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Fig. 6. Expected dust-to-gas ratios, D/G, as a function of the total halo
mass for galaxies in the CDM, 3keV WDM, and 2keV WDM fiducial
runs (top) and corresponding relation with the local SFR (bottom).

Adams et al. 2023; Finkelstein et al. 2022; Donnan et al. 2023).
Since the observed samples are affected by completeness issues,
cosmological stellar-mass values shall be considered as lower
limits for the actual ones. By comparing JWST-inferred Q, data
and simulation data, we see a generally increasing trend with
time, as a consequence of cosmological structure growth (and
consistently with the SFRD shown in Fig. 2). There are obvi-
ous differences in the high-redshift (z > 10) window. While both
fiducial and basic CDM simulation results are consistent with
JWST data, 2keV WDM values are below all the z = 9.5 lower
limits, independently of the details of the physical implementa-
tion or resolution. This is in tension with WDM with particle
masses mypy < 2keV. For the 3keV WDM case it is not pos-
sible to give definitive assessments, with any conclusion being
degenerate with the uncertainties on stellar masses at high z
(Santini et al. 2023; Finkelstein et al. 2022).

A complementary point of view is given by the redshift evo-
lution of the H, mass density (py,) parameter Qu, = pu,/00.crit
for the different dark-matter models and compared to available
constraints at z ~ 6-7 (Riechers et al. 2020), in the right panel
of the figure. We note that H, is a powerful tracer of primordial
structure formation and a major indicator of cold-gas collapse at
all cosmic epochs. Since it is very sensitive to several physical
and chemical processes (gas thermal state, chemical composi-
tion, dust content), its investigation is useful to understand the
origin of primordial galaxies and rule out non-performing mod-
els. As it is clear from the trends, the fiducial CDM and 3 keV
WDM results are in line with VLA constraints, while the 2 keV
WDM scenario under-predicts Qp,. For all the models consid-
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ered Qy, evolution is very similar at z > 14, as cosmic gas has
not formed significant amounts of molecules yet, and star for-
mation can take place only in a few (larger at the time) haloes.
While the growth of cosmic structures proceed, more and more
gas condenses and forms H, as is visible from the Qy, behaviour
at lower z.

It is important to stress that the conclusions about CDM and

WDM are based on the detailed implementation employed here.
A simpler (basic) modelling would suggest misleading results,
with smaller Qy, values for all dark-matter scenarios and for any
z 2 7. The plot also highlights that changes due to an improved
description can be comparable to or larger than the ones induced
by a finer resolution, as results, for example, from the trends in
the basic, fiducial, and HR CDM/WDM runs.
Finally, we briefly discuss a couple of possible probes that, in the
future, might help disentangle the nature of dark matter. Informa-
tion about CDM and WDM implications for cosmic structures
could be given by the overall evolution of the cumulative number
counts of stellar (potentially visible) objects with mass above a
fixed threshold. In Fig. 8 we show predicted simulation results in
the fiducial CDM and WDM runs for two different stellar-mass
thresholds: 107 My/h and 10* My /h. As is visible in the figure,
the discrepancies of galaxy counts are of about 1 dex at z > 10
when a minimum stellar-mass threshold of 107 M/ is assumed
(left panel) and reach 2 dex when a more extreme threshold of
10* My /h is considered (right panel). At lower z, differences are
smaller, but they can persist down to z = 6. In the future, once
more data will have been collected by JWST and other upcoming
facilities, it will be possible to pose more stringent limits, possi-
bly at fraction of keV levels, on different scenarios by exploiting
such trends.

Another interesting opportunity to pose constraints on dark
matter is linked to the observable signatures of early CO emis-
sion. We note that CO is a strong emitter of galactic gas and
its signal has been detected up to z ~ 7 (with e.g., ALMA,
VLA, NOEMA, etc.). In Fig. 9 we show the expected CO lumi-
nosity, Lco, as a function of the halo total mass, derived for
CDM, 3keV WDM, and 2 keV WDM cosmologies according to
Bolatto et al. (2013). For the sake of clarity, we only considered
the galaxy populations expected in the fiducial runs at z ~ 7.3, 9,
and 11. The general behaviour is similar in all the models, with
scattered points at lower masses (<10° M) and a roughly lin-
ear trend as an upper limit. The scatter is due to the buildup of
the molecular content in the haloes that are just hosting gas col-
lapse and primordial star formation, while more evolved struc-
tures have already converted a significant fraction of atomic
gas into molecules. The latter delimits the Lcop-mass relation,
which holds for both CDM and WDM galaxies. Although the
physical process is qualitatively the same, typical timescales
change. Indeed, spectral suppression in WDM scenarios induces
delays in halo formation and cosmic-gas collapse, during which
molecules are formed. So, the resulting Lco signal is tightly
bound to the underlying nature of dark matter and the impacts of
CDM versus WDM are particularly visible at early times. WDM
small-scale suppression is recognizable at z > 9, when, below
10° M, there is a deficit in the expected Lco emission up to a
few dex (right panel at z = 11). At that time, CDM galaxies have
already had enough time to complete molecule formation, while
2keV WDM galaxies feature poorer number statistics and lower
molecular content. The 3keV WDM case expects galaxies that
are in more advanced stages, but that have not reached the CDM
ones, yet. By the first half billion years (z = 9, central panel), the
trends start to converge and at z = 7.3 (left panel) different mod-
els are basically indistinguishable, since the original differences
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between CDM and WDM are erased by the ongoing feedback
effects. This catchup takes place in only a few hundreds of mil-
lion years. For this reason although challenging, tight constraints
on the nature of dark matter might come through detection of CO
emission at very early times.

4. Discussion and conclusions

In this work we have exploited the latest JWST observational
determinations and novel up-to-date numerical simulations to
put constraints on the nature of dark matter from high-redshift
observations. We have compared the latest JWST-inferred high-z
star formation estimates (Santini et al. 2023; Donnan et al. 2023;
Finkelstein et al. 2022; Adams et al. 2023; Harikane et al. 2023;

Bouwens et al. 2022) with a set of non-equilibrium hydrody-
namical simulations which incorporate the new, rich, and accu-
rate modelling of cosmic structure formation at early times by
Maio et al. (2022). This attempt is the first one to try to set
constraints on WDM by combining such modelling with state-
of-the-art JWST observations at extremely high redshift. Previ-
ous works based on high-redshift hydro-simulations have either
neglected a fully complete modelling of primordial gas and
structures in CDM and WDM or had no or little data support
for the primordial regimes probed by JWST.

We contrast galaxy buildup in the standard CDM model
against two models with 2 and 3keV WDM, respectively.
We adopted cosmological matter density and expansion
parameters that are consistent with both the standard
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model and WMAP data. The latest Planck measurements
(Planck Collaboration XVI ~ 2014;  Planck Collaboration VI
2020) suggest slightly different values, while spectral param-
eters are similar. This is an important point, because early
structure formation and halo mass functions are mostly affected
by variations in og which is consistently constrained by the
aforementioned experiments. Thus, changing the initial param-
eter set does not lead to appreciable differences in our results
and the overall trends are preserved (see also discussions in e.g.,
Maio et al. 2010, 2011a).

We generated initial conditions at high redshift via cosmo-
logical linear perturbation theory, which is well suited for such
early regimes. Coherent supersonic flows of the baryons relative
to the underlying dark-matter distribution on megaparsec scales
are caused by higher-order corrections accounting for the advec-
tion of small-scale perturbations by large-scale velocity flows
after decoupling. However, we have verified that, independently
from the initial redshift (ranging between z = 100 and z = 1020),
the implications of such bulk motions have no impact on the
masses in the epoch studied in this work (Maio et al. 2011b).

As is typically done, we assumed that the statistical dis-
tribution of the primordial matter perturbation field is Gaus-
sian. Deviations from Gaussianity could be present and could
enhance or dampen the occurrence of objects with a given
mass; nevertheless, the expected level of these primordial non-
Gaussianities is so small that possible implications on molecular
evolution, poplll and poplI-I star formation, metal enrichment,
gas temperature, and possibly detectable signals would be negli-
gible and dominated by baryon effects (Maio & Iannuzzi 2011;
Maio 2011; Maio & Khochfar 2012; Maio et al. 2012).

More critical uncertainties are about feedback processes and
their degeneracies with the nature of dark matter. Fortunately,
feedback effects usually have local impacts and alter the local
chemical and physical properties of cosmic objects. Although
their efficiency is poorly constrained, they play a significant role
at low z, when structure evolution is in more advanced stages
and possible dark-matter signatures have already been washed
out (Schneider et al. 2014). Primordial galaxies are young struc-
tures and have experienced little feedback effects; therefore, their
statistical occurrence is mainly driven by the underlying dark-
matter model. For this reason, the early Universe is a precious
window to test dark-matter models and, furthermore, calibrat-
ing feedback parameters in the low-z regime together with large
high-z data samples might make it possible to both break the
degeneracies and to provide hints on the late-time evolution of
cosmic structures.

Predicted stellar and molecular mass density parameters, as
well as star formation rate densities are consistent with early
results of JWST data at z > 7 and with previous VLA con-
straints at z ~ 7 in the CDM and 3 keV WDM scenarios. JWST
data do not show any hint of an excess of number densities
of bright galaxies at z > 7, compared to the standard model.
Thus, current data are neither in tension with cold dark matter
nor warm dark matter models with mwpym > 2keV. Current data
are mainly probing young, bright and rare objects, whose phys-
ical properties are remarkably similar in the different scenarios.
Consistently with the short cosmic time of the infant Universe,
these are expected to host little dust content. However, due to the
low-mass power suppression, the faint end of the UV luminosity
function flattens for lighter dark-matter particles, while the cor-
responding UV correlation function steepens significantly. These
two different observables, especially when used in combination,
can be extremely promising not only for constraining galaxy for-
mation models (van Daalen et al. 2016), but also for disentan-
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gling dark-matter scenarios by using faint high-z visible sources.
In the future, when more data for small, dim, high-z sources will
be available, further hints may come from number density statis-
tics and galactic CO emission luminosities.
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