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ABSTRACT

Context. The nature of dark matter (DM) is still debated. While cold DM (CDM) is the standard paradigm, warm DM (WDM)
composed of thermal relics may ease some small-scale tensions in the ACDM framework. Line-intensity mapping (LIM) offers a
novel probe of DM properties.

Aims. To explore the potential of LIM surveys in constraining the WDM particle mass (mwpy) by means of the [CII] power spectrum
(PS), we provide forecasts for the Deep Spectroscopic Survey (DSS) to be performed with the Fred Young Submillimeter Telescope
at z ~ 3.6 and extend the analysis to larger sky coverage, higher sensitivity, and/or increased spectral resolution.

Methods. We developed a formulation for the [C1I] PS based on the halo-model approach, incorporating the uncertainty in the
luminosity function (LF) through two alternative parameterisations, one optimistic and the other more conservative. We performed a
Bayesian analysis on mock data to derive constraints on mwpy.

Results. In a CDM universe, the DSS yields lower limits on mwpy, at a 95% credibility level, of 1.10keV and 0.58 keV when
considering the optimistic and pessimistic LF (@ = —1.1), respectively. Ambitious surveys can improve these figures to 5.82 keV and
1.90keV, and assuming a steeper faint-end slope (@ = —1.9) further boosts the constraints even beyond those obtained in the optimistic
scenario. A fivefold increase in spectral resolution enhances sensitivity to the damping scale associated with redshift-space distortions,
tightening the constraints on mwpwm by a factor of up to ~1.8. Finally, Bayesian inference on mock data with mwpy = 3 keV results in
a well-constrained and unbiased posterior only in futuristic survey setups.

Conclusions. Upcoming LIM surveys can provide meaningful limits on mwpy, although the negligible contribution from small haloes
reduces the constraining power of the [C11] PS. Future progress will benefit from combining multiple redshifts and emission lines,

opening the way to competitive constraints on the nature of DM.

Key words. methods: statistical — galaxies: high-redshift — galaxies: luminosity function, mass function — dark matter —

large-scale structure of Universe

1. Introduction

Over the past decade, line-intensity mapping (LIM) has gained
attention as a promising strategy to probe both the large-scale
distribution of matter and the galactic properties across cos-
mic time (see Kovetz et al. 2017; Bernal & Kovetz 2022, for
a general overview). While the 21 cm line remains the most
extensively studied tracer (see e.g. Morales & Wyithe 2010;
Pritchard & Loeb 2012; Liu & Shaw 2020), the scope of LIM
studies has rapidly broadened to include several other emission
lines, with multiple pathfinder surveys now operating or planned
across a wide range of wavelengths'.

Alongside this experimental progress, theoretical work
has explored how LIM observables relate to the physics of
reionisation and astrophysical properties (see e.g. Lidz et al.
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2009; Gong et al. 2012; Visbal et al. 2015; Comaschi & Ferrara
2016; Breysse & Rahman 2017; Breysse & Alexandroff 2019;
Sato-Polito et al. 2020; Zhou et al. 2021). For instance, the
amplitude and shape of the LIM power spectrum (PS) encode
information about the abundance, clustering, and luminosity dis-
tribution of the emitting galaxies. Therefore, the PS itself, in
combination with other statistics, provides a means to constrain
both the moments and parametric form of the luminosity func-
tion (LF), thus offering a new route to quantify galaxy properties
in the early Universe (see e.g. Liet al. 2016; Ihle et al. 2019;
Marcuzzo et al. 2025).

Beyond astrophysical applications, LIM is increasingly
being recognised as a tool with significant potential for
cosmological tests. Because the large-scale PS traces the
underlying matter distribution — modulated by biasing,
redshift-space distortions (RSDs), and emission properties — it
can be used to extract cosmological information (see e.g.
Karkare & Bird 2018; Moradinezhad Dizgah etal. 2019;
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Bernaletal. 2019; Moradinezhad Dizgah & Keating 2019;
Muiioz et al. 2020; Baueretal. 2021; Bernaletal. 2021;
Moradinezhad Dizgah et al. 2022a,b, 2024; Scott et al. 2023;
Adi et al. 2023; Fronenberg et al. 2024; Shmueli et al. 2025),
similar to galaxy clustering or the Lyman-« forest, but it extends
to fainter populations and less explored epochs. This makes LIM
particularly appealing for probing non-standard cosmological
scenarios (Karkare et al. 2022), despite the additional challenges
posed by line interlopers, bright continuum foregrounds, and
uncertainties in modelling the signal that remain more severe
than in mature observational probes (see e.g. Schaan & White
2021a,b, and references therein).

Continuing the endeavour of the community in identifying
possible applications of LIM in cosmological contexts, we inves-
tigate its potential to shed new light on the nature of dark mat-
ter (DM), one of the biggest unsolved problems in physics (see
Cirelli et al. 2024 for a recent review). In the standard model
of cosmology, DM is assumed to be ‘cold’, meaning that the
free-streaming length associated with its thermal velocity in
the matter-dominated era is negligibly small compared to the
linear size of the perturbations that lead to the formation of
dwarf galaxies. Popular particle candidates for cold DM (CDM)
include axions (Weinberg 1978; Preskill et al. 1983) — which
are non-thermally produced in the early Universe — and ther-
mal relics (e.g. Hochberg et al. 2014; Arcadi et al. 2018), which
decouple from thermal equilibrium with standard-model parti-
cles and freeze out during the radiation-dominated era. CDM
relics are non-relativistic when they decouple from the primor-
dial plasma and are thus trapped within the primordial density
perturbations produced during inflation.

Over time, some tensions have emerged between obser-
vations on sub-galactic scales and the predictions of the
CDM scenario based on N-body simulations (e.g. Bullock
& Boylan-Kolchin 2017, and references therein). Although
baryonic physics could mitigate the discrepancies, it is possi-
ble to devise a scenario in which the DM particles are rel-
ativistic at decoupling and become non-relativistic during the
radiation-dominated era. This causes the particles to freely
stream out of kiloparsec-scale potential wells, giving rise
to a cutoff in the linear matter PS relative to CDM (e.g.
Bond & Szalay 1983) and resulting in a deficit of small haloes
and delayed galaxy formation in low-mass systems — features
that can be probed observationally. This ‘warm’ DM (WDM,;
e.g. Bode et al. 2001; Viel et al. 2005) scenario can be tested
against observations using the flux PS of the Lyman-a forest
(Viel et al. 2013; IrSic et al. 2017b, 2024; Villasenor et al. 2023),
fluctuations in the density of cold stellar streams (Banik et al.
2021), dwarf-galaxy counts (Nadler etal. 2021), the gravi-
tational lensing of distant quasars (Gilman et al. 2020), and
combinations of these strategies (Zelko etal. 2022). Current
data put a lower bound on the mass of the WDM ther-
mal relics of a few kiloelectronvolts — at a 95% credibility
level (CL).

A probe that is directly sensitive to the abundance of low-
mass haloes is therefore particularly valuable since WDM pri-
marily modifies structure formation below a well-defined mass
scale. LIM is a natural candidate for these studies. Previous work
has explored the impact of WDM on the LIM signal of the
21 cm line during (Sitwell et al. 2014) and after (Carucci et al.
2015) reionisation. Somewhat counterintuitively, Carucci et al.
(2015) found enhanced 21 cm fluctuations in WDM relative to
CDM because the depletion of low-mass haloes, combined with
observational constraints on the cosmic abundance of neutral
hydrogen, shifts more HI into massive, highly biased haloes.
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However, they also concluded that SKA1-LOW would be unable
to distinguish WDM from CDM at z = 5 without several thou-
sand hours of integration. This limitation reflects astrophysical
considerations: In the post-reionisation Universe, diffuse gas in
haloes with M < 10° My, is expected to photoevaporate rapidly
due to insufficient self-shielding against the ultraviolet back-
ground (e.g. Rees 1986; Barkana & Loeb 1999). For WDM par-
ticle masses consistent with current limits, the associated cutoff
in the halo mass function (HMF) lies close to this evaporation
scale, implying that little 21 cm emission originates from the
low-mass CDM haloes absent in WDM.

These considerations motivate the exploration of tracers of
star-formation activity, such as [C11], CO rotational transitions,
and Balmer recombination emission. In particular, [CII] and
CO trace cold, dense gas associated with the inner star-forming
regions of galaxies — gas that is far less susceptible to photoevap-
oration and therefore provides a cleaner probe of the low-mass
structures where WDM and CDM predictions diverge most.
This expectation is supported by both theoretical and obser-
vational studies showing that reionisation primarily removes
diffuse, low-density gas from dwarf-galaxy haloes while leav-
ing the dense, self-shielded component largely intact. As a
result, star formation in low-mass systems is expected to taper
gradually rather than cease abruptly (Susa & Umemura 2004;
Hoeft et al. 2006; Okamoto & Frenk 2009; Sawala et al. 2012;
Simpson et al. 2013). Recent simulations further reveal that the
survival and re-ignition of star formation depend sensitively on
the retention of cold, dense gas and on halo concentration, with
some low-mass galaxies capable of initiating or renewing star
formation as late as z ~ 2 in favourable conditions (Moreno et al.
2026).

Observational evidence echoes this diversity. Nearby dwarfs
display a wide range of star-formation histories shaped by reioni-
sation, including systems that quenched early, systems that expe-
rienced delayed ignition, and ‘two-component’ galaxies where
old and young populations overlap (Benitez-Llambay et al.
2015). Deep JWST imaging of isolated low-mass galaxies, such
as Leo P, reveals early star formation followed by a long pause
after reionisation and a subsequent reignition at later times
(McQuinn et al. 2024). Complementary HST and VLA studies
of ultra-faint dwarfs near M31 show similarly varied behaviour:
Some quenched shortly after reionisation, while others formed
stars well into the post-reionisation era despite extremely low
present-day gas content (Jones et al. 2026). Even in isolated sys-
tems, spatially resolved JWST data reveal radial and azimuthal
variations in stellar age gradients consistent with localised star-
formation episodes triggered by the interaction of dense gas with
the surrounding medium (Cohen et al. 2025).

Taken together, these results emphasise that dense star-
forming gas can persist in low-mass haloes long after reion-
isation, making tracers such as [CII] ideal for probing the
small-scale structure most affected by WDM. In this work, we
investigate whether future ground-based LIM experiments tar-
geting the [C11] fine-structure line can provide competitive con-
straints on the WDM particle mass. The [C1I] transition arises
mainly in photon-dominated regions at the boundaries of molec-
ular clouds exposed to far-ultraviolet radiation, making it an
excellent probe of ongoing star formation. Although previous
estimates suggest that the [C1I] LIM signal at z =~ 5 is domi-
nated by haloes of 10''-10'> M, (Yue et al. 2015), contributions
from less massive galaxies may remain non-negligible, particu-
larly at lower redshifts. This makes the [C11] LIM PS a promis-
ing observable for constraining the abundance of the low-mass
haloes suppressed in WDM cosmologies.
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To explore the potential of this approach, we adopted a
representative observational setup based on the Deep Spectro-
scopic Survey (DSS), to be carried out with the 6 m Fred Young
Submillimeter Telescope (FYST) (CCAT-Prime Collaboration
2023). We selected this ground-based survey, already sched-
uled for deployment, as it offers a practical near-term route
to carrying out LIM observations. Thanks to its high and dry
location, which enables efficient sub-millimetre measurements,
combined with a wide field of view and fast mapping speed,
this setup provides both the sensitivity and the survey volume
required for a robust PS measurement. In addition, the DSS
is planned to target two fields that overlap with the Extended
Cosmic Evolution Survey (E-COSMOS; Aihara et al. 2018; see
also Scoville et al. 2007), the Extended Chandra Deep Field
South (E-CDFS; Lehmer et al. 2005), and the Hubble Ultra Deep
Field (H-UDF; Beckwith et al. 2006) survey areas, providing
an almost unique opportunity to obtain a comprehensive multi-
wavelength characterisation of the same underlying galaxy pop-
ulation. We assess how survey design choices — such as sky cov-
erage, instrumental sensitivity, and spectral resolution — affect
the constraining power of the [CII] LIM signal. Focusing on
a redshift window centred at z ~ 3.6, we evaluate the extent
to which the [CII] PS can reveal the small-scale suppression
that characterises WDM models, offering a novel and comple-
mentary path to probing the nature of DM beyond the CDM
paradigm.

To enable comparison with other results from the literature,
we also express our results in terms of fuzzy DM (FDM,; e.g.
IrSic et al. 2017a; Lazare et al. 2024), an alternative model in
which DM consists of ultra-light bosons that inhibit structure
formation on small scales due to quantum effects. This conver-
sion is possible because both WDM and FDM produce a charac-
teristic cutoff in the linear matter PS, albeit for different physical
reasons. By matching the half-mode wavenumbers (i.e. the scale
at which this suppression occurs), we can translate a constraint
on the WDM particle mass into an effective constraint on the
FDM boson mass. We note, however, that this correspondence is
approximate and model dependent.

The paper is organised as follows. Sect. 2 introduces WDM
and FDM scenarios, detailing how the beyond-CDM PS is
derived from its CDM counterpart. In Sect. 3 we briefly sum-
marise the halo-model formalism used to compute the LIM PS.
In Sect. 4 we consider the high-redshift [C11] LF and describe
the abundance-matching procedure used to connect halo masses
and [C 11]-line luminosities. Sect. 5 introduces the different sur-
vey setups considered throughout this work and presents the pre-
dicted [C11] PS with relative uncertainties. In Sect. 6 we outline
our Bayesian inference pipeline applied to mock data and report
the resulting constraints on the WDM particle mass. We show
their conversion to FDM as well. In Sect. 7, we discuss critical
aspects of our modelling and inference strategy, with particu-
lar attention given to the relative contribution of different halo
masses to the LIM signal and, consequently, to the impact of
varying the faint-end slope of the [CII] LF. Finally, in Sect. 8
we provide a summary of our findings and draw the main con-
clusions. The possibility of including other redshift bins and/or
emission lines is also taken into account.

We assumed a flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) cosmology, adopting 4 = 0.674 for the dimensionless
Hubble parameter. The present-day density parameters are set to
Q= 0.315 for matter, Qp, = 0.049 for baryons, and Q4 = 0.685
for the cosmological constant. The primordial PS of density
fluctuations is described by a spectral index ng = 0.965 and a
normalisation og = 0.811. The linear matter PS in the CDM

scenario, Pcpy, is obtained using the Code for Anisotropies in
the Microwave Background (CAMB;? Lewis et al. 2000).

2. Cold, warm, and fuzzy dark matter

Fermionic DM of mass mwpm ~ keV/c? produced in thermal
equilibrium results in suppressed small-scale clustering with
respect to CDM. This is because the DM particles are relativis-
tic at production and free stream out of primordial perturbations
within a mass-dependent characteristic scale. We parameterised
the damping in the linear matter PS as

Pywpm(k) = T(k) Pcom(k) » (1
where (e.g. Viel et al. 2005)
T = [1+ @], @)

with v = 1.12 and

-1.11
7 =0.049 (’"WDM) ( m

0.11 h 1.22
Sfm o -1
TkeV 0.25) (0.7) i Mpe. G

This was obtained by fitting the output of Boltzmann codes for
wavenumbers k < 5hMpc'.

For both CDM and WDM models, we computed the
HMF and linear bias by using the fits to numerical simu-
lations (Sheth & Tormen 1999; Sheth et al. 2001). Following
Parimbelli et al. (2021), we determined the linear mass variance
smoothed on the halo scale with the so-called smooth-k window
function, which avoids the excess of low-mass haloes predicted
by the standard top-hat filter in models with a small-scale cutoff
while providing a reasonable fit to N-body simulation results:

— -1
W(k) = [1+ (R, “)
with 85 = 4.8 and Ry = 3.37! 3/3M/(4np,,), where M denotes
the halo mass and pp, is the mean comoving matter density. For
completeness, we include in Appendix A a graphical illustration
of the effects of WDM relative to CDM on the PS, HMF, and
halo bias.

We also considered the possibility that DM is made of ultra-
light bosons with kiloparsec-scale De Broglie wavelengths, the
FDM. In this case, we determined the mass of the FDM particles,
mppM, through the relation (Hu et al. 2000)

" 2 4/9
FDM _
) Mpc ! s

10-2eV ©)

kos = 4.5 (

with T%(kos) = 0.5.

3. The theoretical [C 1] power spectrum

We describe the large-scale [CIT] intensity fluctuations using the
halo-model formalism, which provides a physically motivated
framework for linking the statistical properties of matter to those
of the underlying halo population (Cooray & Sheth 2002). This
approach has been extensively applied to LIM, where the line
emission is connected to haloes through empirically or theoreti-
cally motivated luminosity—mass relations (e.g. Silva et al. 2015;
Gong et al. 2017). A summary of the main aspects of our imple-
mentation is presented below, while further details and related

2 https://camb.info/
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prescriptions can be found in Marcuzzo et al. (2025, M25 here-
after).

Under the assumption that line emission occurs in DM
haloes and neglecting absorption and scattering, the mean spe-
cific intensity observed at redshift z for a transition with rest-
frame frequency v is given by
I,(2) =

pL() (6)

c
AmH(2) vir
where pp.(z) is the mean comoving luminosity density, i.e. the
first moment of the LF.

To relate galaxy luminosities to halo properties, we introduce
the conditional luminosity function (CLF), ¢(L|M,z), which
quantifies the average number of galaxies with luminosity L
inside haloes of mass M at redshift z. This allows one to express
the LF as

00 d—
O(L,2) = f S(LIM, ) =2(M, 2) dM . (7
0 dM
We further define the n-th moments of the CLF as
(M, z) = f L" (LM, z)dL , (®
0

which correspond to the total L"-weighted luminosity in haloes
of mass M. For instance, 17; gives the mean total [C IT] luminosity
at a fixed halo mass, and thus the mean emissivity becomes

00 d—
pL@) = fo m(M.z) d—’;;w, DdM . ©)

These moments capture the distribution of line luminosities
within haloes of varying mass and play a central role in the fol-
lowing determination of the LIM PS model.

Under the assumptions of linear biasing, Poisson statistics,
and the distant-observer approximation, the redshift-space PS of
intensity fluctuations can be decomposed as

P(k, M, Z) = Pclust(kal«l, Z) + Pshot(z) 5 (10)

where Py describes the large-scale clustering and Pgpo
accounts for the shot noise due to the discrete nature of sources.
Moreover, u = k - i1 is the cosine of the angle between the
wavevector and the line of sight.

On large scales, the clustering term is sourced by biased, lin-
early evolving tracers of the matter field and can be modelled as
follows:

72 212

Ptk p.2) = I2(2) [b@) + f@p?] Dl pr.2) Pulko2) . (11)
where b(z) denotes the luminosity-weighted linear bias, f(z)
the linear growth rate, and Py, (k, z) the linear matter PS, taken
as Pcpy or Pwpm depending on the underlying cosmological
model. The damping function D, which models RSDs, can be
parameterised using various functional forms. In this work, we
adopt the squared Lorentzian form,

(kuo)? 1
: ] : (12)

Dk, p,z) = [1 +

although our conclusions do not significantly change if a dif-
ferent commonly used shape is employed. The parameter o
indicates a characteristic comoving displacement that encodes
the strength of the damping generated by the RSDs, which is
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expected to be roughly comparable to the pairwise velocity dis-
persion scaled by (aH)~!. Finally, the luminosity-weighted bias,
b(z), can be expressed in terms of o, as

1 o0 dny,
b(z =_—f M,2)bp(M,7) — (M, z) dM. 13
(2) 523 Jo MM, 2) bo(M. 2) (M. 2) (13)
On the other hand, the shot-noise component is given by
I}(2)
Pahot(z) = = s (14)
Tier (2)

where 7. is the effective number density of emitters and can be
defined as

1

neff(Z)—[pL(Z)fO Tiz(M,Z)dM(M,Z)dM . (15)

4. Mass—luminosity relation for [C ] emitters

Building on the halo—galaxy connection for [C IT] emitters iden-
tified in the MARIGOLD simulations (Khatri et al. 2025), and
following the methodology of M25, we assigned a [C1I] lumi-
nosity, L, to each halo via abundance matching, assuming L
increases monotonically with halo mass. This procedure implic-
itly assumes that [C II] emission is dominated by a single source
per halo and neglects scatter in luminosity at fixed mass.

To implement this procedure, one requires the LF of [C1I]
emitters at the relevant redshift. Despite recent observational
progress, this function remains highly uncertain owing to the
limited number of detections currently available. We therefore
relied on model predictions calibrated against existing measure-
ments to construct a plausible LF, which serves as the basis for
the abundance-matching relation.

We modelled the [C11] LF using the Schechter form

d I+a L
\P(L)E—HZ‘P* — expl-—| ,
dlog,, L L. L,

where ¥., L., and a denote the normalisation, characteris-
tic luminosity, and faint-end slope, respectively. To bracket
the current observational uncertainties, we adopted two par-
allel LF parameterisations (see Fig. 1 in M25). The first
is a high-normalisation, or ‘optimistic’, model based on the
multi-wavelength and multi-redshift fit of Yanetal. (2020).
The second is a low-normalisation, or ‘pessimistic’3, model
obtained by fitting only the targeted sample from the ALPINE
[Cu] survey (Le Fevreetal. 2020; Béthermin et al. 2020;
Faisst et al. 2020). For the optimistic and pessimistic cases,
we used (., L,,a) = (1039 Mpc=3dex ', 10%5 Ly, —1.1) and
(107392 Mpc 3 dex”', 10873 Lo, —1.1), respectively. These two
parameterisations define the fiducial models analysed through-
out this work. To assess the sensitivity of our results to the
assumed faint-end shape, we additionally performed a series
of fits to the ALPINE data with fixed slopes in the range a €
[-1.9,-0.5].

In our abundance-matching procedure, the observed [CII]
LF was used as a constraint that both cosmological scenar-
ios must satisfy. Since the LF is an empirical property of the
galaxy population, its bright end must be reproduced in both
CDM and WDM. Only the faint end is allowed to differ between

(16)

3 We refer to this model as ‘pessimistic’ because it is derived from a
targeted survey (ALPINE), where incomplete sampling of the galaxy
population may lead to an underestimation of the true LF.
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Fig. 1. [C11] luminosity—halo mass relation inferred from abundance matching. In both panels, the solid lines correspond to the L(M) relations
derived from our Schechter fits to the ALPINE data with fixed values for a. The dashed red line is based on the fit by Yan et al. (2020, Y20). The
left and right panels assume a CDM and a 0.5 keV HMEF, respectively (see Appendix A for a direct comparison between the two scenarios). In
the left panel, for comparison, the dot-dashed black line indicates the L(M) relation obtained by Silva et al. (2015, S15), while the dotted gold and
dark gold lines show results from the MARIGOLD simulations (Khatri et al. 2025, K25) at z = 5 and z = 4, respectively.

the two models, as it is not yet well constrained observation-
ally and naturally reflects the differing halo abundances pre-
dicted by each cosmology. The resulting abundance-matching
relations are shown in Fig. 1 for the two DM scenarios (left:
CDM; right: WDM). The WDM case adopts an extreme particle
mass of 0.5 keV to maximise the contrast with CDM. Unless the
faint-end slope of the LF is very shallow, the scarcity of low-
mass haloes in WDM implies the existence of a minimum [C 1]
luminosity: There are simply not enough haloes to host galaxies
below this threshold. As a result, the abundance matching can-
not be fully satisfied, and the input LF must be truncated in the
WDM case (see Fig. 2). This minimum luminosity corresponds
to the horizontal asymptotes of the L(M) relation at low halo
masses. This feature partly reflects our assumption of one source
per halo, but it arises primarily because the WDM HMF turns
over and rapidly declines at low masses (see Appendix A). The
resulting plateau in the L(M) relation is therefore an artefact of
the abundance-matching procedure, signalling the drop in halo
abundance rather than a physical property of the luminosity—
mass relation. In the halo model of Sect. 3, the effective PS com-
ponents depend on the product L(M) dn,/dM, so the fall-off of
the HMF further suppresses the contribution from these low-
mass systems. Finally, while combining L(M) with the CDM
HMF reproduces the LF across all luminosities, in WDM sce-
narios this reconstruction is only possible down to the mini-
mum luminosity associated with the L(M) plateau. Below this
point the predicted abundance drops sharply, as shown in Fig. 2,
reflecting the underlying paucity of low-mass haloes.

5. The ‘observed’ [C 1] power spectrum

In this section, we present predictions for the [C1I] LIM PS that
will be observed with the FYST DSS at z ~ 3.6 and explore
how it is affected by changes in the nature of DM. All techni-
cal aspects concerning observational setup, instrumental effects,
foreground removal, and PS error estimation follow the method-
ology outlined in M25; here we only summarise the key ele-
ments and refer the reader to that work for further details. In
our baseline configuration, a 16 deg” patch of sky is mapped
with a total integration time of 8000 hours, a spectral resolu-

1072} —=- CDM
WDM
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Fig. 2. Reconstructed [C 11] LFs obtained by combining the abundance-
matched L(M) relations with the HMFs of the CDM and WDM cos-
mologies. The figure uses the LF of our optimistic case and adopts a
WDM particle mass of 0.5 keV. While the CDM model reproduces the
input LF across all luminosities, the WDM case shows a sharp downturn
at the faint end, reflecting the dearth of low-mass haloes and the cor-
responding minimum luminosity imposed by the abundance-matching
procedure.

tion of R = 100, and thus a resulting white-noise level of
Pwn = 2.4 x 10" =3 Mpc? Jy? sr~2. In the remainder of this
paper, we refer to this configuration as ‘reference setup’.

To investigate the dependence of the results on survey
design, we considered variations in sky coverage, sensitivity and
spectral resolution (R). Specifically, we analysed configurations
with areas of 160 deg®, 1600 deg®, and half of the sky. In paral-
lel, we examined a scenario where the instrumental sensitivity is
enhanced by a factor of V10, leading to a tenfold reduction in
Pwn. Finally, we assessed the performance of a futuristic instru-
ment with improved resolution, increasing R to 500 and rescaling
the total survey time accordingly.

To obtain a realistic estimate of the observed [CII] PS,
we started from its theoretical definition given in Eq. (10) and
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Fig. 3. Predicted [C11] PS. Left: A%(k,z ~ 3.6) computed in the CDM scenario for our optimistic (solid red line) and pessimistic (solid blue line)
cases for @ = —1.1. The shaded areas represent the associated statistical uncertainty as for our survey reference setup. The dotted line is a graphical
representation of the white-noise level, Pwy, while the dashed and dot-dashed lines refer to the clustering and shot-noise components, respectively.
Right: ratio between the WDM and CDM power spectra. The dashed and dotted black lines correspond to WDM models with mwpy = 10keV
and 0.5 keV, respectively. The shaded regions reflect the CDM uncertainties from the left panel. In both panels, the markers illustrate the adopted

binning scheme.

related equations, incorporating the instrumental effects through
the following expression:

Pobs(k’ M Z) = P(knuv Z) WJ_(knu) ‘/VH(k»H) s (17)

where W, (k, 1) accounts for the Gaussian smoothing due to the
telescope beam, and W /(k, i) describes the Lorentzian damping
introduced by the finite spectral resolution. We then defined the
direction-averaged PS (i.e. the monopole moment) as

s Pows (K, 1, 7) dpt

P() (k, Z) — Hmin — d ,

'Hmin

(18)

where fmin = Kl /k and fimex = min(1, kb, /k), with &! and &b,
being the fundamental and maximum wavenumbers along the
line of sight, respectively. The integration limits were selected
from the full range [0, 1] to approximately mitigate continuum
foregrounds* and to account for the effects of finite spectral res-
olution.

The associated uncertainty is given by

Py(k) + Pwn
VARG

where N,, denotes the number of independent Fourier modes
contributing to each k-bin and can be defined as

o p, (k) = 19)

min(k, Kinay) k Ak Viars
4n? ’

with V,, being the survey volume. For practical purposes, we

evaluated Py and op, in discrete k-bins with fixed width Ak.

Throughout the analysis, we adopted Ak = 5 klfl, but we have
verified that our results are not sensitive to this specific choice.

Np(k) =

(20)

* Continuum foregrounds primarily affect modes with small line-of-
sight components, i.e. k; ~ 0 (see e.g. Switzer et al. 2019; Zhou et al.
2023). As for line interloper contamination, it is expected to be mild
above 350 GHz, with fewer than 10% of voxels affected at 410 GHz (see
e.g. Karoumpis et al. 2024); we therefore neglect it in our forecasts.
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Fig. 3 (left panel) displays the predicted [C 11] PS for the ref-
erence setup. We plot the quantity A%, which is connected to P
in Eq. (18) via the following relation:

3

k
A(k,2) = 53 Pok ),

2D
Solid lines represent the theoretical model, while shaded regions
denote the statistical uncertainty derived from Eq. (19). Red
and blue curves correspond to our optimistic and pessimistic
LF assumptions, respectively, both adopting a faint-end slope of
a = —1.1. The discrete points overlaid on each curve indicate the
binned measurements resulting from the actual k-binning proce-
dure.

The right panel of Fig. 3 shows the ratio of the WDM and
CDM power spectra, focusing on the two most extreme WDM
scenarios considered in our Bayesian analysis (see Sect. 06).
Specifically, these examples were selected to show how mod-
els associated with very different WDM particle masses com-
pare to the CDM prediction. We underline that the higher signal
amplitude found in WDM scenarios results from an L(M) rela-
tion that exceeds the CDM counterpart at halo masses around
the HMF cutoff, where the reduced abundance of WDM haloes
is compensated by their higher luminosities. This follows from
the requirement that both models reproduce the observed bright
end of the [C11] LF, thereby raising the WDM luminosities at
intermediate halo masses (i.e. 10''—10'2 4~! M). Because these
masses also provide the bulk of the [CII] PS contribution (see
Fig. 8), this compensation directly affects the overall amplitude.
As already mentioned in the Introduction, an analogous feature
has also been reported in HI studies (Carucci et al. 2015). This
behaviour is further examined in Sect. 7.1, where we discuss the
modelling choices and assumptions that lead to this outcome.

6. Bayesian inference

We investigate the potential of [C1I] PS measurements to con-
strain the nature of DM through a Bayesian analysis on mock
observations. The focus is on two key parameters: the WDM par-
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ticle mass, mwpm, and the line-of-sight displacement, o, which
partially encapsulates the effect of RSDs. The statistical frame-
work follows standard practice and employs a Gaussian likeli-
hood function:

1 D; — My(0)]?
£(0|D) oC exp {—E Z %} N

1

(22)

with 6 = {0, mwpm} being the model parameters, D = {D;} the
mock data’ (i.e. the [C1I] PS monopole evaluated in k;-bins), M;
the corresponding model predictions for a given parameter set,
and o; the statistical uncertainties, when the covariance matrix
is assumed to be diagonal.

In Section 6.1, we assume CDM as the true underlying model
and assess which lower bounds on mwpy can be placed at a 95%
CL by fitting the mock data with WDM-based models, thus rul-
ing out excessively warm scenarios. In Section 6.2, we consider
data generated with mwpym = 3keV and examine whether the
true mass can be successfully recovered with both upper and
lower limits.

When producing the mock data, a fiducial value of o =
3 h~! Mpc was adopted to describe the damping caused by RSDs
along the line of sight, following the rationale provided in
Sect. 4.6 of M25. Throughout the analysis, the LF parameters
were assumed to be precisely known from independent obser-
vations. Results are presented for both our optimistic and pes-
simistic LFs with a faint-end slope @ = —1.1. We assess how the
constraints vary under improvements in survey area, sensitivity,
and spectral resolution as discussed in Sect. 5.

6.1. CDM-generated data

In this section, we consider mock data generated under a CDM
cosmology, aiming to determine a lower limit for the WDM par-
ticle mass across different survey configurations and LF assump-
tions.

A flat prior was imposed on the displacement parameter o
within the interval [0.2, 5] 4! Mpc. The prior range for o spans
values typical of central galaxies in low-mass haloes up to those
representative of satellite systems, including contributions from
internal gas dynamics and large-scale relative motions. As our
main focus is on mwpy, we marginalised the posterior distri-
butions over o in order to get the final constraints. For the
WDM particle mass, mwpy, we considered values above 0.5 keV
because lower masses are strongly disfavoured by existing con-
straints from galaxy clustering, Lyman-a forest, and reionisation
(e.g. Menci et al. 2012; Dayal et al. 2017; IrSic et al. 2017b).

Performing statistical inference on mwpy in a CDM uni-
verse requires particular care as the CDM case formally corre-
sponds to the limit mwpy — +oo. In the literature, this is com-
monly addressed by reparameterising the problem in terms of the
inverse particle mass w = (mwpm/keV)™' (e.g. Markovic et al.
2011; Smith & Markovic 2011; IrSi¢ et al. 2017b, 2024; Enzi
et al. 2021; Rudakovskyi et al. 2021; Villasenor et al. 2023). A
flat prior in w then corresponds to an informative prior in mwpm
that scales as My, < m\‘NzDM, thereby assigning higher a pri-

ori probability to lower particle masses®. Since current observa-

5 In our analysis, producing mock data means treating a halo-model
PS prediction computed for a given set of parameters as the underlying
truth rather than generating full simulated intensity maps.

% In general, a prior 7, o w’ corresponds to Togom € Myypy With
y=-(B+2)

tions can only provide lower limits on mwpy;, this choice can be
regarded as conservative.

Several authors (e.g. Rudakovskyi et al. 2021; Villasenor
et al. 2023) have examined the dependence of their results on
the prior by instead adopting a uniform distribution in mwpm,
truncated at a finite maximum value my,, >~ 10keV. This range
necessarily excludes the formal CDM limit, as including it would
require an improper prior. In practice, the marginalised likeli-
hood from current datasets is insensitive to larger mwpy values,
since they yield predictions indistinguishable from CDM within
measurement uncertainties. However, when setting a lower limit
on mypy at a fixed CL (e.g. 95%), the result inevitably depends
on myl,, through the posterior normalisation. Consequently,
the inferred lower bound can be artificially shifted by changing
mypy (see Appendix B for an illustrative example).

To assess the sensitivity of our analysis to prior assumptions,
we explored several alternative forms. Motivated by the absence
of a physically preferred parameterisation, we adopted a family
of priors , oc w? with a uniform hyperprior on 8 € [-0.9,0],
where the upper limit 8 = 0 corresponds to the commonly used
flat prior in w. It is worth noting that the case 8 — —1 approaches
a flat prior in the logarithm of mypy/keV (y = —1), which can-
not be realised exactly because it would be improper; for this rea-
son, we restricted the hyperprior range to values slightly above
—1. Over the selected domain w € (0, 2], the normalised prior

distribution with a fixed value of 8 can be expressed as

_1+B

mo = S’ (23)

In the remainder of the analysis, all results are presented after
marginalising over the hyperprior, which is equivalent to using

=D -@2/w)*(=09y +y—1)
v 1.8y2 ’

(24)

with y = In(w/2). This prior probability distribution has its 95%
percentile at w =~ 1.821, corresponding to mwpy =~ 0.549 keV.

We also tested a (regularised) two-dimensional Jeffreys prior,
proportional to the square root of the determinant of the Fisher
information matrix, which ensures reparameterisation invariance
but is not necessarily non-informative. In our setup, the Fisher
information decreases rapidly for mypy = 10keV, as the pre-
dicted power spectra become increasingly insensitive to the par-
ticle mass. As a result, the Jeffreys prior suppresses the region
corresponding to the CDM limit (w — 0) used to generate the
mock data, effectively penalising the true model. This suppres-
sion shifts the posterior peak away from both the likelihood max-
imum and the fiducial parameters. Since this shift reflects the
structure of the prior rather than information contained in the
data, we do not show results obtained with the Jeffreys prior. For
completeness, we note that the resulting lower bounds on mwpm
are weaker by a factor of 1.2-1.3, depending on the configura-
tion considered.

As anticipated, we performed the analysis considering both
the optimistic and pessimistic LF assumptions, each charac-
terised by a faint-end slope of @ = —1.1. In all cases, we find
that WDM masses above 10keV are virtually indistinguishable
from CDM at the scales probed by LIM. The left panel of Fig. 4
illustrates a representative two-dimensional likelihood ratio, £ =
L(0|D)/ L(Ovesi i/ D), in the optimistic scenario, assuming the
reference survey configuration. The likelihood contours reveal
that WDM models with low mwpy values can still provide
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distribution for w.

excellent fits to the CDM mock data, provided the displacement
parameter o associated with RSDs is sufficiently large. This
reflects a partial degeneracy between the impact of the warm
nature of DM and that of the line-of-sight velocity dispersion:
Low particle masses enhance power, while large values of o sup-
press it, allowing the two effects to partially cancel out. This cor-
relation is exacerbated by the limited spectral resolution, which
smooths out small-scale features and makes it difficult to dis-
entangle the scale-dependent damping induced by RSDs from
the effects of varying mwpm. Indeed, the central panel of Fig. 4
demonstrates how the degeneracy mwpy—o is mitigated when
adopting a higher spectral resolving power, R = 500, while
keeping the same survey area and instrumental sensitivity. As
discussed in M25, increasing R diminishes the effect of spectral
smoothing to a level comparable with that of RSDs. This leads
to a more accurate estimation of o and significantly weakens its
degeneracy with mwpm.

The compensation mechanism introduced above is further
illustrated in the right panel of Fig. 4, where we compare the
fractional difference in the PS signal relative to the fiducial CDM
PS (dotted red line) and related uncertainty (shaded region) for
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three representative cases: (i) a CDM model with o = 5 h~! Mpc
(solid grey line), corresponding to the upper bound of the prior;
(i) a 1keV model with o = 3/~ Mpc (solid dark green line),
matching the fiducial value for o used to generate the mock
data; and (iii) a 1keV model with o = 5h~! Mpc (solid purple
line). The resulting ¢ values (0.32, 0.26, and 0.94, respectively)
highlight how the interplay between the two parameters of the
mwpm—0 plane can yield to good fits even in extreme WDM
cosmologies.

Fig. 5 shows representative examples of the posterior distri-
bution for w, marginalised over 0. The left panel corresponds to
a prior with fixed § = 0, while the right panel uses the effec-
tive prior obtained after marginalising over the hyperparameter
. In both cases, the posterior closely follows the shape of the
prior at small values of w, where the data provide essentially
no constraining power. With 8 = 0, the posterior approaches a
finite plateau as w — 0, whereas the S-marginalised prior leads
to a posterior that diverges in this limit, although it remains nor-
malisable. Importantly, this difference has no practical impact on
our analysis: The high-w tail, which drives the 95% CL, is only
marginally affected by the choice of prior. This also confirms that
our results do not depend on the arbitrary upper bound of w = 2
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Fig. 6. Lower bounds on mwpy (top) and mppy (bottom) for R = 100.
The pessimistic case is represented by the blue squares, while the
optimistic case is denoted by the red diamonds. Filled markers corre-
spond to the reference sensitivity; empty markers indicate a sensitiv-
ity increased by a factor of V10 (i.e. a white-noise PS decreased by
a factor of ten). Shown for reference are the dashed green and dotted
orange lines, marking the lower bounds inferred by Ir$ic et al. (2024)
and IrSic et al. (2017a), respectively.

(mwpm = 0.5 keV). In this region, the likelihood strongly sup-
presses low masses, ensuring that the posterior constraints are
dominated by the data rather than by prior assumptions.

The resulting constraints, obtained for R = 100 and
marginalised over S, for all four considered survey areas, and
under both sensitivity settings, are summarised in the top panel
of Fig. 6. The bottom panel displays how our limits on mwpm
map onto FDM constraints via Eq. (5). For comparison, Fig. 6
also shows the current limits from Lyman-a forest analyses’
(IrSic et al. 2017a, 2024), which are broadly comparable to those
obtained for our 1600 deg? configuration with improved sensitiv-
ity. We note, however, that the constraining power of the [C1I]
LIM PS can be further enhanced by incorporating multiple red-
shift bins and/or additional emission lines (see Sect. 8).

6.2. 3keV WDM-generated data

We generated mock data using a WDM model with mwpy =
3keV to determine whether this particle mass can be reliably
recovered within our Bayesian framework, thereby setting both
lower and upper bounds. We applied the priors on o and mwpm
as described in Sect. 6.1.

For most survey configurations, £ remains significantly non-
zero even for the CDM scenario (mwpy — ©0). As a result,

7 This comparison is not strictly fitting, since our inference was carried
out on simulated CDM data, whereas the Lyman-« constraints are based
on real observational measurements.

we cannot set meaningful upper limits at the 95% CL, as CDM
remains consistent with the 3 keV mock data within the errors,
in line with the findings discussed in the previous subsection.
Under favourable survey setups, however, the likelihood con-
strains both parameters tightly, allowing us to determine both
upper and lower bounds on mwpym. An illustrative example is
presented in Fig. 7, where we show the 2D ¢ and the posterior
marginalised over o as computed in the optimistic scenario for
a survey with R = 500, Pwn = 2.4 x 10° =3 Mpc? Jy? sr_z,
and a sky coverage of 1600 deg”. In this case, uniform priors
on mwpMm can be safely adopted, without any additional treat-
ment of the CDM limit. The resulting posterior and correspond-
ing constraints at 95% CL (i.e. 2.62 < mwpm [keV] < 4.54) are
displayed as dark-green lines in the right-hand panel. For com-
parison, we overplot in orange those obtained by assuming a uni-
form prior on w = 1/mwpm. Both approaches produce similar
results, although the latter slightly favours lower particle masses
as expected from the discussion in Sect. 6.1.

7. Impact of the faint-end slope

In this section, we critically assess the robustness of our results
by examining how key modelling choices influence the inferred
constraints on mwpum, focusing on the CDM-generated data. We
analyse the relative contribution of different halo mass scales to
the LIM components, and investigate the role of the faint-end
slope of the LF, exploring how variations in @ and correlated
Schechter parameters impact the signal and the subsequent sta-
tistical inference in the two cosmological scenarios.

7.1. Differential contributions by halo mass

In Fig. 8, we show the differential contribution of halo masses
to I,, b, and fze’é, in a CDM universe both for the optimistic
LF scenario and across the range of fits obtained with @ €
[-1.9,-0.5] in the pessimistic case. The clustering signal is
strongly dominated by DM haloes with mass M =~ 10''—
10'2 1! M, and receives non-vanishing (but still minor) contri-
butions from masses below 10'© 4~! My, only when o < —1.4.
The high-mass cutoff is provided by the HMF while the low-
mass one comes from L(M). The situation is even more extreme
for the effective volume per emitter which basically receives no
contributions from haloes with M < 10'"' A~! M. It is worth
noting that, although Fig. 8 refers to the CDM case, the rel-
ative weighting of halo masses remains essentially unchanged
in WDM scenarios. The only difference arises in more extreme
WDM models combined with a steep faint-end slope of the LF,
where the scarcity of low-mass haloes leads L(M) to flatten and
both the low- and high-mass cutoffs to be determined by the
HMFE.

As anticipated in Sect. 5, the enhanced amplitude of the PS in
WDM scenarios when @ = —1.1 originates from this dominance
of intermediate-mass haloes in combination with our assumption
of a perfectly known LF parameterisation. Specifically, since the
luminosity—mass relation in our model (Fig. 1) was derived via
abundance matching (Sect. 4) applied to the same LF but using
either a CDM or WDM HMEF, the resulting L(M) curves overlap
at high masses but become systematically higher in the WDM
case at masses below the scale where the WDM HMF begins
to diverge from its CDM counterpart (see Appendix A). This
feature, built into the model by construction, contributes to the
boost in power observed for WDM relative to CDM.
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Fig. 7. Likelihood ratio ¢ (left) and marginalised posterior (right) obtained from 3 keV mock data in the optimistic scenario for a survey covering
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All this implies that the large differences in the low-mass end
of the HMF between CDM and WDM do not imprint a strong
signature in the [C 11] PS which is most sensitive to substantially
higher halo masses. In other words, the constraining power of
LIM experiments on the mass of WDM particles derives from
the (smaller) variations of the HMF and linear bias parameter
at M ~ 10'"'-10" h~! M. Consequently, we are unable to fully
exploit the potential of [CII] as a tracer to determine the nature
of DM. As noted in Sect. 1, unlike H1, which has been employed
for previous studies involving LIM PS, [C1I] is present in low-
mass haloes that are abundant in CDM but largely absent in
WDM. However, the [CII] PS is not particularly sensitive to
these small haloes. Enhancing their contribution would require
an ‘unconventional’ tracer whose emission is stronger in low-
mass haloes and weaker in high-mass ones — potentially as a
result of physical processes that inhibit its development in more
massive environments.

7.2. Results for a steeper faint-end slope

The results presented in Sects. 5 and 6 refer to the assumption of
a = —1.1, and therefore correspond to a scenario in which low-
mass haloes (M < 10' 4~ M) are negligible contributors to the
overall signal (see Sect. 7.1). As a consequence, the expected sup-
pression of power in WDM scenarios due to the absence of this
small-halo population becomes irrelevant for our purposes.

To maximise and exploit the potential contribution of [C1I]
emission from low-mass haloes discussed above, we now turn to
steeper faint-end slopes of the LF. In particular, we repeated the
analysis for different values of @, with special attention to the case
a = —1.9, which amplifies the role of faint, low-mass haloes in the
total emission (see Fig. 8). In this regime, the degeneracy in the
mwpM—0 parameter space discussed in Sect. 6.1 changes direc-
tion, as both parameters now act to suppress the power (left panel
of Fig. 9). Consequently, to reproduce the CDM mock data with
o = 3 h~! Mpcunderincreasingly severe WDM scenarios, o must
decrease in order to counterbalance the damping induced by RSDs
and preserve the overall signal amplitude (right panel of Fig. 9).

We further find that the improvement in the mwpy con-
straints remains modest relative to the results obtained for the
pessimistic LF with @ = —1.1 in the reference setup, owing to the
large uncertainties associated with the mock data. The advantage
of a steeper faint-end slope becomes more pronounced when
we consider more favourable survey setups. For example, in
a plausible near-future configuration with R = 100, 160 deg?,
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(from top to bottom) based on our halo model for CDM at z = 3.6.

and Pyx ~ 2.4 x 101 =3 Mpc3 Jy? st , we obtain a 95% CL
of 1.35keV. This limit represents an improvement of approx-
imately 75% relative to the pessimistic case with @ = —1.1,
exceeding even that derived under the optimistic LF assumption
of ~8% for the corresponding survey setup.

8. Conclusions

The nature of DM remains one of the central open questions
in modern cosmology. While the CDM paradigm is the stan-
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dard framework, alternative scenarios such as WDM composed
of thermal relics provide viable solutions to some of the known
challenges to ACDM. In this work we have built upon the model
of M25, extending it to WDM cosmologies and developing a
Bayesian framework to assess the constraining power of the
[C1a] PS on mwpym. We presented forecasts for the FYST DSS at
z = 3.6 and explored the potential of future surveys with larger
sky coverage, higher sensitivity, and/or increased spectral reso-
lution. Our analysis led to the following main results:

— Under the assumption of a CDM background, the DSS in
its reference setup is expected to set a 95% CL lower limit
of 1.10keV and 0.58 keV on the WDM particle mass in the
optimistic and pessimistic (@ = —1.1) scenarios, respec-
tively. These bounds improve substantially with more ambi-
tious setups, reaching 5.82keV and 1.90keV for half-sky
coverage and an increase in sensitivity by a factor of V10
(see Fig. 6, with the lower panel showing the corresponding
constraints expressed in terms of mppy).

— Enhancing the spectral resolution from R = 100 to R = 500
boosts sensitivity to the damping scale o, thereby reducing
its degeneracy with mwpym. In favourable survey conditions
and under the optimistic assumption for the LF, this trans-
lates into a tightening of constraints by a factor of up to
~ 1.8. In the reference setup, however, the improvement is
negligible, as the likelihood is anyway truncated by the prior
imposed on o (Fig. 4).

— By fitting mock data generated with mwpym = 3 keV, we find
that the true value can be recovered with both upper and
lower bounds only in the optimistic LF scenario and under
highly ideal survey configurations. For R = 100, this requires
both half-sky coverage and enhanced sensitivity, while for
R = 500, improved sensitivity combined with a 1600 deg”
footprint is sufficient. In this latter case, for example, we
obtain a 95% CL that lies in [2.62,4.54]keV with uniform
priors in mwpy, and in [2.58,4.12] keV with uniform priors
in m\‘,v'DM, which demonstrates how the latter choice slightly
favours the regime of the small WDM particle masses (see
Fig. 7).

In deriving the results presented above, we explored several
prior choices: (i) uniform in mwpy, (i) uniform in w = m;leM,
(iii) proportional to w®, marginalising over the hyperparameter
B € [-0.9,0], and (iv) a Jeftreys prior. The latter three yield con-
sistent constraints, whereas the uniform prior in mwpy leads to
results that depend strongly on the choice of its upper bound (see
Appendix B).

Further insights and additional considerations arising from
the analysis are summarised below:

— The elongated likelihood contours obtained for @ = —1.1
(Fig. 4) arise from the compensating effects of o and mwpm
on the PS amplitude. This degeneracy stems from the form
of the L(M) relation derived by matching an extrapolated LF
— anchored to existing data but extended to faint, unobserved
regimes — to increasingly extreme WDM HMFs, which pre-
dict progressively fewer low-mass haloes near and below the
cutoff scale (see Sect. 4 and Appendix A).

— As discussed in Sect. 7.1, Fig. 8 shows that the LIM signal
in terms of the [C 1] PS is dominated by haloes with masses
around 10''-10'2 h~' M, while low-mass haloes, which
mark the sharpest difference between CDM and WDM, con-
tribute only marginally. This limits the sensitivity of cur-
rent experiments and explains why very ambitious surveys
are required to obtain competitive constraints. Nonetheless,
adopting a steeper faint-end slope (@ = —1.9, as discussed in
Sect. 7.2) increases the relative contribution of faint sources,
reversing the mwpm—o degeneracy (Fig. 9) and yielding
tighter bounds. The effect is modest in the reference case but
grows with survey improvements.

In summary, our forecasts underline both the potential and the
current limitations of [CI] LIM as a probe of DM physics.
While the DSS alone is unlikely to deliver stringent constraints,
future surveys combining wider sky coverage, greater sensitivity,
and higher resolution will significantly enhance its constraining
power.

In this context, it is important to note that this work focuses
on a single line and a narrow redshift range® and therefore cov-
ers only a limited portion of the available observational domain.
The resulting constraints should be regarded as somewhat con-
servative, as they do not yet exploit the full potential of forth-
coming LIM surveys. Future LIM experiments will naturally pro-
vide access to multiple emission lines and extend coverage across
a broad range of redshifts. Combining information from differ-
ent epochs enhances the sensitivity to departures from CDM and
simultaneously enables a more detailed characterisation of the
evolution of the [CII] luminosity—mass relation. Moreover, by
jointly analysing signals from multiple tracers, such as [CII],
CO, Ly-a, or He, and combining measurements across several

8 The DSS also observes at frequencies corresponding to higher red-
shifts, but the resulting PS measurements are expected to have a much
lower signal-to-noise ratio and to be more strongly affected by interloper
contamination.
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redshift intervals, it becomes possible to probe a wider range
of halo masses and astrophysical environments, thereby obtain-
ing tighter constraints on mwpy. Although the exact quantitative
gain depends on the degree of correlation between lines and the
overlap in redshift coverage, multi-line and multi-epoch analy-
ses are expected to substantially reduce uncertainties and yield
more robust constraints on the nature of DM. These considera-
tions highlight the strong potential of coordinated LIM surveys
to overcome current limitations and maximise their cosmological
return.
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Appendix A: Halo abundance and clustering in CDM and WDM models

We compare CDM and WDM models at z
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(Fig. A.1).
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3.6, highlighting their effects on the matter PS, HMF, and linear bias parameter
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Fig. A.1. Comparison between CDM and WDM models at z =~ 3.6. Top panels: matter PS (left), HMF (centre), halo bias (right). The dotted black
line corresponds to CDM, while the coloured lines represent WDM models with three representative particle masses. Bottom panels: Ratio of
WDM to CDM, illustrating the deviation of each WDM model from the CDM baseline.

Appendix B: Uniform prior in mwpm

For illustrative purposes, in this Appendix we combine the likelihood function obtained for the optimistic LF in our reference survey
setup (see the left panel of Fig. 4) with a uniform prior in mwpy defined over two different ranges. Because the likelihood becomes
flat at large mwpm, the inferred upper bound on the WDM particle mass depends strongly on the chosen maximum value mjax

thereby highlighting the prior dependence of this inference problem.

marginalised posterior

[0.5,10] keV

— [0.5,100] keV |
100 107 10

mwpu [keV]

'WDM?

Fig. B.1. Marginalised posterior distributions (differential in mwpy) for the reference survey in the optimistic scenario. The posteriors are obtained
assuming uniform priors in mwpy over two different mass ranges. Shaded regions indicate the 5% tails, defining the 95% CL for mwpy, corre-

sponding to 1.57 keV and 6.16 keV for m!

10 and 100 keV, respectively.
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