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ABSTRACT

We calculate the abundance of UV-bright galaxies in the presence of ultralight axion (ULA) dark matter
(DM), finding that axions suppress their formation with a non-trivial dependence on redshift and luminosity.
We set limits on axion DM using UV luminosity function (UVLF) data, excluding a single axion as all the
DM for my, < 107216 eV and limiting axions with —26 < log(m.x/eV) < —23 to be less than 22% of the
DM (both at 95% credibility). These limits use UVLF measurements from 24,000 sources from the Hubble
Space Telescope (HST) at redshifts 4 < z < 10. We marginalize over a parametric model connecting halo
mass and UV luminosity. Our results bridge a window in axion mass and fraction previously unconstrained
by cosmological data, between large-scale CMB and galaxy clustering and the small-scale Lyman-« forest.
These high-z measurements provide a powerful consistency check of low-z tests of axion DM, including the
recent hint for a sub-dominant ULA DM fraction in Lyman-« forest data. We also consider a sample of 25
spectroscopically-confirmed high-z galaxies from the James Webb Space Telescope (JWST), finding these data
to be consistent with HST. Combining HST and JWST UVLF data does not improve our constraints beyond
HST alone, but future JWST measurements have the potential to improve these results. We also find an excess
of low-mass halos (< 10°My) at z < 3, which could be probed by sub-galactic structure probes (e.g., stellar

streams, satellite galaxies and strong lensing).

1. INTRODUCTION

Ultralight axions and axion-like particles (with masses
Max S 107'® eV) are well-motivated dark matter (DM)
particle candidates. Ultralight axions arise generically from
a variety of broken symmetries or compactified extra di-
mensions, manifesting as a largely non-interacting pseudo-
Nambu-Goldstone boson that would behave as DM. These
particles are therefore not only a compelling DM candidate,
but also a powerful probe of string theory and high-energy
physics (Dine & Fischler 1983; Preskill et al. 1983; Abbott
& Sikivie 1983; Svrecek & Witten 2006; Conlon 2006; Ar-
vanitaki et al. 2010; Mehta et al. 2021). Ultralight axions
have a de Broglie wavelength that manifests on astrophysical
scales, smoothing out structure below the axion Jeans scale
A, which depends on the axion particle mass like o m;: /2
(Amendola & Barbieri 2006; Duffy & van Bibber 2009; Ar-
vanitaki et al. 2010; Park et al. 2012; Hlozek et al. 2015;
Marsh 2016; Hui et al. 2017; Lagué et al. 2022).

The astrophysical (~ kpc to Gpc) scale of these axion
wave features necessitates the use of cosmological observ-
ables in order to search for their effects. These searches of-
ten constrain both the axion particle mass and the axion DM
fraction through their observational signatures (Hlozek et al.
2015; Marsh 2016; Kobayashi et al. 2017; Lagué et al. 2022;
Rogers et al. 2023; Rogers & Poulin 2023). The discovery
of a subdominant DM fraction of axions would have pro-
found implications for fundamental physics. Indeed, many
axion DM models motivated by string theory propose a range

of axion particle masses existing simultaneously (sometimes
called the ‘string axiverse’, see Arvanitaki et al. (2010);
Marsh (2011); Gendler et al. (2023)). Some of these parti-
cles (such as the quantum chromodynamics (QCD) axion, see
Peccei & Quinn (1977); Weinberg (1978); Wilczek (1978);
Berezhiani et al. (1992); Di Luzio et al. (2020)) would man-
ifest as a cold DM (CDM) component when the axions have
sufficiently high mass.

The effects of axion mass and density fraction on the lin-
ear matter power spectrum are shown in Fig. 1. Fig. 2 illus-
trates the scales and redshifts probed by different cosmolog-
ical observables. Large-scale measurements of the CMB and
galaxy clustering have put tight constraints on the axion frac-
tion for low-mass (mg < 1072% eV) axions (Hlozek et al.
2015, 2018; Lagué et al. 2022; Rogers et al. 2023). Small-
scale measurements of the Lyman-« forest rule out higher-
mass (1072 eV < my, < 10720 eV) axions at higher DM
fractions (IrSi¢ et al. 2017; Kobayashi et al. 2017; Rogers
& Peiris 2021). Analyses of the kinematics of dwarf galax-
ies have claimed to rule out axions with mass of 107!° eV
as 100% of the DM (Marsh & Niemeyer 2019; Dalal &
Kravtsov 2022). Other low-z astrophysical probes of axions
include galaxy weak lensing (Dentler et al. 2022), galaxy
strong lensing (Shevchuk et al. 2023), galaxy rotation curves
(Bar et al. 2022) and supermassive black holes (De Laurentis
& Salucci 2022). Future 21-cm measurements also have the
potential to detect signatures of axion DM at high redshift
(Tegmark & Zaldarriaga 2009; Abdurashidova et al. 2022;
Hotinli et al. 2022; Flitter & Kovetz 2022; Liu et al. 2022).
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Figure 1. The linear matter power spectrum (MPS) as a function of wavenumber k for both cold dark matter (CDM, in black) and axion (in red
and blue) cosmologies with different axion mass (max) and DM fraction (fax). Blue, green, and magenta error bars represent constraints on the
MPS from Planck 2018 measurements of the cosmic microwave background (CMB) (Aghanim et al. 2020a) temperature TT, polarization EE
and lensing ¢¢ angular power spectra, respectively. Red error bars are from galaxy weak lensing shear estimates made with the Dark Energy
Survey (DES; Abbott et al. 2018), while orange error bars are from galaxy clustering estimates using the Sloan Digital Sky Survey (SDSS; Reid
et al. 2010). Black error bars represent constraints on the MPS based on both Planck CMB and Hubble Space Telescope (HST) measurements
of the UVLF as computed in Sabti et al. (2022a). We do not show Lyman-« forest inference on the MPS as existing estimates do not account
for the tension with Planck cosmology in the tilt of the small-scale power (as discussed in Rogers & Poulin (2023)). This plot was constructed
using code from Sabti et al. (2022a) (based on code by Marius Millea), as well as the axion Boltzmann code axiCLASS (Poulin et al. 2018).
Previous iterations of this plot were presented in Tegmark & Zaldarriaga (2002); Hlozek et al. (2012); Chabanier et al. (2019)

A joint analysis of CMB and Lyman-« forest measurements
from the Extended Baryon Oscillation Spectroscopic Survey
(eBOSS; Alam et al. 2021) finds that a non-zero axion den-
sity (max ~ 1072%eV) alleviates tension in measurement
of the small-scale power (Rogers & Poulin 2023), while re-
specting existing limits. Axions (may ~ 10722 eV) are also
found to address the Sg cosmological parameter discrepancy
(Rogers et al. 2023).

However, there remains a substantial gap of unconstrained
axion masses, around 10725 eV < my, < 10723 eV, which
have evaded current cosmological constraints. Claimed con-
straints in this mass range from strong lensing (Shevchuk
et al. 2023) and galaxy rotation curves (Bar et al. 2022) de-
pend on modeling the complex astrophysics of the soliton
core in dense galactic environments, making it difficult to

probe low axion fractions, which motivates the use of com-
plementary cosmological probes to further probe this gap.
In addition, all other axion probes use either low (z < 5)
or recombination (z ~ 1100) redshifts, with no power-
ful probes during the redshifts of early structure formation
(4 < z < 16). Any claimed evidence of axion DM as a reso-
lution to low-z tensions (e.g., Rogers & Poulin 2023; Rogers
et al. 2023) needs to be corroborated by high-z consistency
checks that can probe similarly small scales.

In this paper, we investigate the use of the galaxy UV lumi-
nosity function (UVLF) as an independent probe of ultralight
axions, capable of probing a novel range of scales and red-
shifts unexplored by observations (as seen in Fig. 2). The
UVLEF, ®yvy(Muyyv, z), is the number of UV sources (galax-
ies) per unit volume per unit UV magnitude My at redshift
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Figure 2. The approximate range of wavenumbers k and redshifts z
probed by various astrophysical measurements capable of constrain-
ing axions and the nature of DM. Hubble and James Webb Space
Telescope (JWST) measurements of the UVLF probe a unique range
of small scales and high redshifts that are currently inaccessible oth-
erwise.

z. This function depends on the astrophysical model of star
formation within the galaxy which contributes to the UV lu-
minosity through the number of bright young stars, as well
as depending on the halo mass function (HMF), which de-
scribes the number density of halos of a given mass. Since
the de Broglie wavelength of ultralight axions prevents them
from clustering into halos below a certain scale, this will im-
pact the HMF, which will in turn impact the UVLF (Bozek
et al. 2015; Schive et al. 2016; Corasaniti et al. 2017). Thus,
the UVLF has the potential to probe axion physics on small
scales, beyond the reach of more established large-scale
structure observations. We use the UVLF likelihood package
GALLUMI (Sabti et al. 2022a), which computes the UVLF
using the formalism we describe in Sections 2 and 3. Sabti
et al. (2022a,b) already demonstrated the power of the high-
z UVLF in testing the standard cosmological model. We
present here the first use of this modeling of the UVLF in test-
ing a concrete example of beyond Standard Model physics.
Previous studies constraining axions with the UVLF in-
clude Bozek et al. (2015); Schive et al. (2016); Corasaniti
et al. (2017). Schive et al. (2016); Corasaniti et al. (2017) use
N-body simulations to compute the observables and were
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Figure 3. 20 constraints on axion mass and DM fraction from
cosmological probes (astrophysical constraints are neglected due to
their complex dependence on soliton modeling). The right shaded
region represents constraints using the Lyman-« forest computed in
Kobayashi et al. (2017), with data from the XQ-100 survey (Lépez
et al. 2016) and the MIKE and HIRES spectrographs, which only
considered axions down to a mass of 1072 eV. The left shaded
region represents joint constraints from Planck CMB and BOSS
galaxy clustering, as computed in Rogers et al. (2023). This work
(in red, also shown in Fig. 13) crucially fills a gap between these two
other methods. The gold contours represent the reported preference
for axion DM presented in Rogers & Poulin (2023), computed using
both Planck CMB and eBOSS Ly-« forest data, which is consistent
with our UVLF limits.

therefore unable to perform a detailed statistical analysis be-
ing limited by the number of simulations they could calcu-
late. Bozek et al. (2015) use similar semi-analytic methods
to those we use here, but did not perform a full statistical
analysis of constraints on mass and fraction. These previous
works find consistent results with one another, validating the
semi-analytic methods. In the present work, we perform, for
the first time, a complete statistical analysis combining CMB
and UVLF data (see Fig. 3 for a summary of our main result).

The HST has observed over 24,000 UV sources between
different surveys at redshifts 4 < z < 10 (Bouwens et al.
2021, 2022). These UVLF measurements have recently
been augmented by groundbreaking new results from JWST,
which can observe UV sources at much higher redshifts, up
to z ~ 16 (Bisigello et al. 2016; Harikane et al. 2024). We
find that while the JWST data do constrain the axion fraction
on their own, the quality of the HST data still provides tighter
constraints on axion physics.



Some early analyses of JWST observations have suggested
that its estimates of the z > 10 UVLF may be substantially
higher than the ACDM expectations based on the z < 10
HST estimates (Bouwens et al. 2023; Chemerynska et al.
2023). If true, this overabundance of structure at high red-
shifts could imply tight constraints on the allowed axion frac-
tion, given that axions would decrease this UVLF (though
this is a mass-dependent statement, as shown in Figure 10).

However, there are significant uncertainties in star and
galaxy formation at these high redshifts that need to be
marginalized over, and so a full statistical analysis includ-
ing a robust model of these uncertainties is essential to draw
conclusions regarding the nature of DM. In addition, the dis-
crepency appears to be higher in photometric JWST samples,
where low-z interlopers may impact the distribution of UV
magnitudes.

In Section 2, we introduce our method for computing the
HMF and present the impacts of mixed axion models on the
HMEF, while Section 3 does the same for the UVLF. In Sec-
tion 4, we present the results of a statistical comparison with
data, using measurements of both HST UVLF and Planck
CMB. In Section 5, we compare these constraints to those
from other probes and discuss the prospects for future im-
provements. We conclude in Section 6.

2. THE HALO MASS FUNCTION

The halo mass function (HMF) is the number density of
dark matter halos of total mass M. This function, which
varies with redshift, can be calculated for both ACDM and
mixed axion models. Itis a key component for calculating the
UVLF, our primary observable, which is discussed in Section
3. Through this section and Sec. 3, we will consider three
possible impacts of axions on the UVLF, which are listed
below:

» Cosmological impact of axions refers to the impact
of axions on the linear matter power spectrum, which
goes into the computation of the HMF. We find that
this mechanism has the dominant effect on the UVLFE.

Axion halo pressure refers to the effect of axions pre-
venting the creation of halos below the halo Jeans limit
due to their quantum pressure effects.

Axion astrophysics refers to the impact of axions on
the baryonic sector for halos below the Jeans limit. Ha-
los below this limit will lack an axion component, due
to axion halo pressure, and thus will have a greater ra-
tio of baryons to DM. This will lead to increased star
formation relative to total halo mass, which impacts
the UVLF as described in Section 3.2.

2.1. Computing the HMF

The HMF can be computed using the method described
in Jenkins et al. (2001); Cooray & Sheth (2002); Sabti et al.
(2022b); Vogt et al. (2023). The HMF is defined as

1 dn

M = ——
(M, 2) M, dIn M),

(1

where Mj, is halo mass and n is halo number density. Fol-
lowing the ellipsoidal collapse model of halo formation, we
can write the HMF as

dln o?
dln M,

n(Mp, z) = 22) (v)‘ , 5

T2 M2

where p(z) is the average total matter density at the relevant
redshift and o2 is the variance of linear fluctuations, which
is described in more detail below. The multiplicity function
f(v) is chosen to be the Sheth-Tormen fitting function (Sheth
& Tormen 1999):

_ﬁ
2

f(v)zA\/zﬁv(H(\/av)‘?% .0

where v = J¢i/0(Mp, z), with e being the critical linear
density threshold for halo collapse.! The fitting parameters
A =10.3222,p = 0.3, ¢ = 0.707 and .y = 1.686 in order
to match simulations described in Sheth & Tormen (1999),
following what was done in Sabti et al. (2022b); Vogt et al.
(2023). We discuss the HMF modeling further in Section 5.
o2(My, 2) is the variance of linear fluctuations at redshift
z using a spherical real-space top hat filter W (Mj,, Ry,) with
a radius Rj, such that the average enclosed mass is equal to
My,.> We use the Fourier transform of W(M n, Rp), which
we denote W (M}, k). The variance
o?(My,2) = / @k W2(My, k)P (k, 2) “)
hsy (271_)3 h»y s <)

where k is the physical wavenumber and Pt (k, z) is the lin-
ear matter power spectrum at redshift z, which we compute
using a cosmological axion Boltzmann code. In this work,
we use the axiCLASS code (Poulin et al. 2018; Smith et al.
2020).

It follows that the final component of the HMF expression:

dlno? 3 o0 PL(kj)
= ——1
dlth O'QR?L']TZ /0 dk k2 (k?Rh)7 (5)

where
I(k,Rp) = (sin(kRp) — kR cos(kRp,)) x

{sin(th)<1 - (k;h)2> + kiRhcos(th) , (6)

! Other forms of the mass function have been proposed, such as in Reed
et al. (2007). Sabti et al. (2022a) found that UVLF constraints on cosmol-
ogy are largely independent of the choice of mass function. We compare
these choices in Appendix C and find that axions impact the different mass
functions in nearly identical ways, meaning that our final constraints are
largely independent of the choice of mass function.

2 The use of this window function overestimates the number of DM halos
in models with a high-k cutoff in the matter power spectrum (Schneider
et al. 2013), implying our constraints may be conservative. See, e.g., Du
et al. (2024) and references cited therein for discussion of alternative k-
space window functions. In the following analysis, the uncertainty in the
low mass HMF caused by the window function is accounted for indirectly
in our treatment of “axion astrophysics”, which is discussed in Sec. 2.2.



12 \ |
| Max = 1072 eV, fox = 1.0
1
114 <§ Probed by Hubble UVLF
) 1
=
10 4 :
2 <j &
I 2
a | Q
91 9 Z
24 :
< ()
I
=
© s S | -
~
= % ]
ﬁ > 2>
= oy | =<9
Q7 1 =
" B 4 O
- ~+~
15} Q
[ ©
6 2 =
g1 =
-sq, S
s = -
-] I
54 5
= |
4 A :>—<' ] 1%
< | <
24 =
10° 1010 10t 10'2 1013 10%

Halo mass (M)

Figure 4. The redshifts and halo masses probed by HST measure-
ments of the UVLF (grey boxes), along with the masses impacted
by axion halo pressure and cosmology at ma, = 10723 eV (red
lines). The halo masses impacted by axion astrophysics are always
much smaller than those impacted by axion cosmology. This in-
cludes both the prevention of axion halo formation, as discussed in
Sec. 2, as well as the indirect effects on the star formation rate be-
low the Jeans scale, which is discussed in Sec. 3.

which is derived from the derivative of W (M, k).

When the cosmological model contains both axions and
CDM, the computation of the HMF will be impacted by the
presence of axions. Galaxy halos are being formed from a
mixture of axions and CDM (Lagué et al. 2024). As such,
these halos will use the combined axion-and-CDM values of
PY(k, 2), 0(My, z), and p(z). Since axions alter the form of
PY(k, z) (and thus o(Mj, 2)), this will impact the shape of
the HMF, even for large halos that may be above the axion
Jeans scale.

In addition to the cosmological impact through P (k, z),
axion physics can impede the formation of halos of size equal
to or smaller than the axion Jeans scale. This is due to the
macroscopic de Broglie wavelength of ultralight axions pre-
venting axions from clustering into small halos. In this work,
we refer to this effect as “axion halo pressure” to distinguish
its effects from the cosmological impact on the HMF, or the
astrophysical impacts of axions on the UVLF (discussed in

Sec 3.2). The axion Jeans wavenumber

]{?J%\/m, (7)

where m,y is the axion mass and H is the Hubble parameter
(Hlozek et al. 2015). Marsh & Silk (2014) and Vogt et al.
(2023) compute a critical halo mass below which the average
virial radius is below the axion Jeans scale, indicating that
axion halo pressure would play a non-negligible role in halo
formation. Such a critical halo mass

4 (a5

Mcrlt - 37T< 2 ) pma (8)
where ) is the Jeans scale, related to the Jeans wavenumber
by )\J/Q = 7T//€'].

The critical halo mass is always much smaller than the
halo masses already impacted by the linear axion power spec-
trum. For many axion particle masses, the critical halo mass
is too small even to be probed with the HST UVLF. Fig. 4
shows the range of halo masses probed by the HST UVLF
at different redshifts (based on the UVLF model presented in
Sec. 3), compared to the maximum halos impacted by both
the halo pressure and linear cosmology of axion DM with
Mayx = 10723 eV. The maximum halo mass impacted by ax-
ion halo pressure is not only smaller than the minimum halo
probed by HST, but is also at least two orders of magnitude
smaller than the maximum halo mass impacted by the ax-
ion linear cosmology. Both of these halo mass limits vary
with axion mass in the same way, meaning that axion cos-
mology always impacts a substantially larger range of halo
masses than the axion astrophysics (see Fig. 2 in Marsh &
Silk 2014). In this work, we ignore these axion halo pressure
effects as negligible and consider only the cosmological im-
pacts of axions on the HMF via P"(k, z). This is consistent
with the results of past works, including Dentler et al. (2022),
which found that axion constraints from galaxy weak lensing
using the Dark Energy Survey (Abbott et al. 2018) were not

sensitive to the critical halo mass. We illustrate the negligible
role of the axion halo pressure in Fig. 5.

2.2. Impact of axions on the HMF

Considering only the cosmological impacts of axions on
the HMF, there is a suppression in the number of halos below
a certain mass. This suppression physically arises since, be-
low their macroscopically-sized de Broglie wavelength, ax-
ions suppress the amplitude of density fluctuations that form
halos. Fig. 5 (right-hand side) shows the impact of axions
with a mass of m,x = 1072* eV on the HMF at z = 8 for
different axion fractions, showing how a higher axion frac-
tion causes an increased suppression. Fig. 5 illustrates how
allowing just 10% of the DM to be in the form of axions can
result in a significant suppression in the number of DM halos
at that redshift (~ 80%). We consider z = 8 as representa-
tive of the redshifts probed by the UVLF (see Figs. 2, 4 and
9).

The left-hand side of Fig. 5 shows that higher mass axions
(of order myy ~ 1072 eV) result in a suppression of around
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Figure 5. The impact of axions with varying mass (left panels) and DM fraction (right panels) on the HMF. The top panels show the HMF,
while the lower panels show the ratio of the HMF relative to a pure ACDM cosmology, all computed at z = 8. Lower mass axions result in
a stronger suppression of the HMF, along with a higher maximum impacted halo mass. The scale of axion fractions in the right panels is not
linear. Higher axion fractions result in stronger suppressions of the HMF; for intermediate axion fractions the suppression is less pronounced
at lower halo masses, as a result of delayed structure formation due to the suppression of initial small-scale fluctuations (see Fig. 7 for an
illustration of this process). We also plot the impact of axion halo pressure suppressing halo formation below the critical Jeans scale, shown
with dashed lines. These corrections are negligible compared to the cosmological impact of axions on the HMF for the range of halo masses

probed by HST. This is true for all axion masses and DM fractions that we consider.

20% for halos lighter than ~ 10° M. However, lower mass
axions (of order my, ~ 10~2* eV) result in a significant
suppression of halos with mass between 108 and 10** M,
with the suppression of halo formation reaching as much as
80% compared to the ACDM model. The cutoff halo mass is
roughly inversely proportional to the axion mass, as shown
in Marsh & Silk (2014), since heavier axions have smaller
wavelengths. However, the suppression for the lowest axion
masses is less severe at low halo masses, plateauing at a sup-
pression of less than 50% for halo masses below 107 M, for
axion masses below 1072 eV. This plateauing is due to the
suppression of primordial structure on small scales causing a
delay in hierarchical growth, resulting in more residual low-
mass halos at late times that have not yet had a chance to
merge into larger objects. We discuss this effect further be-
low. This plateau is unlikely to be observed with the UVLE,
where most galaxy halos that contribute to the Hubble and
Webb UVLF have masses greater than 101°M (as seen in
Fig. 4 and by the grey bars in Figs. 5 and 6). We discuss the

potential observability of this signature using low-z probes
of galaxy substructure in Sec. 5.

Figure 5 also shows the impact of axion halo pressure with
dashed lines, which prevents the formation of axion halos be-
low the critical Jeans halo mass (given in Eq. (8)). The criti-
cal halo mass depends on the axion mass, where higher-mass
axions have a shorter Jeans scale and thus suppress the for-
mation of smaller halos. The amplitude of this suppression
depends on the axion fraction, where models with higher ax-
ion DM fraction exhibit a greater suppression of halo forma-
tion on small scales. In both the left- and right-hand sides of
Fig. 5, the impact of axion halo pressure is always subdom-
inant to the impact of axion cosmology, particularly in the
range of halo masses probed by HST (in the light grey bar).
Therefore, we safely neglect the effects of axion pressure on
halo formation when computing the UVLF. Further, we ex-
plicitly check in Section 3 the effect on the UVLF from axion
halo pressure combined with “axion astrophysics.”
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Figure 6. As Fig. 5, but for varying redshift, m., = 1072° ¢V and
fax = 0.1. The upper plot shows the mixed-axion HMF relative
to the ACDM HMF at the same redshift, with the inset focusing
on low redshifts (between z = 0 and z = 4) where the HMF en-
hancement occurs. The lower plot shows a ACDM HMF (in solid)
and a 10%, max = 1072° eV mixed-axion HMF (in dashed) at
z =3, 1, and 0, all relative to the ACDM HMF at z = 0, in order
to show how the excess low-mass HMF in the mixed axion model
results from the delay in the growth of intermediate-mass halos. The
grey band indicates halo masses probed by the HST UVLF across
all redshifts, although the range for a particular redshift might be
narrower than indicated (see Fig. 4 for an illustration of typical halo
masses probed at a certain redshift).
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Figure 7. A comparison of the effect of axion fraction and primor-
dial scalar amplitude As on the HMF at z = 0. All lines are the
ratio of the HMF with respect to a pure-CDM cosmology with a
fiducial value of As = 2.1132 x 10™%. Red curves represent non-
zero axion DM fraction fu with max = 107 eV. Turquoise curves
represent reduced A relative to the fiducial cosmology, mimicking
the suppression of structure caused by axion DM. Both effects, by
suppressing the initial matter power spectrum, lead to an increase in
the number of low-mass halos at late times, due to the delay in the
onset of hierarchical growth.

Figure 6 shows that the suppression of the HMF due to
axion DM is more pronounced at higher redshift, motivating
the use of JWST and other high-redshift measurements of the
UVLEFE. Fig. 6 shows the ratio of the 10%-axion HMF to the
ACDM HMF for an axion mass of 1072% eV at the same red-
shift. For z = 12, the HMF is suppressed by more than five
orders of magnitude for halos of mass 10'3M,. However,
for lower redshifts such as z = 0, the maximum suppression
is only around ~ 25%. The halo suppression is stronger at
earlier times since the halos are a cleaner probe of the primor-
dial axion suppression. At later times, non-linearities tend to
erase the axion suppression. In fact, for z < 3, we see more
low mass halos for 10% axion models relative to ACDM.
As mentioned above, this enhancement effect is due to the
delay in hierarchical growth of halos, resulting in an over-
abundance of low-mass halos at late times, as shown in the
lower panel of Fig. 6. Fig. 7 shows that reducing the primor-
dial scalar amplitude A results in a similar overabundance of
low-mass halos at z = 0, which is also due to the suppression
of structure leading to a delay in hierarchical growth. Al-
though, the scale dependence of the effect is different in the
case of axions due to the additional Jeans suppression. Ax-
ion enhancement effects are only relevant for very low halo
masses (M;, < 10°M) and late times (z < 3), which are
well beyond the scope of the UVLF (see Fig. 4). This over-
abundance of low-mass halos in a mixed axion cosmology is
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Figure 8. A schematic illustrating how the UVLF (®yv (Muv),
upper left) can be computed from the HMF (n(M},), lower right)
and the average UV magnitude My for halos of a given mass M,
(lower left), following Eq. (9). The solid Gaussian-like curves in
the lower left panel represent the conditional probability of a halo
having mass My given UV magnitude Myv (i.e., the inverse of
the probability given in Eq. (10), as this better illustrates the con-
struction of the UVLF by integrating over multiple distributions
of Eq. (10) for different values of M}p). We show a pure CDM
universe (in black), a mixed-DM universe with 10% axions and
max = 1072* eV in red, and one with 50% axions of the same
mass in orange. All scenarios are plotted for z = 6. Axions impact
the HMF (lower right), and thus the UVLF (upper left), but do not
impact the average UV magnitudes for halos of a given mass (lower
left).

nonetheless a novel theoretical result. We discuss the poten-
tial observability with low-z probes in Sec. 5.

3. THE GALAXY UV LUMINOSITY FUNCTION
3.1. Computing the UVLF

The UVLF ®yv is the number density of galaxies with a
given UV magnitude My at a redshift z. The UVLF is de-
pendant on the number density of galaxy halos with a given
mass (the HMF n(Mj},, z) described in Section 2) and the av-
erage UV magnitude of galaxies in halos with a given mass.

This relationship can be expressed as
Pyv(Myy,2) = /n(Mh, z)P(Muv|Mp, 2)dMp, (9)

where P(Myvy|Mj, z) is the probability of a galaxy having
a UV magnitude Myvy given a halo mass M}, at redshift z
(using the conditional luminosity function formalism devel-
oped by Yang et al. (2003) and implemented in GALLUMTI by
Sabti et al. (2022b)). This probability can be modeled as a
Gaussian distribution:

1
P(MUv|Mh,Z) = W
Muyv
—_— 2
Myy — Moy (M,
x exp | — ( uv 2UV( h Z)) ’ (10)
T Muv

where o, is the scatter in UV magnitude (driven by, e.g.,
bursty star formation), which we treat as a nuisance param-
eter that we fit to the data. Myvy (M, z) is the average UV
magnitude of galaxies in halos with mass M}, at redshift z,
which is computed according to the model that we now spec-
ify. The relation given in Eq. (10) is illustrated in Fig. 8.

We relate the mean UV magnitude My to the halo mass
M, using models presented in Sabti et al. (2022b).? First, the
mean UV luminosity Ly is related to the mean UV magni-
tude by the definition

— Lyv

0.4(51.63 — M, =1 . 11

( uv) = logyg (erg s—1> (11)

The mean UV lu@osity Lyv can be related to the mean

star formation rate M*:

M,

Lyv = —, (12)
Kuv

where kyy = 1.15 x 10728 M, s erg ! yr~! is derived from

stellar synthesis population modeling (see Madau & Dickin-
son (2014) for details). This relation physically captures how
UV photons are generated in young star-forming regions.

‘We can then relate the mean star formation rate to the mean
stellar mass M, :

M, = M,, (13)

which assumes the stellar accretion rate is proportional to the
dynamical time of DM halos, as done in Park et al. (2019)
and Gillet et al. (2020). This relationship is parameterized by
the dimensionless ¢, which we vary as a free parameter.

3 The method described here is denoted as model II in Sabti et al. (2022b).
Appendix B contains a discussion and comparison to their model III, while
model I is not used as it depends on a description of halo accretion that is
impacted in non-trivial ways by axion physics.



Finally, we relate the average stellar mass ‘M, to the halo
mass M, using a parametric broken power law equation:

M* *
- € 7 (14)

) )

M. M.
where ¢,, M., ay, and (3, are functions over which we
marginalize when fitting to data. e, > 0 is the overall am-
plitude of stellar mass, M. > 0 is the mass at which mean
stellar mass peaks relative to halo mass, o, < 0 regulates
the slope of the low-mass end of the function, while 5, > 0
regulates the high-mass end. This broken power law accu-
rately reflects the physical model of star formation, since the
galaxies in low-mass halos will have insufficient star forma-
tion, while those in high mass halos will have used up most
of the available gas. The exact slope of these two effects,
and the pivot mass at which star formation peaks, are all free
parameters in this model. Following the parameterization in
Sabti et al. (2022b), we assume the z-dependence of these
parameters is:

oy (2) = a, (15)
Bi(2) = Bs, (16)
+z i
logyg €x(2) = € x logy, 156 + €4 o))
s 1+=z 1
1Og10 M(,(Z) = MC X 1Og10 (M) MC’ (18)

where both €, and M, are parameterized by a power law with
slopes [e2, M] and intercepts [e%, M], both pivoting at z =
6 (chosen by Sabti et al. (2022a) to be representative of the
HST UVLF estimates, shown in Fig. 4). Since ¢, is fully
degenerate with ¢, from Eq. (13), we combine ¢, into our
nuisance function ¢, (z) (as done in Sabti et al. (2022b)).

When combined together, Eqs. (11) to (18) allow us to
compute the average UV luminosity for a given halo mass,
which we then use to calculate the UVLF [Egs. (9) and
(10)]. Sabti et al. (2022b) demonstrates that the model we
present above can reproduce the UVLF as calculated in the
detailed Illustris TNG hydrodynamical simulations (Vogels-
berger et al. 2020). This test means that we can marginal-
ize over uncertainty in the relation between UV luminosity
and halo mass as seen in hydrodynamical simulations, but
without the need to run a large number of computationally-
expensive models. We discuss below the consequences of
axions on this astrophysical model. The results of this model
(with HST best-fit parameters) are shown in Fig. 9 along with
HST data.

In addition to the effects of axions on the halo mass func-
tion discussed in Section 2, we consider here the effects of
axion astrophysics on the relation between UV luminosity
and halo mass. As in the discussion regarding axion halo
pressure, axions do not cluster into halos below a critical
mass equivalent to the Jeans scale within the halo (Vogt et al.
2023). Therefore, the relation between halo mass and stellar
mass (Eq. (14)) can deviate from the CDM expectation below
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Figure 9. The UVLF for redshifts z = 4 — 10, assuming a pure
CDM cosmology fit to Hubble Space Telescope (HST) data, along-
side the HST data showing 68% c.l. uncertainties and magnitude
bin widths.

this critical mass. Halos in that regime are missing the axion
DM component and thus have a higher ratio of baryons to
DM. For a given stellar mass, the halo mass is multiplied by
a factor equal to the CDM fraction, i.e. by (1 — Qax/QpMm),
where ., and Qpy; are the axion and total DM densities,
respectively, relative to the critical density. This reduction
in halo mass means that the ratio of the stellar mass rela-
tive to the total halo mass, M, / M, is enhanced by a factor
of 1/(1 — Qax/Qpm). This only applies for halos below the
cutoff mass given in Eq. (8), modifying Eq. (14) with a piece-
wise enhancement below the critical mass. We illustrate the
negligible role of this “axion astrophysics” in Fig.10. We dis-
cuss the UVLF model and how it may change in the presence
of axions further in Section 5.

3.2. Impact of axions on the UVLF

Fig. 10 shows that axions suppress the UVLF due to the
suppression of structure on small scales as captured in the
HMF. Lower mass axions tend to suppress structure more.
Higher mass axions cause more suppression at faint lumi-
nosities, while low mass axions (mgyx < 10722 eV) cause
more suppression at higher luminosities. This is due to the
same overabundance of low-mass halos shown in Figures 5,
6, and 7.

The first column in Fig. 11 shows how an axion with
Max = 10724 eV impacts the UVLF at different axion frac-
tions. Increasing the axion density increases the suppression
of faint UV galaxies, which are typically hosted by lower
mass halos. However, the impact is qualitatively similar to
varying the primordial scalar spectral index ng (shown in col-
umn 2 of Fig. 11) or by varying the the low-mass slope of the
stellar mass - halo mass relation «, (in the third column).
These degeneracies mean that higher axion fractions can be
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Figure 10. The UVLF for a range of axion masses, all with a 10%
axion fraction and at z = 6. Black error bars show HST data at the
same redshift (68% c.l. and magnitude bin widths). The upper panel
shows the cosmological impact of axion mass on the UVLF without
considering axion astrophysics. The middle panel shows the impact
of both axion cosmology (in solid lines) and axion halo pressure and
astrophysics (in dashed lines) relative to the pure CDM model. The
UVLF is more suppressed for axions with lower mass, due to the
larger de Broglie wavelength. Higher mass axions cause more sup-
pression at lower halo masses (and hence fainter galaxies), while
lower mass axions cause more suppression at higher halo masses
(and hence brighter galaxies). This effect is due to the same over-
abundance of low-mass halos shown in Figs. 5, 6 and 7. The lowest
panel shows the impact of both axion halo pressure and axion astro-
physics relative to the UVLF with only the cosmological impacts.
Axion halo pressure and astrophysics only impact the UVLF for
max S 1072456V, with about 5% additional suppression, whereas
axion cosmology suppresses the UVLF by one to two orders of mag-
nitude for similarly low axion masses.

permitted by increasing ns and/or o, i.e., by allowing for
more primordial small-scale structure or by increasing the
stellar to halo mass ratio at the low mass end. Further, the
top panels show that the axion effect is relatively stronger
at higher redshift, driven by the effect on the HMF shown in
Fig. 6. However, the lower panels show that HST data, which
have fewer high-z sources, are less constraining at higher
redshift. We discuss in Section 5 the utility of higher red-
shift observations from JWST.

4. COMPARISON TO OBSERVATIONS

Shorthand Likelihoods and priors Color
HST UVLF HST UVLF + Pantheon Blue
+ BBN wy, prior
+ fixed 65 + fixed 7
Planck CMB Planck high-¢ TT, TE, EE Green
+ Planck low-¢ TT, EE
+ Planck lensing + BOSS BAO
HST UVLF HST UVLF + Pantheon Red
+ Planck CMB + Planck high-¢ TT, TE, EE
+ BBN wy, prior
+ Planck low-¢ TT, EE
+ Planck lensing + BOSS BAO
JWST UVLF JWST UVLF + Pantheon
+ BBN wy, prior
+ fixed 05 + fixed T
HST HST UVLF +JWST UVLF  Magenta
+ JWST joint + Pantheon + BBN wy, prior

+ fixed 6 + fixed 7

Table 1. The different combinations of likelihoods, priors and fixed
parameters that we use, along with the shorthand used in the text
and the color used for contour plots. HST UVLF measurements
are given in Bouwens et al. (2021), Pantheon supernovae magni-
tudes are given in Scolnic et al. (2018), all Planck CMB likelihoods
are given in Aghanim et al. (2020a), BOSS BAO measurements are
given in Anderson et al. (2014) and JWST UVLF measurements are
given in Harikane et al. (2024). The prior on wy, and the fixed 6
and 7 values are described in Sec. 4.1.

We now use UVLF data from HST, combined with other
cosmological observations, to compute constraints on mixed
axion models. We use the Markov chain Monte Carlo
(MCMC) code MontePython (Brinckmann & Lesgour-
gues 2019), along with the axiCLASS axion Boltzmann
solver (Poulin et al. 2018; Smith et al. 2020) based on the
CLASS code (Blas et al. 2011), to sample the posterior dis-
tribution. We use a modified version of the GALLUMI UVLF
likelihood (presented in Sabti et al. (2022b)) to compare our
axion models to HST measurements of the UVLF (see Sec-
tion 4.1). We also use Planck measurements of the CMB in
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Figure 11. The impact on the UVLF (all other parameters fixed at best-fit values for HST UVLF + Planck CMB) from axion fraction (for
max = 10724 eV), primordial scalar spectral index ns and the low-mass slope of the stellar mass - halo mass relation .. The UVLF is shown
at z = 4 and z = 8, alongside the HST measurements at the same redshifts (respectively black and grey error bars; 68% c.1. uncertainties and
magnitude bin widths). The lower panels show the model difference to the HST data rescaled by the data uncertainties. All three variables have
qualitatively similar impacts on the UVLF, meaning that a higher axion fraction is degenerate with higher ns and/or .

order to constrain larger scales in the matter power spectrum
than we probe in the UVLF. We summarize the different data
combinations we consider in Table 1, including the JWST
data we consider in Section 5. All posterior corner plots
are generated using the corner package (Foreman-Mackey
2016).

4.1. Hubble UV luminosities

We use estimates of the UVLF from the Hubble Space
Telescope (HST) from Bouwens et al. (2021). This sample
contains > 24, 000 UV sources, at redshifts z = 4 to z = 10.
The UV sources are grouped into Myvy bins of 0.5 magni-
tudes. These estimates of the UVLF are shown in Fig. 9.

We use the GALLUMI likelihood (presented in Sabti et al.
2022b) to compute the UVLF and compare it to the HST es-

timates using a Gaussian likelihood L:

log(L) = Z (‘I)UV(MU\MZ) - (i)UV,HST(MUv,Z)>2’

Muv,z O®yv, usT (MUV7 Z)

(19)
where ®yv(Muyvy,z) is the UVLF computed using Eq.
(9) and (PUV7HST(MUV7Z) and O®yy usT (MU\/,Z) are
the HST measurements of the value and uncertainty, re-
spectively, of the UVLF at redshift z and UV magni-
tude Myy. We vary all seven UVLF model parameters
[, Bs, €5, €8, MS, MY, o pr,y., ] (defined in Egs. (10) and (14)
- (18)) as astrophysical nuisance parameters with uniform
priors (see Table 2).

Following Sabti et al. (2022b), we combine the HST UVLF
likelihood with supernovae magnitudes from the Pantheon
survey (using the Pantheon likelihood presented in Scolnic
et al. 2018). However, we do not calibrate the supernovae
magnitudes with Cepheid variable star data. This likeli-
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Figure 12. Marginalized posterior of axion fraction fix =
Qax /oM for axion mass of 10~ eV, the primordial scalar am-
plitude A and spectral index ns. The blue contours are from HST
UVLF data shown in Fig. 9 (plus Pantheon supernovae data and a
BBN prior on wy, as explained in Table 1). The green contours are
from Planck CMB plus BAO data from BOSS. The red contours are
the joint constraints from both sets of observables. As is given in
units of 1072,

hood adds one additional nuisance parameter M, a calibra-
tion magnitude related to the intrinsic supernova luminosity,
which we allow to vary as a free parameter with a uniform
prior (see Table 2). We also impose a Gaussian prior on
wp x 102 = Qph? x 102 of M/(2.233,0.036) from Big Bang
nucleosynthesis (BBN) measurements (Pisanti et al. 2021)
and fix the values of the acoustic angular scale 10065 =
1.040827 and optical depth of reionization 7 = 0.0544 to
be consistent with Planck values (Aghanim et al. 2020a). In-
cluding both the Pantheon supernovae data with the Planck
value of 1000, = 1.040827 tightly constrains both the total
matter density {2, and the dimensionless Hubble parameter
h.

4.2. Planck cosmic microwave background

We use Planck measurements of the cosmic microwave
background (CMB) in order to anchor the values of cosmo-
logical parameters, in particular, A, and n; as these are mea-
sures of the large-scale matter power that the UVLF does
not probe. We use the Planck 2018 foreground-marginalized
likelihood, using the high-multipole ¢ TT, TE and EE angu-
lar power spectra, along with the low-¢ TT and EE angular
power spectra (Aghanim et al. 2020b). We also use CMB
lensing ¢¢ power spectra and measurements of the galaxy
baryon acoustic oscillations (BAO) from the Baryon Oscil-
lation Spectroscopic Survey (BOSS 2014) (Anderson et al.

2014). For constraints using Planck CMB data, we allow
1006, and T to vary as cosmological parameters and also vary
the calibration parameter Apjy,cx (Aghanim et al. 2020a). We
use uniform priors given in Table 2.

4.3. Results

In Fig. 12, we show the marginalized posterior of the axion
fraction fix = Qax/Qpm, the primordial scalar amplitude
A, and spectral index ng, for an axion of mass 1072* eV.
We illustrate the degeneracy between axion and cosmological
parameters at this fixed mass as the power of adding UVLF
data is clear. The Planck likelihood (combined with BOSS
BAO, as described in Tab. 1) limits the axion fraction

fax[Max = 10724eV] < 0.93 (95% C.L.)
[Planck CMB].
(20)

This limit is consistent with the Planck + BOSS galaxy clus-
tering constraints presented in Rogers et al. (2023). The HST
UVLF likelihood already sets a stronger constraint, limiting
the axion fraction

fax[Max = 1072eV] < 0.28 (95% C.L.)
[HST UVLF].
(21)

The UVLF is a more powerful probe, since for m,x >
10725 ¢V, the axion wavelength is smaller than the smallest
modes currently modeled in Planck (and other CMB exper-
iments’) data. Whereas, as illustrated in Fig. 1, the UVLF
probes much smaller scales than current CMB data where
axion effects manifest.

The lower-left panel of Fig. 12 shows that for the UVLF
constraints, slightly higher values of f,, are allowed with
higher values of ng*. High values of ng are strongly in-
consistent with Planck CMB data, which constrain ny =
0.9665 £+ 0.0038 (Aghanim et al. 2020b). Therefore, if
we combine the HST UVLF measurements of smaller-scale
structure with the Planck CMB large-scale measurements of
Ay and ng, we break the degeneracy between axion and cos-
mological parameters. We thus significantly improve our ax-
ion fraction limit

fax[Max = 1072*eV] < 0.15 (95% C.L.)
[HST UVLF + Planck CMB].
(22)

The constraints shown in Fig. 12 have a fixed axion mass
ma = 10724 eV. However, we also explore how joint HST
UVLF and Planck CMB likelihoods constrain axions of dif-
ferent masses. In Fig. 13, we show constraints on axion

4 Larger axion fractions can be consistent with the HST UVLF when com-
bined with a higher ns, as ng raises small-scale power while the axion frac-
tion suppresses it. The impact of 2,x and ngs can be compared in Fig. 11.



Parameter Prior Posterior (max = 10724 eV)
HST UVLF + Planck CMB
Qcpm U[0.0, 0.3] 0.247+9-015
Cax U[0.0, 0.3] < 0.036 (95% c.1.)
wp x 10*  N(2.233,0.036) 224170013
Asx 10" U[05,3.0] 2.112+0:029
ns u[o.7,2.01 0.9666+ 99935
100 x 65 U[1.037, 1.043] 1.041970-00028
T Uu[0.01,0.2] 0.058079:9969
Qe U[-3.0,0.0] —0.57570:9%)
B [0.0,3.0] 0.9804+3:9924
€ U[-3.0,3.0] 0.56105%
€ U[-3.0,3.0] —0.497014
M U[-3.0,3.0] 1.6611.28
M; U[7.0,15.0] 11.877021
IMyy U[0.001, 3.0] 0.457075
M U[~00, ] —19.417+0:012
APlanck U[0.9,1.1] 1.001810:9023

Table 2. The priors and posteriors of all cosmological and astro-
physical parameters in our joint HST UVLF and Planck CMB con-
straints on mixed axion models with m.x = 1072 eV. U repre-
sents uniform priors over the specified range, while A represents a
Gaussian prior with the stated mean and standard deviation. In the
right-most column, we give the posterior mean with the 68% c.l.
uncertainties, except where the 95% c.1. upper limit is given.

fraction given both likelihoods while varying the axion mass
log(m,x/eV) between —21 and —26, in addition to vary-
ing all cosmological and astrophysical parameters as above.’
The 68% and 95% upper limits on f,x for different axion
masses (with a bin width in log(m.x /eV) of £0.5) are shown
in Table 3. Axions for log(m,/eV) < —23 are limited
< 22% of the DM. Axions for log(max/eV) < —21.6 are
ruled out as each contributing 100% of the dark matter at
95% credibility, thus confirming previous results that ex-
clude axion models as a solution to the so-called cold dark
matter “small-scale crisis” (Rogers & Peiris 2021; Nadler
et al. 2021). The UVLF loses sensitivity as the axion mass
increases, as the axion wavelength falls below the smallest
scales probed. We show degeneracies with astrophysical pa-
rameters in Appendix A.

5 Following the examples in Rogers & Peiris (2021); Dentler et al. (2022);
Rogers & Poulin (2023), we set the upper bound on log(max) in a data-
informed way, i.e., that the upper bound is set by the sensitivity of the
data. In this way, the limits are not affected by the infinite prior volume as
Max — 00.
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Figure 13. Marginalized posterior on axion mass and DM frac-
tion from joint HST UVLF and Planck CMB likelihoods. The red
contours indicate the allowed 68% and 95% limits, in contrast to the
UVLF results in Fig. 3. We also show (in green) the 95% upper limit
from Planck CMB combined with BOSS galaxy power spectrum, as
reported in Rogers et al. (2023). Combining Planck CMB with HST
UVLF substantially tightens constraints on the axion fraction.

Upper limits on fax
log(max/eV) 68%cl. 95%c.l.

-21.0 0.620 0.930
-22.0 0.321 0.790
-23.0 0.110 0.224
-24.0 0.071 0.151
-25.0 0.052 0.079
-26.0 0.021 0.043

Table 3. 68% and 95% c.1. upper limits on the axion DM fraction
fax = Qax/(Qax + Qcpwm) for different masses max. These con-
straints are computed using joint HST UVLF + Planck CMB data.
The mass-varying posterior chain is divided into bins with width in
log(max/eV) of £0.5. Although the limits at ma., = 102! eV
are less than unity, this is expected for a nearly uniform distribu-
tion, i.e., we do not contradict Fig. 13 that shows that this mass is
unconstrained by our data.

5. DISCUSSION
5.1. Halo mass function model

In this work, we use the Sheth-Tormen model of ellipsoidal
collapse (Sheth & Tormen 1999) to compute the HMF, us-
ing parameters fit to pure-CDM simulations, as described in
Sec. 2. This model has been used in the past (such as by Vogt
et al. (2023)) to model the formation of halos in mixed-axion
cosmologies, and compared to simulations in pure axion cos-
mologies in Dentler et al. (2022). We show in Appendix C
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that alternative forms for the mass function (such as those
proposed in Reed et al. (2007)) are impacted by the linear
axion power spectrum in almost identical ways. We find that
the impact of axion halo pressure on the HMF is limited to
either low halo masses beyond the sensitivity of the UVLF
or there is a negligible suppression relative to the impact of
the linear matter power spectrum (see Fig. 5). Since the im-
pact of axions on the HMF from the primordial linear mat-
ter power spectrum is found to be largely independent of the
choice of halo formation model and the effects of axion halo
pressure are negligible for the axion mass and fraction ranges
that we consider, we conclude that our estimates of the HMF
are sufficiently accurate compared to the data uncertainties.

Future inferences of the HMF, including using JWST
UVLF to probe higher redshifts and smaller scales, will be-
come more sensitive to the small-scale effects of axion halo
pressure, necessitating more robust modeling of the impact of
axion physics on halo formation, e.g., the role of axion quan-
tum pressure in the collapse of overdensities. This would re-
quire comprehensive Schrodinger-Poisson simulations in or-
der to capture the combination of axion, baryonic and CDM
physics involved in halo formation in mixed-axion cosmolo-
gies, such as those conducted by Schwabe et al. (2020);
Huang et al. (2023); Mocz et al. (2023); Lagué et al. (2024).
A consequence of our findings, that the impacts of small-
scale axion physics on halo formation are negligible given
current data, is that our methods can be used to test other
DM models with a suppressed linear power spectrum (such
as warm (e.g., Viel et al. 2013; Rudakovskyi et al. 2021; Maio
& Viel 2023; Liu et al. 2024) or interacting (e.g., Rogers et al.
2022) DM).

5.2. UV luminosity model

Our results depend on the mean UV luminosity of halos
as described in Sec. 3. The flexible parametric model that
we use is shown in Sabti et al. (2022a) to capture the re-
sults of hydrodynamical simulations such as Illustris TNG
(Vogelsberger et al. 2020) and to fit Hubble UVLF data well
under the ACDM model. In Appendix B, we also test an
alternative model of UV magnitude, informed by empirical
measurements of low-z galaxies, and we find that our chosen
model gives constraints that are either consistent or conserva-
tive in comparison. We then relate the HMF and UVLF using
a Gaussian scatter of UV magnitudes around this mean rela-
tion, in order to account for stochasticity from galaxy compo-
sition and bursty star formation (e.g., Sun et al. 2023; Heather
et al. 2024). Importantly, when searching for the signature of
axions, we marginalize over uncertainty in the stellar mass
to halo mass relation in both its scale and time dependence,
covering the uncertainties seen in simulations. Remarkably,
despite this marginalization, we still attain powerful sensi-
tivity to axions as the effect of axions is shown to be often
qualitatively distinct.

We consider the impact of axion astrophysics on the UV
luminosity of low-mass halos, where halos below the halo
Jeans critical mass will lack an axion DM component and
thus have a higher baryon-to-DM ratio, enhancing UV lu-

minosity. However, we show in Fig. 10 that the impacts of
axion astrophysics on the UVLF are negligible compared to
the axion cosmology through the linear MPS (in particular,
when accounting for the cancelling effect from when axion
halo pressure suppresses the formation of low-mass halos).
We therefore neglect these axion impacts on mean UV lumi-
nosity.

Comparison to simulations with even more realistic mod-
els of star formation and radiative transfer at high redshifts
can further improve this model of UV luminosity (such as
those done by McCarthy et al. 2017; Vogelsberger et al. 2020
Kannan et al. 2022; Maio & Viel 2023; Sun et al. 2023;
Shen et al. 2023). This improved modeling can also be in-
formed by future multi-wavelength studies of high-z galaxies
using HST, JWST and the Roman Space Telescope (Montes
et al. 2023), characterizing the star formation process at these
times (as discussed in, e.g., Mufoz et al. 2023; Fujimoto et al.
2023; Sabti et al. 2024; Heather et al. 2024). However, both
observations and simulations currently have high uncertain-
ties at redshifts z > 10 beyond what we probe with HST
data.

5.3. Preliminary results from James Webb Space Telescope
luminosities

There is much debate in the community regarding the un-
expected detection of numerous massive high-redshift (z >
10) galaxies observed by JWST (Yan et al. 2023). Early re-
sults claimed to be inconsistent with HST predictions, sug-
gesting that our current models of early star and galaxy for-
mation may be incomplete (see e.g. Bouwens et al. 2023;
Chemerynska et al. 2023). If robust, these observations have
the potential to place tighter constraints on axion DM physics
or to force us to reevaluate our models of halo formation and
UV luminosity at higher redshifts.

In order to test whether these preliminary JWST results are
in tension with our model, we consider a spectroscopically-
confirmed sample of 25 JWST UV sources presented in Ta-
ble 1 of Harikane et al. (2024). We restrict ourselves to only
spectroscopically-confirmed sources as photometric samples
are known to be contaminated by low-z interlopers. It is only
with mid- and far-infrared spectroscopy that redshifts can be
definitively determined. Indeed, many of the initial high-z
sources that were claimed to be in tension with ACDM cos-
mology were later found to be interlopers and determining
the true redshift is still an active area of research (Zavala et al.
2023; Fujimoto et al. 2023; Heather et al. 2024). The sources
to which we restrict our analysis have spectroscopic redshifts
from 8.61 < z < 13.20, allowing Harikane et al. (2024) to
compute the UVLF at z = 9 and z = 10. They also com-
pute lower bounds at z = 12, and upper bounds at z = 16
(from non-detection in their field). Fig. 14 shows the current
JWST estimates of the UVLF, along with estimates of the
UVLF from our model fit to HST. The JWST data are con-
sistent with both the HST data at comparable redshifts and
the best-fit UVLF model. We show in the bottom panel that
the effect of axions increases with redshift.
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Figure 14. JWST estimates of the UVLF at redshifts z = 10,12, 16
in thick error bars from Harikane et al. (2024). Down arrows rep-
resent upper limits, while up arrows represent lower limits with un-
certainties. We also show (in thin error bars) HST estimates of the
UVLF at redshifts z = 8,10. The solid curves show the best-fit
ACDM cosmology given HST data, while the dashed lines are with
5% axion DM and m., = 1072* eV. The bottom panel shows the
ratio of the UVLF in the presence of axions relative to the ACDM
case. The impacts of axions on the UVLF are proportionally higher
at higher redshift, but current spectroscopically-confirmed JWST
samples do not have the required sensitivity to distinguish this ef-
fect after marginalization over astrophysical uncertainties.

As with the HST UVLF (Sec. 4.1), we combine the JWST
UVLF with the Pantheon supernovae likelihood, along with
BBN priors on wy, and a fixed value of 1006, = 1.040827.
We show marginalized posteriors given JWST data in Fig. 15.
The pale pink contours show constraints on m,, = 10724
eV axions from JWST data alone, while blue contours are
from HST UVLF alone. Despite only 25 sources, compared
to HST’s 24,000 sources, JWST already puts a comparable
limit on the axion fraction:

fax[Max = 1072*V] < 0.52 (95% C.L.)
[JWST UVLF].
(23)
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Figure 15. As Fig. 12, where blue contours show constraints from
HST UVLF (Bouwens et al. 2021), while
a sample of 25 spectroscopically-confirmed galaxies from JWST
(Harikane et al. 2024). The magenta contours represent joint con-
straints from both HST and JWST. Aj is given in units of 1072,
While JWST alone sets a limit on the axion fraction, the joint con-

contours are from

straints are not meaningfully different than the HST-only case.

This limit is tighter than the Planck CMB limit of 0.93 (see
Eq. (20)), but looser than the HST UVLF limit of 0.28 (see
Eq. (21)). The magenta contours in Fig. 15 indicate joint con-
straints from HST and JWST UVLF showing that JWST data
does not meaningfully improve axion constraints set by HST
at this time. Our model (a flexible double power law given in
Eq. (14) with a redshift-dependant amplitude €, and pivot
mass M) is consistent with both HST and spectroscopic
JWST results. These JWST observations do not present any
discrepancy with ACDM.

Any tests of discrepancy at z > 10 will require additional
spectroscopic data. The effect of axions (dashed lines in
Fig. 14) is to suppress the UVLF at all redshifts (from 40%
at z = 8to 90% at z = 16). If future JWST measure-
ments prove an excess of sources over a larger and more ac-
curately determined volume factor, this will further constrain
the axion fraction, particularly since the relative impact of
axions is greater at higher redshifts (see the lower panel of
Fig. 14). Detections of axion suppression will require a large
volume factor in order to measure a deficiency of high-z UV
sources, while limiting the axion fraction could be achieved
with a smaller volume factor. We leave a thorough compu-
tation of JWST UVLF forecasts on axions for future study.
This approach is also complementary to ongoing efforts to
use 21-cm measurements to detect axions at similar scales
and redshifts (Abdurashidova et al. 2022; Hotinli et al. 2022;
Flitter & Kovetz 2022).
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Observations of abundant structure at high redshifts could
imply the presence of extreme axions (i.e. axions with a high
starting field angle, resulting in the growth of field perturba-
tions and an overabundance of structure on certain scales), as
described in Leong et al. (2019) and Arvanitaki et al. (2020).
Although we do not consider the impacts of extreme axions
in this paper, such a comparison could be performed using ef-
ficient extreme-axion computations, such as those developed
by Winch et al. (2023) for the linear MPS.

5.4. Small-scale structure

Our work also presents evidence for a new observable con-
sequence of mixed-axion DM models: an overabundance
of low-mass halos at late times (as shown in Fig. 6). Our
modeling calculates that this effect is maximized for axion
fractions between 5 — 10%. This effect is due to the axion
component suppressing primordial linear structure on small
scales, delaying the hierarchical growth of halos and result-
ing in an overabundance of low-mass halos that have not yet
merged into higher mass ones at late times. The halo masses
(M, < 10° M) and redshifts (z < 3) relevant for this ef-
fect are both too low to be measured using the UVLF in this
paper. But there is an opportunity to search for these effects
in late-time small-scale galaxy structure (e.g., using stellar
streams (Banik et al. 2021), satellite galaxies (Nadler et al.
2021) or strong gravitational lensing (Shevchuk et al. 2023)).
A more detailed treatment of axion astrophysics would be
necessary as the effects of axion wave physics would have a
significant impact on hierarchical merger histories on small
scales. A more thorough computation is left for future study.

6. CONCLUSIONS

The galaxy UV luminosity function is a powerful probe
of structure on small scales (0.5 Mpc™ < k < 10Mpc™)
and high redshifts (4 < z < 16). We demonstrate, for the
first time, by using a flexible parametric model relating UV
luminosity and halo mass, the use of the UVLF to set world-
leading limits on fundamental physics. Our main conclusions
are:

1. The UVLF depends primarily on the mixed-axion
linear matter power spectrum and is largely inde-
pendent of small-scale axion astrophysics (see Sec-
tions 2 and 3 and Appendices B and C).

2. We set new cosmological constraints on mixed-
axion cosmologies by computing the impacts of ax-
ions on the HMF and the UVLF, while robustly
marginalizing over uncertainty in the relation between
UV luminosity and halo mass. Joint HST UVLF (for
4 < z < 10) and Planck CMB likelihoods rule out
axions with log(m.x/eV) < —21.6 each as 100% of
the DM and limit axions with log(may/eV) < —23
to constitute < 22% of the DM (both limits at 95%
credibility; detailed constraints given in Table 3). Our

results are the first joint constraints combining Planck
CMB with small-scale measurements, constraining ax-
ion DM on a wide range of cosmological scales and
bridging the mass gap in axion constraints shown in
Fig. 3.

3. Current JWST spectroscopic measurements of the
UVLF are consistent with ACDM when computed
using a flexible parametric model of UV luminosity
with redshift-dependant amplitude and pivot mass. As
shown in Fig. 15, combining HST estimates of the
UVLF with spectroscopic JWST data from Harikane
et al. (2024) does not meaningfully improve our con-
straints over HST alone. However, we do find in
Fig. 6 that the impact of axions on the HMF and
UVLF is more pronounced at higher redshifts, imply-
ing that future high-z estimates of the UVLF from
JWST have the potential to improve our constraints
significantly. More detailed multi-wavelength mea-
surements of high-z galaxies with JWST will also help
to refine our picture of star formation at early times,
informing our assumptions about how UV luminosity
relates to halo mass at high redshifts (z > 10). As we
enter a new era of high-redshift galaxy science with
JWST, the UVLF will continue to improve as a power-
ful probe of the nature of dark matter.
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Figure 16. Marginalized posterior on cosmological parameters (along the vertical axis: fux = Qax/Qp for axions with a mass of 1072* eV,
As and n) and astrophysical parameters (along the horizontal axis, as defined in Eq. (14)). The blue contours are from the HST UVLF, while
the red contours are from the HST UVLF plus Planck CMB. Imposing the Planck likelihood in addition to HST UVLF breaks degeneracies
with As and ns and therefore tightens constraints on the astrophysical parameters of the UVLF model. We also show in magenta the joint
HST and JWST UVLF posterior, which is nearly identical to the HST-only case. Inner and outer contours respectively show the 68% and 95%
credible regions of the marginalized posterior. As is given in units of 10~°. Table 1 describes the full datasets that we use.

APPENDIX

A. CONSTRAINTS ON ASTROPHYSICAL PARAMETERS

Figure 16 shows constraints on axion fraction, cosmological and UVLF parameters from Table 2 for an axion mass of 10724
eV. The blue contours are given HST UVLF alone, while red contours are given joint HST UVLF and Planck CMB likelihoods.
We also show in magenta the constraints given joint HST + JWST UVLF estimates, which are identical to the HST-only results.
Fig. 17 shows the correlations between all UVLF model parameters, for HST UVLF only, HST UVLF + Planck CMB and HST
+ JWST UVLE. The addition of Planck data tightens the constraint on some UVLF parameters by breaking degeneracy with
cosmological parameters.

In Fig. 18, we show the joint HST UVLF and Planck CMB constraints on axions for axion masses in three different ranges.
The degeneracy direction of axion fraction and certain astrophysical parameters changes with axion mass bin. Medium mass
axions (—24 < log(max/eV) < —22, in green) have a positive degeneracy with ., since their impact on the UVLF primarily
occurs at faint luminosities. Low-mass axions (—26 < log(ma/eV) < —24, in red) have a positive degeneracy with €, since
they suppress the UVLF on a wider range of scales (see Fig. 10). It would be powerful to identify complementary datasets that
break these degeneracies, bearing in mind that these degeneracies vary with axion mass.

B. AN ALTERNATIVE MODEL OF THE UV LUMINOSITY FUNCTION

In Section 3, we discuss our method for relating halo mass to UV luminosity, which follows Method II in Sabti et al. (2022b).
Here, we discuss their Model III and use it to compute constraints on mixed axion cosmologies, demonstrating consistency
with Model II. In this alternative model, we relate M}, and M, using the same double power law as in Eq. (14) and the same
parameterization of oy, B, €, €t M? M!. However, we then use an empirically-determined relation between M, and Myy,
which is derived from near-infrared observations of galaxies, presented in Song et al. (2016); Stefanon et al. (2021). The stellar
mass is calculated from stellar synthesis population models compared to the multi-band observations of HST galaxies and this is
then compared to the rest-frame UV luminosity. This relation is calculated for galaxies from z = 4 to z = 10 and is estimated to
be accurate to within a factor of two (Sabti et al. 2022b).
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Figure 17. Marginalized posterior on astrophysical parameters (as defined in Eq. (14)), with the same data combinations as in Fig. 16. Inner
and outer contours respectively show the 68% and 95% credible regions of the marginalized posterior. Table 1 describes the full datasets that
we use.

In Fig. 19, we show constraints on cosmological parameters using both the primary (Model II in Sabti et al. (2022a)) and
alternative (Model III in Sabti et al. (2022a)) methods of computing the UVLFE. We show in green the Planck ACDM best-fit
parameter values for comparison. Both methods give largely consistent constraints on cosmological parameters. However, the
alternative method gives slightly tighter constraints on the axion fraction, while also preferring higher values of ng that are mildly
inconsistent with Planck ACDM values. Therefore, we use the primary model of UV luminosity for our fiducial study, due to its
greater consistency with Planck and more conservative limit on the axion fraction.
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Figure 18. Constraints on the axion fraction and some cosmological and astrophysical parameters from joint HST UVLF and Planck CMB like-
lihoods, divided into three axion mass bins as shown in the upper-right subplot. Constraints on high mass axions (—22 < log(max/eV) < —21)
are shown in blue, medium mass axions (—24 < log(max/eV) < —22) are shown in green, and low mass axions (—26 < log(max/eV) <
—24) are shown in red. Inner and outer contours respectively show the 68% and 95% credible regions of the marginalized posterior.

C. AN ALTERNATIVE MODEL OF THE HALO MASS FUNCTION

In Section 2, we use the Sheth-Tormen mass function (Sheth & Tormen 1999) when computing the HMF, as done in Sabti et al.
(2022a). However, alternative mass functions have been proposed to describe halo formation. Here, we consider the alternative
Reed mass function (Reed et al. 2007) and compare the effects of axions on the HMF using both methods. In the Reed model,
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Figure 19. Marginalized posterior on cosmological parameters and axion fraction for m,, = 10™2* eV using the HST UVLF with two different
models of the UVLF. The primary model (in blue) corresponds to Model II in Sabti et al. (2022b), which relates stellar mass and UV luminosity
through a physically-motivated argument, while the alternative model (in orange) corresponds to Model III in Sabti et al. (2022b), which relates
stellar mass and UV luminosity through empirical estimates at 4 < z < 10 using HST infrared observations (Stefanon et al. 2021). The green
lines show the best-fit ACDM cosmological parameters given Planck CMB.

Eq. (3) is replaced by:

PRd —1 2 2
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where Arq = 0.3235, arq = 0.707, prq = 0.3, crq = 1.081 and dgq = 1.686 (Reed et al. 2007; Sabti et al. 2022a).

Sabti et al. (2022a) compares astrophysical and cosmological impacts on the UVLF given the two mass functions. They
find that, while the high-z estimates of the UVLF are slightly changed by the Reed mass function, the resulting constraints on
cosmology are largely unchanged, likely due to slight shifts in the astrophysical nuisance parameters that account for the changes
in the mass function. In Fig. 20, we show the HMF given each multiplicity function, for both a CDM cosmology and one with
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Figure 20. The HMF computed using both the Sheth-Tormen (ST, in blue) and Reed (in magenta) multiplicity functions. The solid lines are for
a fiducial CDM cosmology, while the dashed lines show axions with m.x = 1072* eV as 10% of the DM. The HMF given each multiplicity
function is impacted by axions in almost identical ways, meaning that our final axion constraints are independent of the choice between the

two.

10% axions and m,, = 1072% eV. In the lower panel, we show that axions impact the HMF given each mass function in an
almost identical way. Therefore, since other cosmological parameters are not significantly shifted by the choice of mass function,
we conclude that the constraints on axion parameters are also unaffected.
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