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ABSTRACT

Context. Warm dark matter is a possible alternative to cold dark matter to explain cosmological structure formation.

Aims. We study the implications of the latest JWST data on the nature of dark matter.

Methods. We compare properties of high-redshift galaxies observed by JWST with hydrodynamical simulations, in the standard cold
dark matter model and in warm dark matter models with a suppressed linear matter power spectrum

Results. We find that current data are neither in tension with cold dark matter nor with warm dark matter models with mwpy > 2keV,
since they probe bright and rare objects whose physical properties are similar in the different scenarios.

Conclusions. We also show how two observables, the galaxy luminosity functions and the galaxy correlation function at small scales
of faint objects, can be promising tools for discriminating between the different dark-matter scenarios. Further hints may come from

early stellar-mass statistics and galaxy CO emission.
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1. Introduction

The early datarelease of the James Webb Space Telescope JWST)
has shown, for the first time, the existence of primordial galaxies
in the very distant Universe, deep in the first half billion years.
These findings have profound implications on our understanding
of primordial structure formation and can help pose tight con-
straints on the nature of dark matter. While the common paradigm
of structure formation relies on cold dark matter (CDM), that is
matter that is non-relativistic at decoupling, alternative possibili-
ties advocated to solve small-scale problems of the standard CDM
scenario rely on the hypothesis that dark matter is made of warm
particles that possess a small, non-negligible, thermal velocity,
that is to say warm dark matter (WDM).

This would affect the matter power spectrum producing a
sharp decrease in power at relatively small scales (Colin et al.
2000; Bode et al. 2001) and would have significant implications
on many astrophysical and cosmological observations (such as
weak and strong lensing, clustering of galaxies, halo proper-
ties and their sub-haloes, intergalactic medium structures, and
reionization). In WDM scenarios the exact spectral damping
depends on the particle physics model and if thermal WDM
is considered this is parameterized by its mass, mwpy. Avail-
able constraints point towards values varying from 1.5-2keV
(from Milky Way studies) to >3-4keV (from Lyman-a for-
est flux investigations) (Narayanan et al. 2000; Viel et al. 2005;
Boyarsky et al. 2009; Maccio & Fontanot 2010; Pacucci et al.
2013; Viel et al. 2013; Palanque-Delabrouille et al. 2020). How-
ever, if these limits are applied, then there is little room
to disentangle WDM and CDM considering structure for-
mation at low-redshift (z < 4) (Schneideretal. 2014).

Thus, it becomes apparent that there is a unique window
that needs to be explored to test dark matter (and even
dark energy): the high-redshift Universe (Maio & Viel 2015;
Dayal et al. 2015; Corasaniti et al. 2017; Carucci & Corasaniti
2019; Lapi & Danese 2015; Rudakovskyi et al. 2021; Lapi et al.
2022; Maio et al. 2006; Menci et al. 2023; Kurmus et al. 2022).
The first JWST observational programmes have detected
ultra-high-redshift primordial galaxies, provided stellar masses
and star formation estimates up to z ~ 12 (Santini et al. 2023;
Castellano et al. 2022; Naidu et al. 2022b; Adams et al. 2023;
Furtak et al. 2023; Rodighiero et al. 2023), hinted at little dust
content at those epochs and obtained direct metallicity mea-
surements at z ~ 8 (Curti et al. 2023; Curtis-Lake et al. 2022).
Furthermore, JWST data have invoked possible galaxy candi-
dates at redshifts as high as z ~ 14—16 (Finkelstein et al. 2022;
Donnan et al. 2023; Atek etal. 2023; Harikane et al. 2023;
Bouwens et al. 2022). These are the first data probing the bright-
est galaxies at cosmic dawn and structure formation at such early
cosmological epochs. Therefore, they will allow us to pose, for
the first time, constraints on the nature of dark matter based on
the properties of the first galaxies in the infant Universe. These
data also raise obvious questions about early galaxy formation
paths, challenge our ability to explain their existence at such
primordial times (see e.g., Behroozi & Silk 2018), and high-
light the possibility that bright-galaxy number densities might
be in excess in comparison to what is typically derived from
fainter samples (Bowler et al. 2020) or might be in tension with
ACDM predictions (Boylan-Kolchin 2022; Lovell et al. 2023;
Naidu et al. 2022a; Biagetti et al. 2023; Haslbauer et al. 2022).
Answering these questions is not a trivial task and requires
detailed analysis of primordial structure formation, including
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the relevant chemical and physical mechanisms responsible for
pristine-gas collapse and first-galaxy buildup. To address these
open issues, in the next sections, we perform several numerical
simulations under different assumptions for CDM and WDM,
and we contrast the recent JWST observational determinations
against the predictions of our updated non-equilibrium numeri-
cal model applied to different dark-matter scenarios.

Throughout this work, the used present-day density param-
eters for matter, cosmological constant, and baryons are Qg =
0.274, Qpa = 0.726, and Qp;, = 0.0458, respectively, with a
primordial helium mass fraction of 0.24. The assumed expan-
sion parameter normalized to 100kms™' Mpc~! is & = 0.702,
while the adopted mass variance within an 8 Mpc radius and the
spectral index are og = 0.816 and n = 0.968 (consistent with
WMAP data). The present-day cosmological critical density is
Po.cric = 277.4 h> My kpe ™.

The paper is structured as follows. In Sect. 2 we describe our
methodology; in Sect. 3 we discuss our main results about early-
galaxy properties in CDM and WDM universes; and, finally, we
summarize and conclude in Sect. 4.

2. Simulations

We performed physics-rich and accurate simulations of cosmic
structure formation in the high-z Universe. In more detail, we
ran and analysed a number of numerical simulations based on
the latest ColdSIM implementation for primordial galaxy for-
mation by Maio et al. (2022). Briefly, that includes the whole
variety of physical and chemical processes taking place in the
primordial gas and leading to star formation in different cosmic
environments (see technical details in Maio et al. 2022). It also
represents a novel alternative modelling to what is commonly
included in large numerical simulations (e.g., Kannan et al.
2022). N-body and hydrodynamical calculations were per-
formed by an extended version of the parallel code P-Gadget3
(Springel 2005), modified to address cold-gas atomic and molec-
ular physics over different cosmic epochs. The implementation
solved a self-consistent time-dependent non-equilibrium net-
work of cosmic chemistry first-order differential equations (for
the abundances of e~, H, H*, H™, He, He", He™, H,, HJ, D,
D*, HD, and HeH* species), accounting for ionization, recom-
bination, and dissociation processes (Maio et al. 2007, 2010,
2011a). It additionally included star formation, stellar evolu-
tion, and heavy-element enrichment of He, C, N, O, Ne, Mg,
Si, S, Ca, Fe, among others from SN II, AGB and SN Ia
phases (Tornatore et al. 2007). Chemical properties were eval-
uated by considering any stellar particle as a single stellar popu-
lation with a Salpeter initial mass function and mass-dependent
stellar lifetimes. Metals were spread over the neighbour parti-
cles and mixing was mimicked through SPH kernel smoothing.
Mechanical and chemical feedback were incorporated as well
and they are responsible for regulating star formation over cos-
mological epochs. Primordial gas cools via pristine H, forma-
tion (H™, H; and three-body) channels, while enriched media
host metallicity-dependent H, dust grain catalysis and cooling
(Maio et al. 2022). The redshift-dependent dust grain tempera-
ture was estimated from the energy balance between CMB radi-
ation and dust grain power-law emission with slope 8 = 2. The
effects of the establishment of a UV background resulting from
the ongoing structure evolution were taken into account with cor-
responding HI and H; shielding corrections and complemented
with photo-electric and cosmic-ray heating in star-forming sites
(see Maio et al. 2022, for theoretical details and parameter stud-
ies). In this way, the model can correctly reproduce the amounts
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of atomic and molecular gas at different epochs and explain cor-
responding depletion times as inferred from observational data
at z < 7 (Maio et al. 2022).

To assess the effects of baryon physics and possible degen-
eracies, we considered a fiducial implementation fully including
all the above-mentioned physical processes, as well as a basic
implementation including only the two fundamental (H™ and
HJ) channels for H, evolution and cooling at primordial epochs.
We used a reference simulation box size of 10 Mpc/h with
2 x 5123 particles, giving gas and dark-matter particle masses
of Mgy = 7.9 X 10* Mo /h and Mgy = 4.7 X 10° M /h. Our fidu-
cial implementation was employed to run higher-resolution (HR)
simulations of initial 2x 1000° gas and dark-matter particles with
Mg, = 10* Mo/h and Mgy =~ 6 X 10* Mo /h, as well as a CDM
large-box (LB) run of initial 2 x 10003 gas and dark matter par-
ticles in a 50 Mpc/h-side volume. The simulations were started
at z = 99, with initial conditions generated on a regular grid
using the CAMB transfer function (Lewis et al. 2000) and CDM
and WDM power spectra with mwpy = 2 and 3 keV. Thanks to
our resolution we were able to properly resolve gravitational col-
lapse and molecular catastrophic cooling down to Jeans masses
of the order of ~10°—10% M. These values are typical for the
regimes of interest here.

We note that several implementations of cosmic structure
formation are available in the literature; however, most of them
are based on local-Universe calibrations and do not consider any
proper modelling of primeval epochs. Instead, for this work,
we performed ab initio (down to molecular interactions) CDM
and WDM simulations of the pristine-gas collapse and conse-
quent birth of the first stars and galaxies by including all the
detailed physical and chemical processes involved at such times.
This makes our findings particularly complete and reliable. As a
follow-up to our previous work (Maio & Viel 2015), which nev-
ertheless lacks the mwpm = 2keV case, for this work we have
been able to run simulations at much higher resolution, with a
more advanced and accurate numerical implementation and by
exploring a wider parameter space. In the next, we show our
main results and their implications on the nature of dark mat-
ter in light of the first JWST data release.

3. Results

As a sanity check of the proper-behaviour of our simulation
results, the simulated mass functions for the considered dark-
matter models of the fiducial runs are plotted at different red-
shifts and compared to corresponding analytical expectations
(Reed et al. 2007) in Fig. 1. The trends of the different mod-
els converge towards the high-mass end, while there are clear
departures at lower masses. This is a direct consequence of the
suppression of low-mass haloes determined by the WDM trans-
fer functions. We notice that discrepancies among the three cases
become milder at lower z, while they are larger at z > 10, when
matter non-linearities have not had time to grow significantly.
For this reason the high-z regime is an exceptional probe of the
nature of dark matter. Results from the CDM LB and HR runs
are in excellent agreement with analytical predictions and with
the reference CDM run.

In Fig. 2, the cosmic star formation rate density (SFRD)
is shown for both simulation results and first JWST Early
Release Observations/Science programmes (ERO/ERS), includ-
ing CEERS, GLASS, and SMACS 0723. It is striking that the
fiducial CDM trend is consistent with all the constraints avail-
able in the 7 < z < 16 range. Changes in the details of the
implementation (fiducial versus basic) or increasing resolution,
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Fig. 1. Halo mass functions for the different dark-matter models at different redshifts. Numerical simulation fiducial results (histograms) are
overplotted on the corresponding analytical expectations (lines) by Reed et al. (2007). These mass functions have been derived by considering
hydro-dynamical simulations and are thereby incorporating baryonic effects.

as for CDM HR, would not affect this result (the CDM LB run
has a coarser resolution and clearly misses small objects; nev-
ertheless, it hosts larger structures and is crucial for estimat-
ing number densities of the rarest objects). The case of WDM
with mwpy = 3keV is similar to the CDM, although the high-z
behaviour would be in tension with the claimed detection (to be
confirmed) at z ~ 16. We must note in this respect that high-z
measurements (such as star formation rates and luminosity dis-
tribution slopes) are degenerate with dust mass estimates in the
selected objects. Hence, candidates at extremely high redshift
(such as the z = 16 one) could be explained by dusty lower-
z counterparts and this would lead to ambiguous conclusions
(Stefanon et al. 2021; Finkelstein et al. 2022; Furtak et al. 2023).

The picture for 2keV WDM is much clearer, with predic-
tions being below all the observational lower limits at z > 10
both in the reference fiducial and basic runs as well as in the HR
run. This is an insightful finding because, thanks to the newly
acquired JWST observational data and by matching them with
our state-of-the-art theoretical predictions, we could be able to
put the 2keV WDM model under stress (the 2keV WDM mass
is not consistent with Lyman-a forest observations, although has
been claimed to be a possible lower bound for HST UV luminos-
ity functions; IrSi¢ et al. 2017; Rudakovskyi et al. 2021). A very
important point we want to make is that a proper modelling of
primordial structure formation (such as the one we perform here)
is fundamental to obtain meaningful results. In this respect, even
resolution issues seem to have a lesser impact than the details of
the physical and chemical modelling.

Given the trends above, it is tempting to conclude that
2-3keV WDM is ruled out. However, it must be noticed that
global quantities extracted from observations of a few objects
require extrapolation of physical quantities (such as the mass
fraction in stars or luminosities) in regimes which are not probed
by the data. For this reason in the rest of this work we turn our
focus to the physical quantities associated to galaxies.

Basic early-halo properties are reminiscent of dark-matter
features, as demonstrated by the mass distribution of the stel-
lar fraction, f,, plotted in Fig. 3, where numerical predictions
are confronted with early JWST stellar-mass determinations
(Santini et al. 2023) at the same cosmological epoch. Consider-
ing the reference runs, the CDM case shows a variety of masses
and f, values that increase almost linearly already by the first
half billion years, while WDM models predict a scarcer num-
ber of primordial structures (most notably in the 2keV sce-
nario) with smaller f, values. These objects are just forming and
have young lifetimes. The mass- f, trends in WDM scenarios are
caused by the cosmic gas accumulated over time in WDM haloes
(unable to callapse at early epochs due to matter power suppres-
sion) that, as soon as their masses/dimensions reach the spectral
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Fig. 2. Redshift evolution of the cosmological SFR density derived from
different models and compared to JWST determinations at 6 < z <
17 (Donnan et al. 2023; Finkelstein et al. 2022; Harikane et al. 2023;
Bouwens et al. 2022).

cutoff, suddenly become unstable and form stars. Discrepancies
are clearly visible in the 2keV case, while the 3keV displays
an intermediate distribution between the latter and the CDM.
In general, smaller haloes are more sensitive to the underlying
nature of dark matter; instead, the high-mass behaviour tends
to converge both in mass and in f,. Observed stellar-mass esti-
mates (shaded areas in the panels) rely on available calibrations
and could bear uncertainties up to a factor of ~3 (Stefanon et al.
2021); although, in the long run, JWST is expected to improve
that (Treu et al. 2022). Our results are in agreement with latest
determinations and can be considered solid and sound. We are
able to reach such a conclusion because of our accurate physical
modelling explicitly focussed on high-z galaxy formation. For
the sake of completeness, we also show the trends for the HR
and LB runs. We see that HR trends are in line with the lower-
resolution ones, and thus our results are converged and do not
suffer from numerical artefacts. Also the CDM LB simulation,
which is able to probe larger masses, displays comparable val-
ues for the stellar mass fraction, despite its coarser resolution.

In Fig. 4, the UV luminosity functions at different redshifts and
for the CDM and WDM dark-matter models are shown. The UV
luminosity function was computed as the number of galaxy per
unit co-moving volume and magnitude. UV magnitudes, Myv,
are given in the AB system and were computed from simula-
tion outputs by following standard prescriptions for simple stel-
lar populations (Bruzual & Charlot 2003). The lack of simulated
data below ~107> Mpc— mag™' (where the CDM and WDM
trends have roughly converged) for the reference runs is due
to the limited volume size. This issue is alleviated by the LB
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Fig. 3. Stellar mass fraction as a function of stellar mass for dif- Fig. 4. Number of galaxies per unit co-moving volume and magnitude
ferent models and resolutions at different redshifts, as indicated by as a function of the UV magnitude at different z, for different dark-
the legend. The shaded area corresponds to the range of stellar matter models and simulation resolutions. Theoretical results are com-
masses inferred by GLASS-JWST ERS between z ~ 6.9 and 12.1 pared to the latest JWST observational determinations (Donnan et al.
(Santini et al. 2023). 2023; Santini et al. 2023; Harikane et al. 2023; Bouwens et al. 2022).
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results, which reach values of the order of 107> Mpc~> mag™!
thanks to the larger volume sampled. The theoretical trends
for different resolutions are in excellent agreement at all Myy
values and have been compared to the latest JWST observa-
tional determinations (Santini et al. 2023; Donnan et al. 2023;
Harikane et al. 2023; Bouwens et al. 2022). As expected from
the previous considerations, the faint end is severely affected by
the differences in the input matter power spectra at small scales
(e.g., Barkana et al. 2001; Maio & Viel 2015; Rudakovskyi et al.
2021; Lapi et al. 2022), while the bright end (at Myy < —15) is
substantially unchanged (this also applies to determinations at
z =~ 16, for which the trend is similar to the z ~ 12 panel, albeit
with poorer statistics) and features a converging behaviour of the
different models. In this latter case, individual high-z detections
are accompanied by large errors and do not have any distinc-
tive impact for CDM versus WDM nature. At very early times
(z ~ 9-12) WDM and CDM models are clearly distinguishable,
with differences in the number density of visible structures span-
ning almost 3 orders of magnitude at the faint end. Over cosmo-
logical evolution, the WDM models tend to catch up with the
CDM and discrepancies in the faint-end distribution get reduced
to only 1 dex at z =~ 7.3-8. Thus, detection of luminous objects
at early times is not sufficient to pose stringent constraints on
the nature of dark matter via luminosity distributions and dim
high-z sources need to be investigated. By comparing simula-
tion results to observational data, we can conclude that galaxy
abundances at the bright end of the luminosity function, where
different models have already converged, is in line with predic-
tions and can be explained through the fundamental physical
processes taking place during early galaxy buildup, that is: rapid
H,-driven cosmic-gas collapse and stellar emission from young
(a few tens of millions of years) stellar populations (Mason et al.
2023; Inayoshi et al. 2022; Ferrara et al. 2022).

This means that, at least for z < 12, there is clearly no
excess of bright structures in the primordial Universe with
respect to any model considered here (contrary to what is
suggested via semi-analytic arguments by e.g., Bowler et al.
2020; Boylan-Kolchin 2022; Lovell et al. 2023; Naidu et al.
2022a)), as is clearly visible from the behaviour in the figure.
At higher z we are limited by the large observational errors
(Myy between —20 and —18 for luminosity function values of
1075-10"*Mpc~> mag~! and a few dex errors in the luminosity
function at Myy < —20), but the inferred trend seems to be con-
sistent with the observational range shown in the bottom panel.

In Fig. 5, the two-point correlation functions of galaxies with
UV magnitude around Myy = —12 (data selected between —13
and —10.5) at z = 9 for the reference fiducial runs in the different
dark-matter models is shown. These objects are small, weakly
star-forming structures that feature a bursty nature (i.e. large SFR
per unit stellar mass), due to their young ages.

For a sample of N objects in a box with volume V, the two-
point correlation function, &(r), is defined as the excess prob-
ability with respect to a uniform distribution of finding two
objects at a given distance r. It is computed by evaluating the
number density of pairs in any given spherical shell with vol-
ume Vshell(r)v npairs(r) = Npairs(r)/vshell(r)a divided by N and
normalized by the expectation value of the corresponding uni-
form distribution with n = N/V,i.e.. 1 + &(r) = npairs(r)/N/n =

Npairs(r)v/ [N2 Vshell("‘)}1

' This definition is adopted here and guarantees that results converge

to unity (i.e. no excess probability, & ~ 0) at large distances and is not
affected by the size N of the sample considered.

105§ ' '
10'}
102

corr

10k
10t}
10°L

r [kpc]

Fig. 5. Correlation functions of galaxies with UV magnitudes Myy =
—12 at z = 9. Straight lines represent interpolated power-law trends
with slopes of —1.31, —1.66, and —2.62 for CDM, 3 keV WDM, and
2keV WDM fiducial results, respectively.

In Fig. 5 at small radii (below a few ~10?kpc), there are
clear differences among the different models. The CDM model
presents a shallow behaviour (slope of —1.3) because of the more
broadly distributed structures. The 2keV WDM model, despite
predicting fewer galaxies, features a steeper trend (slope of —2.6)
as a result of the suppression of low-mass objects and galaxy
satellites at large r. Therefore, WDM structures are much more
clustered (up to a factor of 100) below the Mpc scale, as com-
pared to CDM simulations. The 3keV WDM has an interme-
diate behaviour (with a slope of about —1.7). The small-scale
correlation function is thus sensitive to the different bias of the
galaxy population, with WDM galaxies being more biased with
regard to the corresponding CDM case. This picture is qualita-
tively similar at different redshifts and Myy, although at later
times and for brighter magnitudes the models tend to converge.

Consistently with the generally low metallicities in early
environments, the expected dust content is usually small, as
shown for example by the dust-to-gas mass ratios (D/G) in the
three fiducial runs at z =~ 11 (see Fig. 6, where, for the sake of
clarity, we have omitted the other simulations). Despite figures
increasing for increasing SFRs (bottom panel), D/G values are
much lower than the ones (of the order of ~1072) estimated for
the local Universe. The sparsity of data points for small SFRs is
consistent with slower and less efficient gas chemical enrichment
in primordial WDM haloes, especially for the 2keV case which
experiences the most pronounced effects. The implications of the
nature of dark matter can be further seen in the paucity of data
points and the lower D/G levels reached for a given halo total
mass, My, in WDM scenarios (upper panel), due to the sup-
pression of small-scale objects and delayed structure growth. In
comparison to the CDM scenario, where D/G values are around
10~4=1073 at all masses, the 2 keV WDM model features values
down to 107°—10"* at M,,; < 10° M. The effects are milder for
3keV WDM, in which case the D/G value ranges between 1076
and ~1073. Masses above ~10° M, feature converging results for
CDM and WDM.

Additional physical quantities related to high-z baryon evo-
lution might be precious to shed light on the nature of dark
matter. In Fig. 7 the redshift evolution of the cosmological
stellar-mass density (p,) parameter Q, = p,/pocric has been
plotted for the different numerical simulations considered here
and compared to corresponding data at 6 < z S 16, as
derived from total stellar masses and survey volumes of a num-
ber of observational JWST programmes (Santini et al. 2023;
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