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ABSTRACT

We exploit the recent James Webb Space Telescope (JWST) determination of galaxy
UV luminosity functions over the redshift range z = 9 — 14.5 to derive constraints on
warm dark matter (WDM) models. The delayed structure formation in WDM universe
makes high redshift observations to be a powerful probe to set limits on the particle
mass my of WDM candidates. By integrating these observations with blank-field surveys
conducted by Hubble Space Telescope (HST) at redshifts z = 4—8, we impose constraints
on both astrophysical and WDM parameters simultaneously. We find a new limit of
my > 3.2 keV for the mass of thermal relic WDM particles at 95% confidence level. This
bound is tighter than the most stringent result derived using HST data before. Future
JWST observations could further reduce the observation uncertainties and improve this

constraint.
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1. INTRODUCTION

Understanding the nature of dark matter re-
mains one of the most important challenges in
the field of cosmology. Despite dark matter
makes up ~ 85% of matter content in the uni-
verse, definitive detection of dark matter re-
mains elusive. While the cold dark matter
(CDM) cosmological model is notably consis-
tent with most observational data, small scale
challenges (see e.g. Bullock & Boylan-Kolchin
2017) also prompt exploration of dark matter
models beyond standard CDM.

Many alternative candidates such as warm
dark matter (WDM), fuzzy dark matter or
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self-interacting dark matter (Bode et al. 2001;
Hu et al. 2000; Spergel & Steinhardt 2000)
have been proposed to give a better expla-
nation of structure formation at small scales.
These scenarios produce a suppression in the
matter power spectrum and hold significant
implications for various cosmological observa-
tions. Constraints on these non-standard dark
matter models have been derived from vari-
ous astrophysical probes, including the Lyman-
a forest (Viel et al. 2013; Baur et al. 2016;
Irsic et al. 2017; Garzilli et al. 2021; Villasenor
et al. 2023), v — ray burst (de Souza et al.
2013), strong gravitational lensing (Gilman
et al. 2019, 2020; Shevchuk et al. 2023), Milky
Way satellite galaxies (Kennedy et al. 2014;
Nadler et al. 2021a,b; Newton et al. 2021), neu-
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tral hydrogen 2lcm signal (Chatterjee et al.
2019; Rudakovskyi et al. 2020) and high red-
shift galaxy number counts or luminosity func-
tions (Pacucci et al. 2013; Schultz et al. 2014;
Corasaniti et al. 2017; Gandolfi et al. 2022; Maio
& Viel 2023).

The galaxy UV luminosity function (UVLF) is
considered a potent tool for constraining warm
dark matter models. In fact, these models yield
an exponential suppression on small scale struc-
tures at early cosmic time. The detection of
high redshift galaxies can capture this charac-
teristic and establish stringent limits on WDM
particle mass. During the Hubble Space Tele-
scope (HST) era, UVLF observations have al-
ready reached to redshift z = 10, and tight lower
boundaries have been obtained from these re-
sults (Menci et al. 2016a,b, 2017; Rudakovskyi
et al. 2021). As anticipated by these studies,
observations from the James Webb Space Tele-
scope (JWST) will further enhance constraint
power on the particle mass in WDM models.

The early data release of JWST has shown
the detection of very distant galaxies up to
z = 14 — 16 and has reliably mapped UVLF
at redshift z > 10 (e.g. Castellano et al. 2022;
Naidu et al. 2022; Finkelstein et al. 2023; Casey
et al. 2023; Adams et al. 2023; Bouwens et al.
2023; Donnan et al. 2023; Harikane et al. 2023).
These findings enable us to constrain the nature
of dark matter based on the properties of the
first generation galaxies in the Universe. Re-
cently, Donnan et al. (2024) combined several
major Cycle-1 JWST imaging programs to com-
pile a large and deep sample. Taking the advan-
tage of the larger region coverage, the accuracy
of UVLF measurement is markedly improved.
In this paper, we utilize the new UVLF mea-
surements from JWST as well as the previous
results from HST to perform new constraint on
WDM models.

This paper is structured as follows. In Sec.2,
we describe our UVLF model and data sets. In

Sec.3, we present the results derived from our
analysis, followed by conclusions drawn in Sec.4.

Throughout this paper, we assume the fiducial
model is a flat ACDM cosmology with Hy =
67.4 km s~ Mpc™t, Q,, = 0.315, Q, = 0.049,
og = 0.811 and ny = 0.965.

2. METHODOLOGY

The UVLF is defined as the number density
of galaxies as a function of their UV magnitude.
By connecting galaxy properties to dark matter
halos, the UVLF can be written as:

dnh th
Py = — - X 1
VT AMy T dMyy (1)
with the first term 51]\72] is the halo mass func-
tion, while the subsequent function -3Mb eg-

dMov
tablishes the connection between halo mass and

galaxy luminosity.

To construct the theoretical UVLF, we should
first know the dark matter halo mass function.
The halo mass function characterizes the mass
distribution of dark matter halos. In the case of
CDM, the halo mass function is expressed as:

dnh - ﬁm dlno‘];[i1
dM, M, dM,

Here p,, denotes the average comoving matter
energy density, and oy, is the root-mean-square
of the density field smoothed over a mass scale
My, typically computed using a top-hat win-
dow function and the linear power spectrum.
The linear power spectrum can be calculated
using publicly available codes CLASS(Blas et al.
2011) or CAMB (Lewis et al. 2000). The func-
tion f (o) is obtained analytically or mea-
sured from simulations. We adopt the Sheth-
Tormen form (Sheth & Tormen 2002) in our
models.

In the WDM scenarios, the halo mass function
experiences suppression below a characteristic
halo mass, which correlates with the mass of the
WDM particle. This suppression can be fitted
by a parameterized function:

f (o) (2)
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where Mywpu is the halo mass of WDM halos,
M, denotes the half model mass, which de-
pends on the dark matter particle mass m,, and
a, b and ¢ are fitting parameters. We evaluate
the fitting functions using the results reported
in Stiicker et al. (2022).

The function d%hv connects the halo mass
with the galaxy luminosity. The UV luminosity
of a galaxy is correlated with it’s star formation

rate through (Madau & Dickinson 2014):

SFR = K:UV X LUV (4)

Assuming a Salpeter initial mass function(Salpeter

1955), the conversion factor is determined to be
Kuv = 1.15x 10722, On the other hand, we can
also connect star formation rate with halo mass
through the baryonic accretion rate:

SFR = f. x M, (5)

Following (Sun & Furlanetto 2016), we adopt
the baryonic accretion rate as:

. Mh 0 1 + z K
M, ~ 3M —
() () o
with § = 1.127, n = 2.5 and M)}, representing
the halo mass. f, is the star formation effi-

ciency (SFE), and we employ a double power
law model:

2€N
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where ey is the amplitude of SFE, while
and v regulate the slope of SFE at low and high
masses, respectively. M, determines the halos
mass at which the SFE peaks.

Combing the above equations together, we
can get the UVLF as a function of the WDM

fe = (7)

3

model parameter as well as the astrophysical pa-
rameters. This function relates luminosity of a
galaxy to a particular halo mass. Additionally,
we also incorporate a Gaussian form stochas-
ticity in the function, as demonstrated in other
studies (e.g. Sabti et al. 2022):

P (Myy) =

L ~ (Myy = (Myv))”
\/%O-MUV 2012\/1UV

(8)
where (Myy) is the average magnitude calcu-
lated from the one-to-one luminosity-halo rela-
tion described above, and oy, is the stochas-
ticity parameter, which we treated as a free pa-
rameter in our fitting process. Taking stochas-
ticity into consideration, the final luminosity

function is:

1 < d
Doy (2, Moy, 0) = / dn, [ SN (2, M5, 0)
0 h

Muv 2
« / My P (M, 2, M, 0)

(9)
with @ represents the parameter set in our
model, 8 = {ex, 5,7, Mc, Onryy, M -

To estimate these parameters, we perform
the analysis with Markov chain Monte-Carlo
(MCMC) sampling via Python package emcee
(Foreman-Mackey et al. 2013). We use a modi-
fied version of GALLUMI (Sabti et al. 2022) like-
lihood:

9n L — Z ((I)model (Z, MU\/’H) - (I)data)2

data
g
Muyv,z @

(10)

where @ 0401 (2, Myy, 0) is the theoretical lu-
minosity function at each magnitude bin and
redshift computed above, and ®4,, and ag,ata
are the measured UVLF and errors, respec-
tively. The priors for our parameters are listed
in Table.1. It’s worth noting that we use 1/m;
instead of m, in the fitting. This choice is made
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because the lager values of m, tend to converge
to CDM model results and there are no reliable
upper limits.

Parameter Prior Value Units Prior form

N 1073 —-1.0 - flat log
I5; -3.0—-0.0 - flat linear
¥ 0.0—-3.0 - flat linear
M. 107 —10% Mg flat log
ouv 1072 - 3.0 - flat linear
1/my 0-—1 keV~! flat linear

Table 1. The parameters and their priors used in
our analysis.

The dataset encompasses both HST and
JWST observations spanning the redshift range
z=4to z = 14.5. JWST has extended the de-
tection of UVLF to higher redshifts. Recently,
Donnan et al. (2024) combined several major
Cycle-1 JWST imaging programs to produce a
new determination. This determination yields
a UVLF measurement over an area of ~ 370 sq.
arcmin across the redshift range z = 9 — 14.5.
Combining these new JWST results with pre-
vious HST observations (Bouwens et al. 2021)
at redshift 2 = 4 — 8, we create a comprehen-
sive sample spanning the widest redshift range
for our analysis. The final sample is shown in
Figure.1. Additionally, We account the effects
of dust extinction and apply a correction to the
lower redshift and brighter magnitude ends of
the data. Assuming the IBX — g relation, the
extinction parameter is then calculated as:

(Auy) = Co + 0.2In(10)02CF + C (Baust) (11)

and we adopt the values of the parameters Cj,
C1, 0p and Paust following Sabti et al. (2022).

3. RESULTS

Figure.2 presents the MCMC results for all pa-
rameters within our model. The astrophysical

Oy [Mpe 3 mag ™!
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—25 -23 —21 -19 -17
Myy [mag]

Figure 1. The UVLF data obtained from HST
and JWST. HST data are marked with solid circles,
while JWST data are marked with open diamonds.
Solid lines represent the Schechter or Double power
law fits to these data.

parameters are consistent with previous studies
(e.g. Moster et al. 2018; Harikane et al. 2022).
Here we seldom pay attention on these parame-
ters and only focus on the dark matter particle
mass my. It is shown that current data can
not rule out WDM models or favor a specific
WDM particle mass. Typically, a lower limit is
given by UVLF or other probes. The bottom
right panel of Figure.2 shows the marginalized
1D posteriors of my. As illustrated in this fig-
ure, the 95% credible limit reaches to my > 3.2
keV. This result suggests that JWST observa-
tions can further enhance the constraint power
on WDM, aligning with earlier forecast made by
Rudakovskyi et al. (2021) based on simulated
JWST results (Park et al. 2020). Our lower
bound is even tighter than their predication due
to the broader redshift coverage.

Our result update the tightest constraint de-
rived from UVLF method. Previous studies
have obtained several limits by comparing the
cumulative galaxy number or fitting the ana-
lytic models to UVLF observations. The tight-
est result was obtained by Menci et al. (2016a)
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Figure 2. Posterior distributions of the astrophysical parameters and the inverse of dark matter particle
mass. The contours show 68% and 95% confidence intervals. The lower bound of WDM partical mass
parameter reaches to my > 3.2 keV at 95% confidence interval.

using the galaxy number counts. Compared
to their findings, we derive a tighter constraint
with the inclusion of high-redshift JWST data.
Figure.3 shows our new constraint compared
with several tight results derived from other
UVLF research (Menci et al. 2016a; Corasan-
iti et al. 2017; Rudakovskyi et al. 2021; Maio
& Viel 2023). Furthermore, even tighter limits
obtained from the analysis of strongly lensed
quasars (Gilman et al. 2020; Hsueh et al. 2020),
Milky Way Satellites (Nadler et al. 2021b),
Lyman-« forest (Baur et al. 2016; Irsi¢ et al.
2017) or a combination of these probes (Enzi
et al. 2021; Nadler et al. 2021a) are also il-
lustrated. Although the results derived from

UVLEF are not the most stringent constraints,
these results provide comprehensive exploration
at high redshift. Meanwhile, robust limits have
not been established, conservative estimations
of these approaches lead to weaker lower bounds
(Garzilli et al. 2021; Newton et al. 2021), our
constraint can serve as cross validation in test-
ing the nature of dark matter.

4. CONCLUSION

Current and upcoming JWST surveys can
provide improved measurements on the abun-
dance and brightness of galaxies at early uni-
verse. This will enable us to detect the nature
of dark matter by making use of the UVLF of
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Figure 3. Lower limits of my derived from dif-
ferent probes: Milky Way satellites (cyan, New-
ton et al. 2021; Nadler et al. 2021b), strong grav-
itational lensing (peru, Hsueh et al. 2020; Gilman
et al. 2020), Lyman « forest (violet, Baur et al.
2016; Irsic et al. 2017; Garzilli et al. 2021; Vil-
lasenor et al. 2023), UVLF (olive, Menci et al.
2016a; Corasaniti et al. 2017; Rudakovskyi et al.
2021; Maio & Viel 2023), « ray burst (orange, de
Souza et al. 2013) or joint analysis (mixed color,
Enzi et al. 2021; Nadler et al. 2021a). Star symbol
denotes the result derived from this work.

galaxies. In this work, we have compiled the
most extensive determination of UVLF from
JWST, along with previous blank-field surveys
conducted by HST to make a widest UVLF sam-
ple spanning from redshift z = 4 to z = 14.5.
We then perform astrophysical constraints on
WDM cosmologies with this sample.
Employing a double power law astrophysical
model, we simultaneously fit the astrophysical
and WDM parameters. Based on current ob-
servations, we find the 95% credible limit of the
lower boundary is m, > 3.2 keV for thermal

relic WDM particles. This is the most stringent
constraint derived from UVLF and corroborates
previous forecast that early JWST results would
imply a WDM particle mass to m, > 2.5 keV.

The constraint could be further improved in
the future by extending the current detection of
faint objects to cover a larger area or to deeper
magnitude limits. As an example, assuming
that the current deepest region (~ 30 AB mag)
maintains the same area coverage (~ 370 sq. ar-
cmin), the measurement will improve the lower
bound to my > 4.3 keV. Future programs could
carry out the necessary observations to validate
this calculation. Additionally, JWST will not
only improve the data quality for bright galax-
ies, the detection limit is also extended. With
the assistance of cluster lensing magnification,
the depth of observations can reach to ~ 31 —34
mag. Precise and deep observation will yield
stronger constraints which would comparable to
the results inferred from lensed quasars, albeit
long observational time is required.
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