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ABSTRACT

Although it is well known that the bulk of dark matter (DM) has to be cold, the existence of an additional sub-dominant, hot species
remains a valid possibility. In this paper we investigate the potential of the cosmic shear power spectrum to constrain such a mixed
(hot plus cold) DM scenario with two additional free parameters, the hot-to-total DM fraction (fam) and the thermal mass of the hot
component (mp4y). Running a Bayesian inference analysis for both the Kilo-Degree Survey cosmic shear data (KiDS-1000) as well
as the cosmic microwave background (CMB) temperature and polarisation data from Planck, we derive new constraints for the mixed
DM scenario. We find a 95% confidence limit of fi4, < 0.08 for a very hot species of mug, < 20 eV. This constraint is weakened
to fham < 0.25 for mpgy, < 80 eV. Scenarios with masses above mpg, ~ 200 eV remain unconstrained by the data. Next to providing
limits, we investigate the potential of mixed DM to address the clustering (or Sg) tension between lensing and the CMB. We find a
reduction of the 2D (Q,, — S'g) tension from 2.9¢0" to 1.60- when going from a pure cold DM to a mixed DM scenario. When computing
the 1D Gaussian tension on Sg the improvement is milder, from 2.40 to 2.00.

Key words. cosmological parameters — cosmology: observations — dark matter — large-scale structure of Universe

1. Introduction

During the early 1980s, neutrino particles were considered as
dark matter (DM) candidates due to the mounting evidence
of non-zero neutrino masses from particle physics experiments
(Zeldovich et al. 1982; Bond et al. 1983). This prompted the
development of a top-bottom approach to structure formation,
where massive ‘“Zel’dovich Pancakes” were theorised to col-
lapse or fragment into halos and galaxies. Such an approach
was thought to allow for galaxy formation despite the substantial
free-streaming properties of neutrino particles which counteract
the gravitational clustering. However, the neutrino hot dark mat-
ter (HDM) model was quickly abandoned in favour of the cold
dark matter (CDM) paradigm which predicted a more gradual
build-up of galaxies in much better agreement with observations
(Blumenthal et al. 1984).

While CDM became a main component of the widely
accepted ACDM theory, small-scale inconsistencies left room
for hot and warm sub-components of DM. These inconsisten-
cies included the missing satellite problem, relating to the mis-
match between predicted DM sub-haloes and observed satellite
galaxies, and the cusp-core problem, which involved the dis-
crepancy between cuspy halo profiles from gravity-only simula-
tions and cored profiles of observed dwarf galaxies (Moore et al.
1999; de Blok 2010). One popular hypothesis to address these
issues was the existence of a warm or hot DM sub-components
(e.g. Boyanovsky et al. 2008; Anderhalden et al. 2013). How-
ever, subsequent observations have shown this solution to be

in tension with other data from the Lyman-a forest (Viel et al.
2013; Markovic & Viel 2014) and Milky Way satellite counts
(Schneider et al. 2014).

Today it is well established that the missing satellite and
cusp-core problems can be alleviated by baryonic feedback
effects and do not require additional modifications of the DM
sector (e.g. Brooks et al. 2013; Del Popolo & Le Delliou 2021).
However, in recent years another clustering tension has appeared
between the Sg clustering parameter from the CMB exper-
iment Planck and the stage-III lensing surveys KiDS (Kilo
Degree Survey, Heymans et al. 2021), DES (Dark Energy Sur-
vey, Amon et al. 2022; DES Collaboration et al. 2022), or HSC
(Hyper Suprime Camera, Aihara et al. 2018). The Sg parameter
is defined as

Sg =0g \/Qm/0.3, (1)

which includes the cosmological parameters ,, and o7g, describ-
ing the matter abundance and the clustering amplitude, respec-
tively.

Attempts to alleviate the Sg tension are often based on
extensions to the ACDM framework that lead to modifications
of the clustering process between the last scattering surface
of the CMB and today. A few examples are decaying DM
models (FuBl & Garny 2023; Abelldn et al. 2021; Bucko et al.
2023, 2024), new couplings between dark energy and DM
(Poulin et al. 2023), or DM-baryon scattering (He et al. 2023).
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In Das et al. (2022), the effect of a hot sub-component of DM
on the S'g tension is studied at the linear level, assuming observa-
tions from the CMB together with low-redshift galaxy clustering
probes. In this paper, we considered the same physical scenario,
but we modeled the full non-linear process of structure forma-
tion. This allowed us to predict at the same time the CMB and
the weak-lensing signal, obtaining a self-consistent test of the
mixed DM scenario from these observations.

Another important goal of the present work was to use data
from KiDS and Planck to derive new constraints on the particle
mass (mpgm) and the fraction of hot-to-total DM

Qhdm
9
thm + chm

Jham = )
where Qc.qm and Qug, are the abundances of the cold and
hot components, respectively. In particular, we are interested
in models with a HDM particle mass in the eV to keV
range. In this mass regime, not many constraints currently
exist as previous investigations have focused on either the
sub-eV (Planck Collaboration V 2020) or the keV mass scales
(Boyarsky et al. 2009; Schneider 2015; Baur et al. 2017).

In general, an additional HDM component leads to a sup-
pression of the matter power spectrum at small scales (Viel et al.
2013). This suppression is caused by the free-streaming of the
hot component and depends on both the particle mass and the
momentum distribution (e.g. Boyarsky et al. 2009; Merle et al.
2016). Depending on the hot-to-total DM fraction (fygm), the
suppression can either have a steep cutoff (if fqm is close to one)
or it can be more gradual and shallow (if figm remains close to
Zero).

The MDM terminology is convenient in cosmological stud-
ies as it allows us to group together a wide variety of differ-
ently motivated theoretical models into a single phenomenolog-
ical framework. Some prospective candidates in this mass range
are the gravitino (Osato et al. 2016, eg.) and the sterile neu-
trino (Dodelson & Widrow 1994; Shi & Fuller 1999). The latter
has been studied extensively for a variety of different produc-
tion mechanisms, such as non-resonant mixing, resonant mix-
ing or production via early decays (see Drewes et al. 2017, for a
review). Since these particles are never in thermal equilibrium,
their momenta cannot be described by a Maxwell-Boltzmann
distribution. As a consequence, they exhibit some differences
in the way they suppress the matter power spectrum. How-
ever, in many cases, a simple re-mapping of the particle mass
allows us to interpret the suppression in terms of the stan-
dard thermal particles at a sufficient accuracy (Abazajian 2006;
Merle & Schneider 2015; Bozek et al. 2016).

The same occurs in the ultra-light axion scenario with one
or several axion-like particles (Marsh & Silk 2014; Hlozek et al.
2015; Giri & Schneider 2022; Vogtet al. 2023; Rogers et al.
2023). In principle, these bosonic DM particles exhibit very
different dynamics at the scale of their particle wavelengths.
However, for many applications, the results can be brought into
reasonable agreement with the fermionic mixed DM scenario
(Hui et al. 2017).

Finally, many interacting DM scenarios have a similar effect
on structure formation as the simple MDM model. This is espe-
cially true for the case where potential interactions of the dark
sector are restricted to the early universe as is the case for most
of the ETHOS (Cyr-Racine et al. 2016) parameter space, for
example. In this particular, simplest non-minimal scenario, the
DM particle is allowed to interact with a mediator particle play-
ing the role of dark radiation. The early-universe interactions
between the DM and dark radiation particles cause a suppression
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of the power spectrum at small scales including, in some cases,
dark acoustic oscillation features. As these features quickly dis-
appear at nonlinear scales (Schaeffer & Schneider 2021), the
ETHOS interaction framework often resembles the mixed DM
case (Archidiacono et al. 2019).

In summary, the analysis presented in this paper is, strictly
speaking, valid for the case of a mixed DM scenario where the
hot particles undergo free streaming caused by a momentum dis-
tribution that is identical or close to a Maxwell-Boltzmann dis-
tribution. The prime example of such a model is CDM com-
bined with a sterile neutrino produced in the standard way via
the Dodelson-Widrow scenario. However, many other DM mod-
els mentioned above will yield very similar results and some of
the conclusions can be transferred to other scenarios.

In the next section, we will describe our data analysis model-
ing method. In Sect. 3, we will present our findings, and finally,
we will conclude our study in Sect. 4.

2. Methods

In this section, we summarise our pipeline to predict the cosmic
shear and the CMB data for both the CDM and MDM models.
Note that the description remains at a general level, more details
can be found in Schneider et al. (2022) and Bucko et al. (2023).

2.1. Cosmic shear signal

For this analysis, we relied on the band power data from the
KiDS-1000 cosmic shear observations published in Asgari et al.
(2021). A detailed description of how to obtain predictions for
the band power data is given in Joachimi et al. (2021). See also
Sect. 3.1. of Schneider et al. (2022) for more details. In gen-
eral, the band power data is obtained via an integral over the
angular power spectrum multiplied by the band filter functions
(Joachimi et al. 2021). The angular power spectrum is obtained
via the Limber approximation (Limber 1953)

i WA WE(y)
M) = f —_—
i (0 0 Jx?

where the i, j subscripts refer to the tomographic redshift bins
and Py is the total matter power spectrum.

The window functions W, and Wp describe the lensing (G)
and intrinsic alignment (/) weights, [A,B] € [I,G]. In a flat uni-
verse, they are given by

Ptot(ﬁs/\/)d/\/ 3
X

3Q,H? XH -
Wit = e Sx(1 +z)f dX/ni,S(X’)—(X ,X) ,
c v X
Clpchm
w! =— Ap——n; R 4
169) IA D) nis(x) “4)

where y is the comoving distance, H, the Hubble parameter, p.,
the critical density, and D(z) the growth factor. The redshift dis-
tribution of galaxies, n; 5 (z), is obtained from Asgari et al. (2021)
assuming 5 tomographic bins. The parameter A;4 describes the
amplitude of the intrinsic alignment effect — assuming the Non-
Linear Alignment (NLA) Model described in Hirata & Seljak
(2010) and Hildebrandt et al. (2017) — and was kept as a free
parameter. The C; value was calibrated to match SuperCOS-
MOS Sky Surveys (SSS) observations (Brown et al. 2002), such
that the free parameter A;4 has value of unity. In accordance with
Heymans et al. (2021), any redshift dependence of the intrinsic
alignment effect was ignored for this analysis.
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The total nonlinear matter power spectrum is given by
Pioi(k,2) = Sbaryon(k’ 2) X S mam(k, 2) X Pnrk, 2) , ()

where Pni(k,z) is the nonlinear, gravity-only, matter power
spectrum obtained with the revised_halofit method of
Takahashi et al. (2012). Note that Pnp(k,z) only depends on
the cosmological, but not on any astrophysical or DM param-
eters. The function Sparyon(k,z) refers to the suppression due
to the baryonic feedback effect. We modeled this effect using
the emulator BCemu (Giri & Schneider 2021), which is based
on the baryonification method (Schneider & Teyssier 2015;
Schneider et al. 2019). This emulator depends on the cos-
mic baryon fraction (fy, = ,/Q,) plus seven free baryonic
parameters. However, instead of varying all of them (as in
Schneider et al. 2022), we only vary the three baryonic parame-
ters {log,, M., 14, 6;} along with f;. This reduced setup of param-
eters has been shown in Giri & Schneider (2021) to provide
accurate fits to all investigated hydrodynamical simulations. We
show posteriors of baryonic feedback parameters in Appendix A

The function Snam(k,z) characterizes power spectrum
changes due to hot/warm DM using an improved emulator
derived from Parimbelli et al. (2021). This new version is trained
on a larger set of simulations (100 vs. 74) across a broader
parameter range (fhdm, #hdm), €NCOmpassing masses as low as
0.03 keV. Initial conditions are established through the fixed-
and-paired technique (Angulo & Pontzen 2016), with simula-
tions conducted within a 120 Mpc /™! box. This ensures pre-
cision convergence of better than 1% for k < 10 hMpc™!, effec-
tively maintaining a link with the linear regime.

The emulator obviates the need for computing a separate lin-
ear MDM spectrum, as it yields the non-linear MDM power
spectrum by adjusting a non-linear ACDM spectrum. In the
parameter space accepted by the KiDS-1000 data, o-g discrepan-
cies between ACDM and MDM calculations are negligible. Fur-
thermore, Parimbelli et al. (2021) demonstrated that the suppres-
sion induced by MDM remains cosmology-independent within
a 2% range across various €, and og values.

Note that in our modelling we implicitly assumed that
the baryonic feedback and MDM suppression effects are inde-
pendent from each other. As a consequence, the functions
S baryon (K, 2) and S mam(k, z) can be multiplied as shown in Eq. (5)
greatly simplifying the analysis. The validity of this approxi-
mation has been confirmed in Parimbelli et al. (2021) with the
help of baryonified CDM and MDM simulations. It turns out
that multiplying the two suppression functions only adds a small,
sub-percent error to the full power spectrum. This is significantly
smaller than the estimated error of power spectrum estimator
itself.

In Fig. 1 we show the band power spectrum from the
KiDS-1000 analysis together with predictions for MDM models
with fixed particle mass (mpgm = 50 eV) and a varying fraction
(fham = 0.1, 0.5, 1) using the pipeline summarised above. All
other cosmological parameters are kept at the Planck 18 values.
The plot shows that the higher the ratio of hot-to-cold DM, the
more the band power is suppressed. Furthermore, the suppres-
sion is more pronounced at higher /-modes, which correspond
to smaller physical scales, as well as at higher redshift bin num-
bers indicating a stronger suppression at larger redshift. Note that
although the effect of mixed DM is very well visible, potential
degeneracies with cosmology and baryonic physics may strongly
reduce the effect.

The angular power spectra were calculated using the
PyCosmo package (Refregier et al. 2018; Tarsitano et al. 2020).
The prior ranges are summarised in Table 1. More details

about the selection of the priors are provided in Bucko et al.
(2023). Note that for comparison, we also ran an analysis assum-
ing the standard ACDM model. We thereby find good agree-
ment with the KiDS-1000 results from Asgari et al. (2021) and
Schneider et al. (2022) validating our pipeline.

2.2. CMB data

We extended our exploration beyond cosmic shear and delved
into the impact of MDM on the CMB temperature and polariza-
tion data. For this analysis, we employed the Planck-1ite-py
module from Prince & Dunkley (2019), using the Planck-18
TTTEEE likelihood provided in the package, including low-
¢ bins. The Planck-18 likelihood was coupled with the Boltz-
mann solver CLASS (Blas et al. 2011). CLASS features an inte-
grated option for additional hot and warm DM sub-species
(Lesgourgues & Tram 2011). While this study was conducted
with the thermal relics mass merm wam» @ conversion is possible
to sterile neutrino mass m, through following expression (pro-
vided in Bozek et al. 2016):

-1/3
Mihermal )1'294 (fwdmgzDMh2 )

1keV 0.1225 ©

my s = 3.90 keV (
The CLASS Boltzmann solver takes the sterile neutrino mass as
an input for the m_ncdm parameter.

In Fig. 2, we visualize the influence of an extra HDM sub-
species across diverse particle masses and hot-to-total DM frac-
tions. The three panels depict models for particle masses of
Mham = {10, 30, 100} eV, demonstrating the diminishing effects
on the C(£) as the mass rises to 100 eV. While the apparent
increase in C(/)rrampm seems in conflict with the objective of
lowering S'g, the larger peaks are due to a shift in the energy
budget from matter to radiation when increasing fhgn, for low
masses. This decreases w,,/wg therefore delaying the matter-
radiation zeq which leaves a shorter time for the BAO peaks to
decrease until recombination.

2.3. Bayesian inference analysis

We performed a Bayesian inference analysis with a Monte-Carlo
Markov chain (MCMC) method implemented in the emcee
package (Foreman-Mackey et al. 2013). This method determines
the posterior probability p(6|d) on the interested parameters 6,
given the observation d. To explore the vast multidimensional
parameter space, our analysis was performed on the supercom-
puter facilities at the Swiss National Supercomputing Centre
(CSCS), running in parallel on 128 CPU cores. Our priors p(6)
are mostly flat and wide as described in Table 1. Note that we
have verified our analysis pipeline by reproducing the fiducial
ACDM analysis from Planck.

3. Results

Here we present our new constraints on the MDM model
(Sect. 3.1) and its implications on the S'g tension (Sect. 3.3).

3.1. Constraints on MDM model

The constraints on the MDM parameters were obtained from the
full Bayesian inference chains by marginalising over all param-
eters except Mpgm and fhgm. We show the results of this analysis
in Fig. 3. All constraints are provided at the 95 % confidence
level. For a pure AHDM scenario with fign = 1, the cosmic
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Fig. 2. Residual angular power spectra of the CMB temperature fluctuations from Planck-18 assuming a mixed DM model with varying hot-to-total
DM fractions (coloured lines) and a thermal particle mass of myg, = 10 eV (left), mygm = 30 eV (middle), and mypgy, = 100 eV (right). Note that
the blue line (figm = 0) corresponds to the ACDM model. The grey error bars denote the 68% confidence interval of the Planck-18 TT data.

shear and CMB analysis yield constraints of my, < 0.2 keV and
my, < 0.14 keV, respectively. We should note that these limits are
significantly weaker than other constraints from e.g. Milky-Way
satellite counts or the Lyman-a forest.

Both the cosmic shear and CMB data are much more pow-
erful in constraining models with small hot-to-total DM frac-
tions. For a particle mass of mpg, < 20 eV we obtain limits of
Jhdm < 0.09 and < 0.08 from the WL and the CMB analysis. This
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means that a HDM particle can not make up more than 8-9% of
the total DM budget.

The constraints on fyqm become weaker when going to larger
particle masses. For the cosmic shear (and CMB) analysis we
obtain the limits figm < 0.16 (< 0.24) for mpg, < 50 eV and
Jhdm < 0.3 (< 0.55) for mpgy, < 100 eV.

In Fig. 3 we also show the constraints of the combined
KiDS-1000 and Planck-18 analysis. They are slightly weaker
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Table 1. Prior ranges used in the Planck-18 TTTEEE and KiDS-1000
analysis.

Parameters Symbol Prior
Cold DM energy density Wedm [0.051, 0.255]
Baryon energy density wp [0.019, 0.026]
Initial P(k) amplitude log(10'04;) [1.0, 5.0]
Hubble constant h [0.5,0.9]
Spectral index ng a[0.8, 1.3]
Optical depth T N(0.0544, 0.007)
Intrinsic alignment amplitude Afa [-2, 2]
First gas parameter (BCemu) logyo(M¢) [11.0, 15.0]
Second gas parameter (BCemu) 0; [4.0, 6.0]
Stellar parameter (BCemu) s [0.05, 0.40]
HDM fraction fhdm [0.0, 1.0]
Thermal mass log o (1/mpam(keV)) [-0.17, 2.00]

Notes. We used flat priors for all the parameters excluding 7, which has
a Gaussian prior to recover the posteriors of the uncompressed anal-
ysis as explained in Prince & Dunkley (2019). Horizontal lines distin-
guish: (I) standard ACDM parameters, (II) CMB only parameters, (I1I)
KiDS-1000 parameters, and (IV) MDM extension parameters.

than the limits obtained with the runs based on the individual
weak-lensing cosmic shear and CMB data. This surprising result
is caused by the existing clustering (or S'g) tension between the
two data-sets. It turns out that the tension is compensated in the
combined chain by allowing for slightly higher values of the hot-
to-total DM fraction.

Parts of the MDM parameter ranges investigated here were
explored in the past using data from the Lyman-a forest
(Boyarsky et al. 2009; Baur et al. 2017) and Milky-Way satel-
lite counts (Schneider 2015). These studies found constraints
of fham ~ 0.1-0.2 for small particle masses which is only
slightly weaker than our constraints. However, they only focused
on the regime above mpgy, ~ 0.2 keV and they did not per-
form a Bayesian inferences analysis including cosmological
parameters. Furthermore, the Lyman-a studies assumed a IGM
temperature-evolution that follows a power law which is known
to yield very constraining results (Garzilli et al. 2021).

We have focused this work on the full exploitation of small
scale information in large scale structure. While Lyman-a probe
the structure formation at high redshift, CMB lensing probes
the universe at a similar redshift range on larger scales. Recent
data as published by ACT (Madhavacheril et al. 2024) and SPT
(Pan et al. 2023) could therefore help to constrain low-mass par-
ticles with large free-streaming scales.

3.2. Comparison to other work

In a recent study by Dasetal. (2022) a MDM model with
additional neutrino-like sub-species was investigated at the lin-
ear level. The paper focused on Planck data combined with
BAO measurements from the BOSS survey as well as the Pan-
theon SNIa catalogue data. An additional prior mimicking the
S's measurement from KiDS-1000 (Heymans et al. 2021) was
included in the analysis. Note that their approach included
results obtained under the premises of ACDM and can therefore
only be used as an approximation.

Converting the model of Das et al. (2022) into our parametri-
sation, we find that their best-fit model (which was claimed to
alleviate the S tension) corresponds to Mpermham = 11.36 eV
and figm = 0.08 (see Table III in Das et al. 2022). Interest-
ingly, this point is right on the 95% confidence level of our cos-

— KiDS 1000 MDM
— Planck-18 TTTEEE MDM
KiDS 1000 MDM+Planck 18 TTTEEE MDM

0.8

0.6

fhd.m

0.4

0.2

0.01 0.1 0.5
Myan|[keV]

Fig. 3. Constraints on the MDM (AMDM) model from weak lensing
(KiDS-1000) in green, the CMB (Planck-18 TTTEEE) in blue, and
the combined WL+CMB in red (dotted line). The AMDM model is
parametrised by the thermal mass of the hot species (mn4m) and the
fraction of hot-to-total DM (fiam). The top-left corner of the plot cor-
responds to the excluded region. All contours are shown at the 95%
confidence level.

mic shear analysis (see Fig. 3), which means that our results
neither confirm nor strongly disfavour the best fitting model
found by Dasetal. (2022). For a description of the differ-
ent ways to parameterize light relics, we refer the reader to
Acero & Lesgourgues (2009).

A recent forecast study by Schneider et al. (2020b,a) inves-
tigated the potential of the Fuclid weak-lensing survey to con-
strain the MDM model. They found that Euclid will provide
much stronger constraints on the mass and fraction of a potential
HDM particle. Assuming a ACDM universe, the reported limits
are fham < 0.01 for mpgm < 30 eV (at the 95% confidence level).
This confirms that future, stage-IV lensing surveys will be able
to detect hot particle sub-species even if they only make up a
percent of the total DM budget.

Similarly to Das et al. (2022), a recent study by Rogers &
Poulin (2024) found preference for a MDM type suppression in
the eBOSS Lyman-«a forest data. The parameters they find to

alleviate the tension of 4.9¢ to 1.34¢" is log(Myam) = 1.017030

and fyam = 0.0219*300%0. The 10eV mass which was found to
alleviate the tension is right at the edge of our prior, and the fyam
fraction of 0.02 is comfortably inside our constraints. While the
results presented in Rogers & Poulin (2024) seem coherent with
what we have found, more stringent weak lensing data would be

required to probe these low fractions of MDM.

3.3. Impact on the S g tension

A further goal of this work was to investigate the effects of
the AMDM model on the Sg tension. The gradual power sup-
pression towards small scales caused by a subdominant HDM
species could affect the nonlinear clustering by pushing the

Al61, page 5 of 8
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Fig. 4. Posterior contours in the S — Q,, plane for the ACDM (left) and AMDM models (right) at 68 and 95 % confidence level. The green, blue,
and red contours correspond to the cosmic shear (KiDS-1000), the CMB (Planck-18 TTTEEE) and the combined analysis.

weak-lensing estimates for Sg further up. This could then lead
to a better agreement with the measurements from the CMB.

In Fig. 4 we plot the two-dimensional posterior contours
of Sg and Q,, for both the ACDM and AMDM scenarios. The
weak-lensing posteriors (green) are indeed pushed to somewhat
higher values of Sg in the case of AMDM, but the shift is
not very significant. At the same time the posterior from the
CMB analysis (blue) moves slightly down, helping to allevi-
ate the Sg tension. For completeness in Fig. 4, we also pro-
vide the results from the combined KiDS-1000 and Planck-18
TTTEEE analysis . The corresponding posteriors are shown in
red. Not surprisingly, they lie between the results from the indi-
vidual weak lensing and CMB analyses. The posterior means
for KiDS-1000 are S5 = 0.749*003" and Sg = 0.754*3034 for
ACDM and AMDM respectively. For the Planck 18 data the val-
ues are Sg = 0.841 +£0.017 and Sg = 0.832 = 0.019 for ACDM
and AMDM respectively. We find that the remaining cosmologi-
cal parameters are not modified by the change of model. We used
two metrics to estimate the tension, which we refer to as 2D and
1D.

To calculate the 2D tension, we used the tensiometer pack-
age (Raveri & Doux 2021). The package first computes the dif-
ference between the parameters in the chains and then estimates
the probability of the shift using a Kernel Density Estimate
algorithm (KDE) described in Raveri et al. (2020). Formally, we
obtained a reduction of the tension from 2.90- in ACDM to 1.60
in the AMDM model (see also Table 2).

When computing the gaussian 1D tension in S'g, we used the
metric from Asgari et al. (2021) that is given as

CMB _ ¢WL
Sg Sg

T

Sy = ; (N
Var [SSV® ] + Var[s 3]

where S $MB and S '™ are the most probable values derived from
CMB and WL observations respectively. In the denominator, the
variance of the same quantities are used. In this 1D framework,
the tension is reduced from 2.40 to 2.00- only. While the ten-
sion values computed using the 1D and 2D estimates differ quite
strongly, the non Gaussian shapes of the weak lensing contours
tend to make us favour the 2D tension estimate based on param-
eter shifts.
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Table 2. 2D tension metrics between Planck-18 and KiDS-1000
datasets for ACDM and AMDM models computed using parameter
shifts in the Q,, — S's plane with the tensiometer package.

Planck-18 ACDM  Planck-18 AMDM

290 1.7 0
1.70 1.6 o

KiDS-1000 ACDM
KiDS-1000 AMDM

4. Conclusion

The presence of a sub-dominant HDM species, such as an addi-
tional neutrino particle, is a straight-forward extension of the
ACDM scenario. In this paper, we explored the power of cosmic
shear together with CMB temperature and polarisation data to
constrain the mixed DM model (AMDM) which is parametrised
by the (thermal) particle mass of the hot species (mpgm) and
the hot-to-total DM fraction (fham). As observations we use the
KiDS-1000 band power data from Asgari et al. (2021) as well
as the Planck-18 TTTEEE data from Planck Collaboration V
(2020).

We find new constraints on the AMDM parameters that are
summarised in Fig. 3. At the 95% confidence level, the hot-to-
total DM fraction is limited to fignm < 0.08 for a hot species
with mpgy, < 20 eV. This limit is weakened to fygm < 0.16 for
Mhdm < 50 eV and fhgm < 0.30 for mpgm < 100 eV. Scenarios
with (thermal) particle masses beyond mpgy, ~ 200 eV remain
unconstrained by the weak lensing and CMB data.

Next to providing constraints, we also investigated the Sg
(or lensing) tension describing the clustering mismatch between
cosmic shear probes and the CMB data. We find that the S g ten-
sion is decreased from 2.90 in ACDM to 1.60 in the AMDM
model. This improvement is caused by both a slight upper shift
of the KiDS-1000 as well as a small downward shift of Planck-
18 TTTEEE contours. The two dimensional €,, — Sg posterior
contours are illustrated in Fig. 4. Using 1D estimates the reduc-
tion in tension is milder, from 2.40- to 2.00~. While these esti-
mates are quite different we tend to favour the 2D parameter shift
methods as it was designed to capture non-Gaussian features in
the posteriors.

In the near future, stage-IV lensing surveys such as Euclid
will allow us to further probe the AMDM model. In particular, it
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will be possible to constrain models where only about 1% of the
DM sector is made of a hot particle. This is about a factor of ten
improvement with respect to current weak-lensing observations.
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Appendix A: Degeneracy with baryonic feedback
parameters

It was shown in Parimbelli et al. (2021) that the baryonifica-
tion scheme can be considered independently from the MDM
parameters up to k=5h/Mpc at the percent level precision. As
described in Section 2.1 the baryonic feedback parameters were
treated as separate from MDM effects. Effectively, broad priors
on our baryonic feedback parameters allowed for a large range
of feedback suppressions. This broad prior was necessary to pro-
vide conservative constraints on the MDM parameters. We show
in Fig. A.1 that the baryonic feedback parameters are mainly
prior dominated. Recent works use external datasets to constraint
baryonic feedback suppresions, such as X-ray and kSZ data
(Schneider et al. 2022), tSZ data (Pandey et al. 2023) or gas den-
sity profiles from deep X-ray observations (Grandis et al. 2024).
This kind of study should improve the constraints obtained on
the MDM parameters, as it would allow to disentangle baryonic
processes from free-streaming DM effects. We leave this inves-
tigation to future work.
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Fig. A.1. Posterior contours of the baryonic feedback and MDM Param-
eters at the 68 and 95 % confidence level. The baryonic feedback param-
eters are prior-dominated.



	Introduction
	Methods
	Cosmic shear signal
	CMB data
	Bayesian inference analysis

	Results
	Constraints on MDM model
	Comparison to other work
	Impact on the S8 tension

	Conclusion
	References
	Degeneracy with baryonic feedback parameters

