtain the robust stellar
mass measurements and star formation history, or with
JWST/NIRSpec and MIRI spectroscopy to search for

Figure 16. Comparison of the luminosity function measurements with theoretical predictions and the empirical models at z ∼ 12 (left) and z ∼ 16 (right). The blue
lines show the theoretical and empirical models obtained by Dayal et al. (2014, 2019; solid line), Yung et al. (2020; dotted line), Behroozi et al. (2020; dotted–dashed
line), Wilkins et al. (2023; double-dotted–dashed line), and Mason et al. (2023, their no dust model; dashed line). The red and orange symbols show observational
results in the same manner as Figures 12 and 13. The red diamonds and arrows represent the measurements and upper limits obtained by this study. The orange circles,
the red circle, the down-pointing orange triangle, and the orange square in the left (right) panel indicate the number densities reported by Donnan et al. (2023),
Harikane et al. (2022a), Naidu et al. (2022b), and Bouwens et al. (2022b) and Finkelstein et al. (2022b), respectively.

Figure 17. Theoretical predictions for the number of bright galaxies at
z ∼ 12–16 with MUV < –20 mag detected in our survey area of ~90 arcmin2.
These numbers are based on the theoretical models of Dayal et al.
(2014, 2019), Yung et al. (2020), Behroozi et al. (2020), Wilkins et al.
(2023), and Mason et al. (2023). The red horizontal line with the shaded region
indicates the number of observed galaxies at z ∼ 12–16 with MUV < –20 mag
(Nobs = 4 ± 2), which is higher than these model predictions.

Table 9
Obtained Cosmic UV Luminosity Density and SFR Density

Redshift rlog UV rlog SFR,UV rlog SFR
(erg s−1 Hz−1 Mpc−3) (Me yr−1 Mpc−3) (Me yr−1 Mpc−3)

z ∼ 9 -
+25.28 0.16
0.19 - -

+2.65 0.16
0.19 - -

+2.61 0.16
0.18

z ∼ 12 -
+24.61 0.26
0.26 - -

+3.33 0.26
0.26 - -

+3.23 0.27
0.29

z ∼ 16 -
+24.24 2.83
0.33 - -

+3.70 2.83
0.33 - -

+3.59 2.83
0.33

Note. Errors are 1σ. ρSFR,UV and ρSFR are the SFR densities without and with
dust extinction correction, respectively.

Figure 18. Cosmic SFR density evolution. The red circles represent the cosmic
SFR densities obtained by our study, with the double-power-law luminosity
functions integrated down to MUV = −17 mag. The black circles indicate the
cosmic SFR densities derived by Madau & Dickinson (2014), Finkelstein et al.
(2015a), McLeod et al. (2016), Bhatawdekar et al. (2019), and Bouwens et al.
(2020). The orange circles are results by Donnan et al. (2023). The blue dashed
curve is the best-fit function of the cosmic SFR densities in Harikane et al.
(2022b, their Equation (60)). In Harikane et al. (2022b), they assume a constant
star formation efficiency at z > 10, resulting in the power-law decline with
ρSFR ∝ 10−0.5(1+z). The gray dashed curve shows the best-fit function at z  8
determined by Madau & Dickinson (2014) extrapolated to z > 8. All results are
converted to those of the Salpeter (1955) IMF.
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(C) a top-heavy IMF with a Population III–like star formation
can explain the observed high SFR densities at z∼ 12–16.
These possibilities can be further investigated by follow-up
observations with JWST/MIRI covering a longer wave-
length than the Balmer break to obtain the robust stellar
mass measurements and star formation history, or with
JWST/NIRSpec and MIRI spectroscopy to search for

Figure 16. Comparison of the luminosity function measurements with theoretical predictions and the empirical models at z ∼ 12 (left) and z ∼ 16 (right). The blue
lines show the theoretical and empirical models obtained by Dayal et al. (2014, 2019; solid line), Yung et al. (2020; dotted line), Behroozi et al. (2020; dotted–dashed
line), Wilkins et al. (2023; double-dotted–dashed line), and Mason et al. (2023, their no dust model; dashed line). The red and orange symbols show observational
results in the same manner as Figures 12 and 13. The red diamonds and arrows represent the measurements and upper limits obtained by this study. The orange circles,
the red circle, the down-pointing orange triangle, and the orange square in the left (right) panel indicate the number densities reported by Donnan et al. (2023),
Harikane et al. (2022a), Naidu et al. (2022b), and Bouwens et al. (2022b) and Finkelstein et al. (2022b), respectively.

Figure 17. Theoretical predictions for the number of bright galaxies at
z ∼ 12–16 with MUV < –20 mag detected in our survey area of ~90 arcmin2.
These numbers are based on the theoretical models of Dayal et al.
(2014, 2019), Yung et al. (2020), Behroozi et al. (2020), Wilkins et al.
(2023), and Mason et al. (2023). The red horizontal line with the shaded region
indicates the number of observed galaxies at z ∼ 12–16 with MUV < –20 mag
(Nobs = 4 ± 2), which is higher than these model predictions.

Table 9
Obtained Cosmic UV Luminosity Density and SFR Density

Redshift rlog UV rlog SFR,UV rlog SFR
(erg s−1 Hz−1 Mpc−3) (Me yr−1 Mpc−3) (Me yr−1 Mpc−3)

z ∼ 9 -
+25.28 0.16
0.19 - -

+2.65 0.16
0.19 - -

+2.61 0.16
0.18

z ∼ 12 -
+24.61 0.26
0.26 - -

+3.33 0.26
0.26 - -

+3.23 0.27
0.29

z ∼ 16 -
+24.24 2.83
0.33 - -

+3.70 2.83
0.33 - -

+3.59 2.83
0.33

Note. Errors are 1σ. ρSFR,UV and ρSFR are the SFR densities without and with
dust extinction correction, respectively.

Figure 18. Cosmic SFR density evolution. The red circles represent the cosmic
SFR densities obtained by our study, with the double-power-law luminosity
functions integrated down to MUV = −17 mag. The black circles indicate the
cosmic SFR densities derived by Madau & Dickinson (2014), Finkelstein et al.
(2015a), McLeod et al. (2016), Bhatawdekar et al. (2019), and Bouwens et al.
(2020). The orange circles are results by Donnan et al. (2023). The blue dashed
curve is the best-fit function of the cosmic SFR densities in Harikane et al.
(2022b, their Equation (60)). In Harikane et al. (2022b), they assume a constant
star formation efficiency at z > 10, resulting in the power-law decline with
ρSFR ∝ 10−0.5(1+z). The gray dashed curve shows the best-fit function at z  8
determined by Madau & Dickinson (2014) extrapolated to z > 8. All results are
converted to those of the Salpeter (1955) IMF.
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Figure 8. Our determination of the luminosity density and star-formation rate density at I = 11, integrated to a limit of "1500 = �17. We also include a
tentative I = 13.5 measurement based on our handful of 12.5 < I < 14.5 candidates. In the left-hand panel, we include a compilation of early JWST studies
integrating to the same limit of "1500 = �17. Note that we have corrected the quoted value from Pérez-González et al. (2023), who adopted a "1500 = �16.5
limit in their study. We also include the HST-based determination at I = 10 from Oesch et al. (2018), based on the HST Legacy Fields, and the rapidly declining
dSFR (I) relation based on the evolution of the dark matter halo mass function (pink shading). Finally, we also show the constant star-formation e�ciency
model (purple line) from Harikane et al. (2023b). We find that our new results are slightly higher than, but fully consistent with, the log-linear dUV (z) relation
(blue line) from Donnan et al. (2023a). In the right-hand panel, we compare our measurements with a suite of theoretical models of galaxy evolution. Typically,
the models under-predict the dSFR measurements found both in this study and Donnan et al. (2023a,b), with the exception of the Behroozi & Silk (2015) and
FLARES Wilkins et al. (2023) models.

lier study, Donnan et al. (2023b), we proceed to construct the UV
LF over 9.5 < I < 12.5. When combined with faint-end constraints
from Donnan et al. (2023a), and UVISTA-based constraints at the
bright-end, our I = 11 LF spans four magnitudes of dynamic range
in "1500. Our LF is consistent with previous JWST-based number
densities in the literature at similar redshifts, but with tighter con-
straints owing to our wider search area. At the bright-end, our LF
is consistent with a lack of evolution between I = 9 � 11, similar to
results from Bowler et al. (2020), who found such trends between
I = 8 � 10. This lack of evolution suggests that we are entering a
regime where mass quenching e�ciency is lower or that there is
reduced dust attenuation (Bowler et al. 2020).

At the faint-end, our U measurements suggest a steep U, which
we fix to U = �2.35 for our fiducial LF. With the present data,
we are not yet able to robustly determine how U evolves between
I = 8� 11, given that a fit with U = �2.04 (as measured at I = 8 by
Donnan et al. 2023a) still provides an acceptable fit.

By integrating our LF, we arrive at the luminosity density and
hence star-formation rate density. Our dUV at I = 11 lies slightly
above, but is still consistent with, our previous log-linear dUV (z)
relationship from Donnan et al. (2023a). Our dSFR at I = 11 sug-
gests a continued smoothly declining dSFR to at least I = 12, with
tentative I = 13.5 measurements based on a handful of I > 12.5
candidates further re-inforcing this. This result lies above both the
rapidly declining dSFR suggested in pre-JWST studies (e.g. Oesch
et al. 2018; Ishigaki et al. 2018) and the constant star-formation
e�ciency model from Harikane et al. (2022), as well as numerous
theoretical models of galaxy evolution.

There are numerous potential interpretations for the high num-
ber densities of bright I ' 10 galaxies and the higher dSFR than
predicted by models. At the highest redshifts, we may be seeing a
rise in the star-formation e�ciency (Harikane et al. 2023a), or that
we are potentially viewing the upper envelope of the "1500�Mhalo
relation (Mason et al. 2023). Although there have been suggestions
that the early JWST studies may be subject to significant contam-
ination by low-redshift interlopers, particularly as the overlap in

sources between studies has hitherto been relatively low (see dis-
cussion by Bouwens et al. 2023), we can be encouraged by the
number of spectroscopic confirmations of many photometrically
selected I > 8 candidates (e.g. Curtis-Lake et al. 2023; Arrabal
Haro et al. 2023a,b).

The prospects for building upon this LF determination with
further JWST Cycle 1 surveys are excellent. In the bright-to-
intermediate regime, PRIMER will be instrumental in providing
homogeneous coverage of COSMOS and UDS at even greater areas
than those probed in this study, and to comparable depths. At the
very brightest luminosities, COSMOS-Web (Casey et al. 2022) will
provide > 0.5 sq. deg. of imaging, which will be crucial for uncover-
ing the brightest (and rarest) high-redshift galaxies. At the faint-end,
exceptionally deep surveys such as NGDeep (Bagley et al. 2023a)
and JADES (Robertson et al. 2023) will help to better constrain the
evolution of the faint-end slope U.
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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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applicable. As an example, we do not include effects of exotic emission 
lines or bright active galactic nuclei (AGN)14. Part the sample is reported 
to be resolved in F200W (ref. 33) making a significant contribution from 
AGN less likely, but faint, red AGN are possible and would be highly inter-
esting in their own right, even if they could lead to changes in the masses.

It is perhaps most likely that the situation is in between these 
extremes, with some of the red colours reflecting exotic effects or AGN 
and others reflecting high M:L ratios. Future JWST NIRSpec spectros-
copy can be used to measure accurate redshifts as well as the precise 
contributions of emission lines and to the observed photometry. With 
deeper data, the stellar continuum emission can be detected directly 
for the brightest galaxies. Finally, dynamical masses are needed to test 
the hypothesis that our description of massive halo assembly in LCDM 
is incomplete. It may be possible to measure the required kinematics 
with ALMA or from rotation curves with the NIRSpec integral field unit 
if the ionized gas is spatially extended30,31.
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Fig. 4 | Cumulative stellar mass density, if the fiducial masses of the 
JWST-selected red galaxies are confirmed. The solid symbols show the total 
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most massive galaxies in each bin. Uncertainties reflect Poisson statistics and 
cosmic variance. The dashed lines are derived from Schechter fits to UV-selected 
samples3. The JWST-selected galaxies would greatly exceed the mass densities 
of massive galaxies that were expected at these redshifts on the basis of 
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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 ν ≈ 4.5 ⟷ Mhalo(z = 0) ≈ 5 × 1015 M⊙

Boylan-Kolchin 2023 
arXiv:2208.01611

Survey volume:  
38 arcmin2 ≈ 105 Mpc3
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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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Galaxy candidates with  at  from CEERSM⋆ ≈ 1010.5−11 M⊙ z ∼ 8 − 10
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JWST: massive early galaxies at early cosmic times

Galaxy candidates with  at  from CEERSM⋆ ≈ 1010.5−11 M⊙ z ∼ 8 − 10

Milky Way

Labbé et al. 2023

HST+ALMA-detected 
galaxy at z=6.83 with:  

 

 

M⋆ = 1.7 × 1011 M⊙

MBH ≈ 1.5 × 109 M⊙

·M⋆ ≈ 1300 M⊙ yr−1

Endsley et al. 2023

Lilan Yang & Mike Boylan-Kolchin                                          @Cosmologyfromhome2023 



JWST: massive early galaxies at early cosmic times
Massive dust-obscured galaxies (with ALMA detections)?

Akins et al. 2023

Massive, dust-obscured candidate z ' 8 galaxies 9
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Figure 4. Results of 2D point-source profile fitting to the
NIRCam/F444W imaging for both sources. The columns
show the data, best-fit model, and residuals for each source.
Both sources are well characterized by a point source model,
suggesting extremely compact sizes. We derive an upper
limit on the true sizes of Re↵ . 200 pc, as discussed in the
text.
F444W ePSF used in our photometry as described in
Section 2.3.
We find that both sources are well fit by a point-source

model. Figure 4 shows the results of the point-source fit-
ting for the two candidates (data, model, and residual).
While fitting a Sérsic model yields a marginal improve-
ment in the reduced �

2 statistic, the resulting Sérsic
parameters are poorly constrained. In order to provide
a constraint on Re↵ , we fix the Sérsic index n = 1, the
axis ratio b/a = 1 and the position angle ✓ = 0 (i.e. an
exponential disk profile). We fit a series of models with
Re↵ ⇠ 0.0001–0.0007 (50–350 pc at z = 8). We find that
the resulting residuals are significant at the 3� level for
Re↵ & 200 pc, but consistent with the background rms
for Re↵ . 200 pc, so we adopt this as an upper limit on
the true size.
We note that such compactness is relatively common

in high-redshift galaxies observed with JWST (Robert-
son et al. 2022; Roberts-Borsani et al. 2022; Ono et al.
2022; Tacchella et al. 2023). Nonetheless, given that nei-
ther source is resolved, we discuss the possibility that the
source’s emission is dominated by AGN in Section 5.2.
However, we note that the derived stellar masses are
likely robust to any contamination from strong emission
lines from an AGN.

4.3. Stellar masses

We compare the stellar masses derived from SED fit-
ting for these two sources to estimates for similar objects
in the literature. Figure 5 shows the shows stellar mass
vs. redshift for COS-z8M1, CEERS-z7M1, and numer-
ous dust-obscured, spectroscopically-confirmed galaxies
in the literature (Marrone et al. 2018; Tamura et al.

6.5 7.0 7.5 8.0 8.5 9.0
Redshift z

108

109

1010

1011
M

�
[M

�
]

REBELS
(Ferrara+22)

CEERS
(Fujimoto+23)

MACS0416-Y1
(Tamura+19)

COS-87259
(Endsley+22)

SPT0311-58
(Marrone+18)

COS-z8M1

CEERS-z7M1

M� ⇠ � fb Mhalo (for � ⇠ 0.2–0.3)
n(> M�) ⇠ 2 ⇥ 10�5 Mpc�3

Figure 5. Inferred stellar mass vs. redshift for COS-
z8M1 (red) and CEERS-z7M1 (green), adopting the results
from prospector. We additionally show measurements for
spectroscopically-confirmed, dust continuum-detected star-
forming galaxies from the literature (Marrone et al. 2018;
Tamura et al. 2019; Endsley et al. 2022b; Ferrara et al.
2022b) as well as recent UV-bright galaxies confirmed with
JWST/NIRSpec (Fujimoto et al. 2023a). The orange stripe
shows the range of stellar masses expected for sources of this
rarity, computed from an evolving halo mass function as-
suming a baryon conversion e�ciency ✏ ⇠ 20–30%. Both
COS-z8M1 and CEERS-z7M1 appear to be among the most
massive dust-obscured galaxies at this epoch.

2019; Endsley et al. 2022b; Ferrara et al. 2022b). We
additionally show the sample of NIRCam-selected, un-
obscured, spectroscopically confirmed CEERS objects
from Fujimoto et al. (2023a). Both COS-z8M1 and
CEERS-z7M1 represent the extreme end of the dust-
obscured high-z population, with stellar masses & 3
times higher than other known dust-continuum detected
objects at the same redshift. We note that the various
SED fitting codes used in this work all yield consistently
large stellar masses, even when accounting for extremely
high EW emission lines and di↵ering dust attenuation
laws (as discussed in Section 4.1).
The detection of these two sources at z ⇠ 7–9, across

20 arcmin2 of combined NIRCam+MIRI imaging, sug-
gests an approximate volume density of ⇠ 2 ⇥ 10�5

Mpc�3. We estimate the typical stellar mass for sources
of this rarity based on the evolving halo mass func-
tion. We compute the halo mass function using the
python package hmf (Murray et al. 2013). We adopt a
Tinker et al. (2008) parametrization, modified with the
redshift-dependent parameters from Rodŕıguez-Puebla
et al. (2016) to be consistent with a Planck cosmology
(see also discussion in Yung et al. 2023). We compute
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What could be going on ?
Many possible explanations within standard ΛCDM, including incorrect 
mapping from observed light to underlying stellar mass (AGN, star 
formation histories, ….) and sample variance
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What could be going on ?
Many possible explanations within standard ΛCDM, including incorrect 
mapping from observed light to underlying stellar mass (AGN, star 
formation histories, ….) and sample variance

If the issue is cosmological: need more (faster) formation of cosmological 
structure at early times. No wiggle room in base ΛCDM — all 
parameters are known to  precision — but extensions with 
additional parameters might work 

‣ need higher  

‣ a small(ish) possible modification: a short period of early dark energy with
 at  

(Karwal++ 2016; Poulin++ 2018, 2019; Smith++ 2020, Riess & Kamionkowski 2022)

≲ 1 %

ρm, σ8, and/or ns

ΩEDE ∼ 0.1 z ∼ 3500
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EDE leads to enhanced high-  structure formationz
higher  than base Planck model: more high-  galaxies 
(Klypin et al. 2021)

ρm, σ8, & ns z

nPlanck( > M; z) = 10−5 Mpc−3:⋆

nPlanck( > M; z) = 10−7 Mpc−3    :

(CEERS)

(COSMOS-Web)

Differences are magnified at higher 
redshifts — but requires going to 
lower M⋆ and Mhalo
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JWST observations: constraining the ΛCDM power spectrum

Bullock & Boylan-Kolchin 2017
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JWST observations: constraining the ΛCDM power spectrum

Bullock & Boylan-Kolchin 2017

??? New Physics ???
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JWST observations: constraining the ΛCDM power spectrum

Bullock & Boylan-Kolchin 2017

Warm dark matter

mWDM
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JWST observations: constraining the ΛCDM power spectrum

Dayal & Giri 2023

2 Dayal & Giri

Figure 1. The stellar mass function (SMF) at z ⇠ 6�15, as marked in panels (a)-(f). In each panel, the solid (black), short-dashed (blue)
and long-dashed (red) lines show the SMFs for CDM, 3 keV and 1.5 keV WDM models, as marked in panel (f). Thin and thick lines
show the results assuming ✏⇤ = fn(z) and ✏⇤ = 1 (models A and B; sec. 2.1); the latter model shows a physical upper limit to the SMF.
Points show the observed data-sets from Duncan et al. (2014, open circles at z ⇠ 6� 7), Song et al. (2016, open triangles at z ⇠ 6� 7),
Bhatawdekar et al. (2019, filled circles at z ⇠ 6 � 9), Kikuchihara et al. (2020, filled triangles at z ⇠ 6 � 9) and Stefanon et al. (2021,
filled squares at z ⇠ 6� 10). All these datasets have been renormalised to a Salpeter IMF (Stefanon et al. 2021). The last (f) panel shows
the upper limit to the predicted SMFs at z ⇠ 15.

sion see e.g. Dayal & Ferrara 2018; Villanueva-Domingo et al.
2018; Giri & Schneider 2021).

Over the past few months, the JWST has provided un-
precedented views of galaxy formation in the first billion
years, yielding a number of galaxy candidates between z ⇠
9 � 16.5 given its exquisite sensitivity (Bradley et al. 2022;
Donnan et al. 2023; Atek et al. 2023; Naidu et al. 2022b;
Adams et al. 2023; Austin et al. 2023). Indeed, the evolving
(rest-frame 1500Å) UV LF has now been mapped out be-
tween z ⇠ 5� 16.5 (e.g. Harikane et al. 2022; Bouwens et al.
2021; Naidu et al. 2022b; Harikane et al. 2023; Bouwens et al.
2022) although caution must be exerted when using the LF
at z >⇠ 12 where the redshift and nature of the sources remain
debated (e.g. Adams et al. 2023; Naidu et al. 2022a). In terms
of stellar mass, the JWST has yielded galaxy candidates with
masses between 108 � 1011M� at z ⇠ 7 � 10 (Labbe et al.
2022).

In this work, our aim is to use the latest data sets from the
JWST to revisit constraints on the WDM particle mass in
the first billion years using a simple phenomenological model
that links galaxy stellar masses to their host DM halos. We
note that the analysis carried out here can be applied to any
DM model for which halo mass functions (HMFs) can be
calculated within the first billion years.

We present our methodology for calculating the HMFs for
di↵erent cosmologies in Sec. 2 before presenting our phe-
nomenological model for the star formation e�ciency in
Sec. 2.1. We compare our theoretical stellar mass functions
(SMFs) and the associated stellar mass density (SMD) to
observations in Sec. 3.1 before discussing the maximum stel-

lar mass allowed in any DM model for a given number den-
sity (or volume) in Sec. 3.2 before concluding in Sec. 4. Fi-
nally, throughout this work, we assume cosmological param-
eters in accord with Planck Collaboration et al. (2020) such
that ⌦m = 0.315, ⌦b = 0.049, �8 = 0.813, ns = 0.963 and
h0 = 0.673. We quote all length scales in comoving Mpc
(cMpc).

2 THE THEORETICAL MODEL

In this work, we use a phenomenological model based on the
evolving HMF. Our aim is to explore constraints on theWDM
particle mass using the (maximal) stellar masses allowed in
di↵erent DM cosmologies. We start by constructing the HMF
with the extended Press-Schechter (EPS) approach (e.g. Giri
& Schneider 2022). In brief, the halo number density n per
unit halo mass (Mh) is defined as,

dn
dlogMh

= � ⇢̄
Mh

f(⌫)
dlog�
dlogMh

, (1)

where ⌫ ⌘ �c(z)/�(R), R is the halo radius and ⇢̄ is the mean
background density. Further, �c(z) ⇡ 1.686/D(z), where
D(z) is linear growth factor, and Mh = (4⇡/3)⇢̄(cR)3, where
c = 3.3 (Parimbelli et al. 2021). We use the Sheth-Tormen
form (Sheth & Tormen 1999) for the first-crossing distribu-
tion f(⌫), which can be written as,

f(⌫) = A

r
2⌫2

⇡
(1 + ⌫�2p)e�⌫2/2 , (2)

MNRAS 000, 000–000 (0000)

Differences are largest at highest redshifts, lowest masses
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JWST observations: constraining the ΛCDM power spectrum

Hirano & Yoshida 2023

2 Hirano and Yoshida

Table 1. List of three models

PPS model kp ms �8 Lbox {✏min, ✏mean, ✏max} {✏min, ✏mean, ✏max}

(h cMpc
�1

) (cMpch�1
) at z = 9 at z = 7.5

(1) (2) (3) (4) (5) (6) (7)

Hard-tilt 1.0 2.0 0.8114093 10, 25, 50 {0.07, 0.12, 0.24} {0.13, 0.30, 0.70}
Soft-tilt 1.0 1.5 0.8112334 10, 25, 50 {0.10, 0.18, 0.32} {0.17, 0.40, 0.97}
⇤CDM - - 0.8111 10, 25, 50 {0.17, 0.35, 0.64} {0.25, 0.60, 1.46}

Note— Column (1): model name. Column (2): pivot scale (kp). Column (3): tilt index (ms). Column (4): root-mean-square matter fluctuation

averaged over a sphere of radius 8h�1
Mpc (�8). Column (5): periodic box length (Lbox). Columns (6) and (7): star formation e�ciencies

required to exceed the lower limit, center, and upper limit of the observation-limited CCSMD region (✏min, ✏mean, ✏max) at z = 9 and 7.5.

cent observations by the James Webb Space Telescope
(JWST). A number of galaxies (candidates) with unex-
pectedly high stellar masses have been discovered (e.g.,
Finkelstein et al. 2022; Labbé et al. 2023). Boylan-
Kolchin (2023) concludes that the inferred high stel-
lar masses of the observed galaxy candidates require an
extremely high star formation e�ciency far exceeding
plausible values of ✏ . 0.3 suggested by popular galaxy
formation models (Gribel et al. 2017; Tacchella et al.
2018; Behroozi et al. 2020). The challenge brought by
recent JWST observations motivates us to reconsider ei-
ther the detailed physics of galaxy formation in the early
universe or the standard cosmology model.
Modification of PPS may provide a viable solution by

promoting early structure formation (Parashari & Laha
2023; Padmanabhan & Loeb 2023). Parashari & Laha
(2023) compute the cumulative comoving stellar mass
density (CCSMD) by adopting a modified form of PPS
similar to Hirano et al. (2015). Their model can success-
fully reproduce the observed CCSMD without assuming
an unrealistically high star formation e�ciency. They
further argue that observations of high-redshift galaxies
can provide invaluable information on small-scale den-
sity fluctuations that otherwise cannot be probed di-
rectly. Clearly, it is important and timely to study the
formation of high-redshift galaxies by performing cos-
mological simulations for the BTPS model.
Throughout the present Letter, we adopt the cos-

mological parameters with total matter density ⌦m =
0.3153, baryon density ⌦b = 0.0493 in units
of the critical density, a Hubble constant H0 =
67.36 km s�1 Mpc�1, the root-mean-square matter fluc-
tuation averaged over a sphere of radius 8h�1 Mpc
�8 = 0.8111, and primordial index ns = 0.9649 (Planck
Collaboration et al. 2020).

2. NUMERICAL SIMULATIONS

Figure 1. The matter power spectra at z = 1089 that
we use to generate the cosmological initial conditions. The
gray line is for the standard ⇤CDM model, whereas the other
lines show the blue-tilted models with the pivot scale kp =
1h cMpc�1 and the tilt ms = 1.5 (soft-tilt) and 2.0 (hard-
tilt), respectively.

We largely follow the method of our previous study
(Hirano et al. 2015) to perform cosmological N -body
simulations for models with three di↵erent PPS.

2.1. Primordial power spectrum

The standard, scale-independent PPS is given by

Pprim(k) / k
ns , (1)

whereas the one with enhancement at small scales is
given by

Pprim(k)/k
ns (for k  kp) , (2)

/k
ns�ms
p

· kms (for k > kp) . (3)

We fix the pivot scale kp = 1h cMpc�1 (h comoving
Mpc�1) and adopt two values ms = 1.5 and 2.0, which

Change  at large wavenumbersns

Differences are largest at highest redshifts, lowest masses
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JWST observations: constraining the ΛCDM power spectrum
Blue-tilted power spectrum - II 3

Figure 2. Projected density distributions � + 1 = ⇢/⇢̄ and DM halos with Mhalo � 109 M�. The top and middle panels show
the structure at z = 9 in a volume of side-length 10 cMpch�1, whereas the bottom panels show large-scale structure at z = 0
with a side-length of 50 cMpch�1. The left, center, and right panels are for ⇤CDM, soft-tilt, and hard-tilt models. The circle
size in the middle panels scales with the halo mass. The inset in panel (c) is a zoom-in image of one of the most massive halos.

Hirano & Yoshida 2023

Differences are largest at highest redshifts, lowest masses
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Programs relevant for galaxies and cosmology 

NGDEEP

Robertson 2022 
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The COSMOS-Web survey 

roughly the size 
of three full moons

 the biggest survey

Casey …. Yang, et al. 2022

discover thousands of galaxies in the Epoch of Reionization 
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1. What are the first stars/galaxies?
2. How did reionization occur? and what caused it?

Summary

Ionized gas

3. Are observed structures consistent 
   with initial conditions?
4. Physics beyond base ΛCDM?


