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ABSTRACT

Warm dark matter has been strongly constrained in recent years as the sole component of dark
matter. However, a less-explored alternative is that dark matter consists of a mixture of warm and cold
dark matter (MWDM). In this work, we use observations of Milky Way satellite galaxies to constrain
MWDM scenarios where the formation of small-scale structure is suppressed either by generic thermal
relic warm dark matter or a sterile neutrino produced through the Shi-Fuller mechanism. To achieve

this, we model satellite galaxies by combining numerical simulations with semi-analytical models for
the subhalo population, and use a galaxy–halo connection model to match galaxies onto dark matter
subhalos. By comparing the number of satellites predicted by MWDM models to the observed satellite

population from the Dark Energy Survey and Pan-STARRS1, we constrain the fraction of warm dark
matter, fWDM, as a function of its mass, mWDM. We exclude dark matter being composed entirely of
thermal relic warm dark matter with mWDM ≤ 6.6 keV at a posterior ratio of 10:1, consistent with
previous works. However, we find that warm dark matter with smaller mass is allowed when mixed

with cold dark matter, and that the fWDM constraints strengthen with decreasing mWDM until they
plateau at fWDM ≲ 0.45 for mWDM ≲ 1.5 keV. Likewise, in the case of a sterile neutrino with mass of
7 keV produced through the Shi-Fuller mechanism, we exclude a fraction of fνs

≲ 0.45, independent

of mixing angle. Our results extend constraints on MWDM to a region of parameter space that has
been relatively unconstrained with previous analysis.

Keywords: dark matter, dwarf galaxies

1. INTRODUCTION

The existence of non-baryonic dark matter can be in-
ferred from a variety of astronomical and cosmological

observations accumulated over the last century (see re-
views by Einasto 2009 and Bertone & Hooper 2018).
However, its particle nature still remains unknown and
is considered to be one of the most important open
problems in modern cosmology and particle physics, as
shown by the enormous investment in experimental and
theoretical investigations of dark matter (e.g., see re-

views by Bertone et al. 2005 and Freese 2017).
The current cosmological paradigm consists of a cos-

mological constant, Λ, and collisionless cold dark mat-
ter (CDM). In this model, dark matter is composed of
a heavy, stable and non-interacting particle responsi-
ble for structure formation (Peebles 1982; Blumenthal
et al. 1984). While observations of the cosmic microwave
background (CMB), big bang nucleosynthesis (BBN),

galaxy clustering, weak lensing, and the Lyman-α forest
are in good agreement with the CDM model at length
scales of ≳ 0.1 Mpc (Chabanier et al. 2019; Aghanim

et al. 2020; Ferreira 2021), smaller scales are less ob-
servationally constrained, and dark matter might have
properties that deviate from the standard CDM model
at these smaller scales (e.g., Bullock & Boylan-Kolchin
2017).
Due to their high dark matter content, small size

and close proximity, the ultra-faint dwarf galaxy (UFD)
satellites of the Milky Way (MW) are excellent systems
to probe the properties of dark matter at the smallest
scales (Simon 2019). For example, the properties of dark
matter such as its mass, interaction cross section, and
thermal history can have a large impact on the number
counts, luminosity function, kinematics and density pro-
files of UFDs (e.g., Lovell et al. 2014; Rocha et al. 2013;

Kaplinghat et al. 2016; Peñarrubia et al. 2016; Bullock
& Boylan-Kolchin 2017; Nadler et al. 2019a; Dalal &
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Kravtsov 2022; Esteban et al. 2023). UFDs are also
among the best targets for indirect searches for dark
matter annihilation or decay products (see Strigari 2018
for a review).
One alternative to the CDM model is warm dark mat-

ter (WDM), which has free-streaming effects that can
suppress structure formation and thus the formation
of dwarf galaxies (Kolb & Turner 1990). One possi-
ble WDM candidate is the sterile neutrino (Dodelson
& Widrow 1994; Shi & Fuller 1999) with right-handed
chirality and no electric charge, which interacts with
Standard Model particles through mixing with either
neutrinos or through some beyond the Standard Model
interaction (Abazajian 2017; Adhikari et al. 2017; Bo-
yarsky et al. 2019). The claimed detection of a 3.57 keV
X-ray line in the halos of galaxies and galaxy clusters
(Boyarsky et al. 2014; Bulbul et al. 2014) drew particu-
lar attention to a sterile neutrino with mass of ∼7 keV.
However, follow-up observations and reanalysis have not

reproduced the detection of this X-ray line (Slatyer 2017;
Dessert et al. 2020; Dessert et al. 2024).
Numerous studies place strict constraints on WDM as

the sole component of dark matter for both the general

thermal relic case and specific sterile neutrino models
(Zelko et al. 2022; Lovell 2023). Using MW satellite
counts, various works have placed stringent constraints

on the mass of thermal relic WDM (Kennedy et al. 2014;
Lovell et al. 2016; Enzi et al. 2021; Newton et al. 2021;
Dekker et al. 2022; Newton et al. 2024), the strongest

of which yields a 95% Bayesian lower limit of mWDM ≥
6.5 keV (Nadler et al. 2021b). Other measurements of
the Lyman–α forest (e.g., Iršič et al. 2024), UV luminos-
ity function (e.g., Liu et al. 2024), stellar streams (e.g.,

Banik et al. 2021) and gravitationally lensed quasars
(e.g., Keeley et al. 2024) have also been used to set lim-
its on the thermal relic WDM mass at mWDM ≥ 5.7, 3.2,

3.6, and 6.1 keV, respectively (using a variety of signifi-
cance criteria). Moreover, through a combined analysis
of MW satellites counts and strong gravitational lenses,
Nadler et al. (2021a) produced a stringent joint con-
straint of mWDM ≥ 9.7 keV at a 95% Bayesian lower
limit and 7.4 keV at a 20:1 marginal likelihood ratio.
While Enzi et al. (2021) obtained limits of mWDM ≥
6.0 keV at a 95% Bayesian lower limit and 2.6 keV
at a 20:1 likelihood ratio by combining the analysis of
gravitational lenses, Lyman-α forest, and MW satellite

counts.
Such constraints are alleviated if dark matter is com-

posed partly of WDM and partly of CDM (Anderhalden
et al. 2012; Parimbelli et al. 2021). Compared to the
pure WDM scenario, there has been relatively little work
constraining mixed warm dark matter (MWDM) sce-

narios. Using 21-cm absorption lines, Schneider (2018)
found that the WDM fraction cannot be larger than 17
percent of the total dark matter abundance for thermal-
relic WDM with mass of mWDM ≤ 1 keV. Furthermore,
Boyarsky et al. (2009) used the Lyman–α forest to in-
vestigate the mixed CDM and sterile neutrino scenario,
allowing sterile neutrino fraction below 60 percent of
the total dark matter abundance for non-resonantly pro-
duced sterile neutrino with mass of mνs

≥ 5 keV. Ad-
ditionally, Inoue et al. (2023) and Keeley et al. (2023)
forecast future prospects for constraining MWDM mod-
els using JWST observations of lensed quasars. Many of
these constraints are made with different model assump-
tions, therefore it is important to have complementary
searches.
In this analysis, we use the population counts MW

satellite galaxies found in Dark Energy Survey (DES:

DES Collaboration et al. 2016) and Pan-STARRS1
(PS1: Chambers et al. 2016) survey to put constraints
on MWDM properties. In Section 2, we first discuss

the Semi-Analytical Sub-Halo Inference ModelIng code
(sashimi; Hiroshima et al. 2018; Ando et al. 2019;
Dekker et al. 2022) used to obtain the mass distribution

of subhalos for different MWDM scenarios and present
an analytical approximation for the suppression of the
subhalo mass function relative to CDM. Section 3 de-
scribes the galaxy–halo connection model (Nadler et al.

2021b) used to predict the number of MW satellites that
would be observable in different MWDM scenarios. We
compare these predictions to the observed MW satellite

counts to obtain constraints on mixed thermal-relic sce-
narios (Section 4) and mixed sterile neutrinos scenarios
(Section 5). We discuss our analysis and conclude in
Section 6. In our analysis, we adopt the flat ΛMWDM

model as our fiducial cosmology with H0 = 70 km s−1

Mpc−1, h = 0.7, Ωm = 0.286, ΩΛ = 0.714, Ωb = 0.047 ,
σ8 = 0.82, ns = 0.96.

While completing this analysis, we were informed of a
similar analysis of MWDM models based on cosmologi-
cal N-body zoom-in simulations by An et al., (in prep).
We find that our two analyses give qualitatively similar
results, lending strength to both approaches.

2. SUBHALO POPULATION OF MIXED WDM

The free-streaming length of WDM suppresses the for-
mation of low-mass subhalos that could host the faintest
galaxies (Lovell et al. 2014). However, this suppression
is reduced in the presence of CDM. In this work, we con-
sider mixed dark matter with total dark matter abun-
dance given by ΩDM = ΩWDM + ΩCDM, and a WDM
fraction given by fWDM = ΩWDM/ΩDM.
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In our analysis, we use the subhalo populations ob-
tained from two GADGET-2-based (Springel 2005) cosmo-
logical zoom-in simulations from Mao et al. (2015) as a
basis for the CDM subhalo mass function. We have se-
lected two simulated host halos that have similar masses
(M = 1.57 and 1.26×1012M⊙), concentrations (c = 11.8
and 10.5.), and assembly histories as the MW halo, as
well as an analog of the Large Magellanic Cloud halo.
The simulations have a minimum particle mass of 3×105

M⊙h
−1.

We account for the MWDM scenario by multiplying
the distribution of subhalo masses in CDM, known as
the subhalo mass function, with a subhalo suppression
function β(M,mWDM, fWDM), defined as

(
dNsub

dM

)
MWDM

= β(M,mWDM, fWDM)

(
dNsub

dM

)
CDM

,

(1)
where dNsub/dM is the subhalo mass function, M is
the subhalo mass at accretion within a radius where its
mean density is 200 times the critical density of the Uni-

verse, mWDM is the WDMmass, and fWDM is the WDM
fraction. Throughout this work, we calculate the sub-
halo suppression function based on the subhalo mass at

accretion, which we assume is equal to its peak mass.
We further assume that the only difference between

the MWDM and CDM scenario is the number of sub-

halos, and all other properties remain identical. Indeed,
it has been demonstrated that the radial distribution of
the subhalos large enough to consistently form galax-
ies does not change between CDM and WDM cosmolo-

gies (Lovell et al. 2014; Bose et al. 2017; Lovell et al.
2021). However, other differences between the CDM
and MWDM models may affect the abundance of MW

satellite galaxies. For instance the concentration-mass-
redshift relation is different for CDM and WDM (Lud-
low et al. 2016; Gilman et al. 2020), which might further
reduce the predicted number of MW satellites. Our re-
sults are conservative in the sense that we do not account
for this reduction.
In order to obtain the suppression function for a large

range of (mWDM, fWDM), we use the semi-analytical
sashimi code (Hiroshima et al. 2018; Ando et al. 2019;
Dekker et al. 2022). sashimi predicts subhalo properties
for a given matter power spectrum and host halo mass,
and has been tested against numerical simulations in
the case of pure CDM and WDM. Semi-analytical mod-
els provide a fast and flexible platform for computing
subhalo properties, allowing us to make quick estimates
of the predictions from different dark matter scenar-
ios. Alternative approaches exploring MWDM scenarios
through cosmological N-body simulations are forthcom-

ing and will provide a valuable cross check (An et al., in
prep)
Here, we describe the case of MWDM comprised of a

thermal relic WDM candidate, and we discuss applica-
tions to a sterile neutrino WDM candidate in Section 5.
We compute the matter power spectrum with the Boltz-
mann code CLASS (Lesgourgues 2011), where we specify
mWDM, fWDM, and the relative temperature of WDM
with respect to the photon temperature, TX/Tγ . We
obtain the relative temperature through

TX

Tγ
=

(
4

11

)1/3 (
43/4

gdec⋆

)1/3

, (2)

where gdec⋆ is the spin degrees of freedom at decoupling,
which can be found through the WDM abundance as

ΩWDMh2 ≈ 115

gdec⋆

gX
1.5

mWDM

keV
, (3)

with gX = 1.75 the degrees of freedom for a fermionic
dirac dark matter (Bode et al. 2001; Vogel & Abazajian
2023). Moreover, when computing the matter power

spectrum in CLASS, we turn off the fluid approximation
through ncdm fluid approximation = 3 to increase
precision. We observe that the transfer functions reach

a plateau at large k due to the CDM component at a
height that depends on fWDM.
We obtain the subhalo suppression functions (Eq. 1)

with sashimi for host halo mass of 1012M⊙ and con-
sider mWDM = (1.5− 8.0) keV with interval of 0.5 keV,
and fWDM = (0.1− 1.0) with interval of 0.1. In order to
obtain an analytical expression for the suppression func-

tion, we fit the MWDM subhalo suppression functions
to the following analytical function

β(M,mWDM, fWDM) ≈ ∆

[
1 + α

(
109M⊙

M

)]γ
+(1−∆),

(4)
where α, ∆, γ are fitting parameters. We find a good
fit with the sashimi suppression functions when we pa-
rameterize the fitting parameters as:

α = 29.5(mWDM/1keV)−3.1

γ = −0.980f2
WDM − 0.096fWDM − 0.203,

∆ = ∆0f
2
WDM + (1−∆0)fWDM.

(5)

where ∆0 is given by

∆0 =
−1

1 + exp(−1.358((mWDM/keV)− 0.80))
(6)

For comparison, Lovell et al. (2014) found the follow-

ing fitting parameters in the case of pure WDM: α =
1.35(mWDM/3keV)−10/3, γ = −0.99, and ∆ = 1.
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Figure 1. The subhalo suppression function, β(M,mWDM, fWDM), for thermal-relic WDM with mass of 2 keV (left), 5 keV
(middle), 8 keV (right) as function of subhalo mass M . The colored solid lines show the suppression functions for different
fractions, fWDM, obtained from sashimi, while the black dashed lines show suppression functions obtained from the analytical
fits (see Eq. 4).

Fig. 1 illustrates the subhalo suppression functions ob-

tained from the analytical fits (dashed) compared to the
subhalo suppression functions obtained with sashimi

(solid) for WDM mass of 2 keV (left), 5 keV (middle)

and 8 keV (right). The difference between the two func-
tions is less than 5% for subhalo masses in the range of
107 < M/M⊙ < 1010.5 and thermal-relic WDM mass of
1.5 keV ≤ mWDM ≤ 8keV. We find that our analytical

fitting functions break down for mWDM < 1.5 keV, and
thus we do not include those low masses in our analysis.

3. GALAXY–HALO CONNECTION MODEL

We adopt the galaxy–halo connection model described
in Nadler et al. (2019b, 2020) to predict the number of
MW satellite galaxies that are expected to be observed
in DES and PS1 for different MWDM scenarios. The

model “paints” satellite galaxies onto the well-resolved
simulated subhalos with a peak mass of M > 107M⊙,
present-day maximum circular velocity of Vmax > 9 km
s−1 and peak circular velocity of Vpeak > 10 km s−1, as
discussed in the following.
In this galaxy–halo connection model, the total num-

ber of predicted MW satellites, nsat, is given by

nsat =
∑
i

fgal,i × (1− pdisrupt,i)× pdetect,i × βi (7)

where i indexes the simulated subhalos, fgal is the galaxy
occupation fraction (probability that the subhalo will
host a satellite galaxy), pdisrupt is the probability that
a subhalo would be disrupted due to baryonic effects
(Nadler et al. 2018), pdetect is probability of the galaxy
being detected in DES and PS1 calculated using sur-
vey selection functions from Drlica-Wagner et al. (2020),
and β (Eq. 4) is the subhalo suppression function rel-

ative to the simulated subhalo population in CDM.

For a given set of galaxy–halo connection parameters
(θmodel = {α, σM ,A, n, σlogR,M50, σgal,B}, see Nadler

et al. 2020 for more details), and a specific subhalo sup-
pression function, β, we can generate a predicted popu-
lation of satellite galaxies.

4. LIMITS ON MIXED THERMAL RELIC WDM

To constrain MWDM scenarios, we compare the pre-
dicted galaxy counts from individual MWDM models

with the observed counts of 17 and 19 known satellites
from DES and PS1, respectively (see Nadler et al. 2020
for details on how the satellites are selected).
To incorporate the luminosity and size information

of the satellites, we bin the predicted and observed
satellites based on their absolute magnitude and sur-
face brightness.1 We obtain the likelihood that the pre-

dicted number of galaxies for each MWDM scenario rep-
resent the observed MW satellite population in DES and
PS1 by assuming that the predicted number of satel-
lite galaxies follows a Poisson distribution in each bin

(Nadler et al. 2020).
Fig. 2 shows the binned predicted luminosity func-

tions of galaxies observed in both the DES and PS1 re-
gions for CDM and MWDM with mWDM = 2keV. For
each scenario, we use the Markov Chain Monte Carlo
sampler emcee (Foreman-Mackey et al. 2013) to sam-
ple the posterior distribution of the galaxy–halo connec-
tion parameters. The shaded band represents the un-

1 We first bin the galaxies into 7 equally-spaced bins based on their
absolute magnitude from 0 ≥ MV ≥ −20. We further split the
galaxies into 4 bins, based on a surface brightness threshold at
28 mag arcsec−2 and whether the galaxies would be found in the
DES and PS1, resulting in a total of 28 galaxy bins.
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Figure 2. Predicted luminosity functions of observable MW
satellite galaxies in DES and PS1 for CDM (grey dashed
line) and MWDM scenarios with mWDM = 2keV and vari-
ous fWDM (colored lines), compared to the observed number
of galaxies (error bars). The shaded bands represent the
uncertainty due to different galaxy–halo connection model
values and the stochasticity of the model.

certainty due to different galaxy-halo connection model
values and the stochasticity of the model. The uncer-

tainties of the luminosities and number counts of the
observed satellites is associated with the size of the lu-
minosity bins used in the analysis and Poisson statistics,

respectively. We find that due to the uncertainty in the
galaxy-halo connection parameters, the fWDM = 0.2,
mWDM = 2keV MWDM scenario predicts roughly the

same number of MW satellite galaxies as CDM, while
the fWDM = 0.6 scenario starts to show a deviation from
CDM. Note that for illustrative purposes, we only bin
the galaxies based on their luminosities in Fig. 2.

We use emcee (Foreman-Mackey et al. 2013) to sample
the marginalized posterior distribution of the galaxy–
halo connection model for different MWDM models.
In our analysis, we scan over fixed WDM mass and
leave the WDM fraction as a free parameter between
0 ≤ fWDM ≤ 1. For each WDM mass, we run emcee

for 20,000 steps with 8 walkers to sample the poste-

rior of nine free parameters in the model, θmcmc =
{α, σM ,A, n, σlogR,M50, σgal,B, fWDM}. The first eight
parameters are the galaxy–halo connection parameters,
and we marginalize over them in this analysis. We run
the MCMC chains for WDM masses in the range of
1.5 ≤ mWDM ≤ 8.0 keV at mass intervals of 0.5 keV.
To obtain constraints, we find the value of fWDM

that yields a posterior odds ratio compared to CDM
of PCDM :PMWDM = 10:1 (and 20:1) following the
approach of Nadler et al. (2021a) and Keeley et al.

(2024). We obtain the marginalized posterior odds ra-

tio, PMWDM :PCDM, by comparing the number of walk-
ers for particular WDM fraction, with the walkers at the
CDM limit fWDM = 0 using a histogram with bin size
of fWDM = 0.02.
An alternative method commonly quoted in the WDM

literature is the 95% credible interval (Viel et al. 2013;
Nadler et al. 2021b), which is defined as the range of
parameter values which enclosed 95% of the integrated
marginal posterior. While the credible interval methods
includes more information of the shape of the poste-
rior, our posteriors are unbounded in the limit of large
mWDM, and thus the limits obtained would be sensitive
to the boundary of the priors adopted for the WDM
parameters which can be arbitrary.2

Fig. 3 shows the parameter space that is disfavored by
the MW satellite galaxy counts. We exclude WDM with
mass mWDM ≲ 6.6 keV (5.8 keV) with a posterior ratio

of 10:1 (or 20:1) from being all of dark matter. This is
similar to the pure WDM constraints found in Nadler
et al. (2021a), which excluded mWDM ≤ 5.2 keV also

at marginalized posterior ratio of 20:1 using a slightly
different form for the suppression of the subhalo mass
function. As we move towards lower mWDM, our allowed
WDM fraction, fWDM, decreases until our constraints

starts to converge at fWDM ∼ 0.45 (0.50). Moreover,
we find that fixing the galaxy–halo connection parame-
ters would result in a constraint on fWDM that linearly

decreases with mWDM, lowering the minimum allowed
fWDM values below fWDM ∼ 0.45 for mWDM ≲ 2 keV.
In Fig. 3, we also compare our constraints with previ-

ous constraints at smaller mWDM values, as shown as
grey shaded regions from gravitational lenses (Kamada
et al. 2016), and cluster number counts (Parimbelli et al.
2021). Moreover, the star represent constraints from the

21-cm absorption feature claimed by EDGES (Bowman
et al. 2018), which excludes fWDM ≥ 0.17 for mWDM ∼
1 keV (Schneider 2018).

5. LIMITS ON MIXED STERILE NEUTRINO

We apply our analysis to a MWDM model consisting
of a mνs

= 7keV sterile neutrino produced through the
Shi-Fuller mechanism (Shi & Fuller 1999), in which its
production is resonantly enhanced due to the presence
of a net lepton asymmetry in the primordial plasma.
Sterile neutrino’s are not produced thermally, and their
spectral energy distributions are typically warmer than
thermal WDM at comparable mass. We use the pub-
lic sterile-dm code (Venumadhav et al. 2016) to gen-
erate the phase-space distributions of νs and ν̄s for a

2 The full posterior distribution can be found https://github.com/
chinyitan/mwdm.

https://github.com/chinyitan/mwdm
https://github.com/chinyitan/mwdm
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Figure 3. The exclusion region for WDM mass, mWDM,
as a function of WDM fraction, fWDM, with posterior ratio
threshold of 10:1 (light pink) and 20:1 (dark pink). The grey
regions represent the parameter space that have been ex-
cluded by previous analyses using strong gravitational lenses
(Kamada et al. 2016) and cluster number counts (Parimbelli
et al. 2021). The star represent constraints from 21-cm ab-
sorption feature detected by EDGES (Schneider 2018).

range of lepton asymmetry values that correspond to
sterile neutrino abundances, Ωνs

, and mixing angles,

sin2(2θ). We obtain the shape of the matter power
spectrum by providing the phase-space distributions as
an input for the Boltzmann code CLASS (Lesgourgues

2011). We obtain the subhalo suppression function us-
ing sashimi for mixing angles and fractions in the range
of 10−12.25 ≤ sin2(2θ) ≤ 10−11 and 0.1 ≤ fνs

≤ 0.6 with
fraction steps of 0.1. The subhalo suppression function

can be approximated using Eq. 4, for which we fit the
parameters α, γ, and ∆ for fractions in the range of
0.1 ≤ fνs

≤ 0.6.

We note that there is uncertainty in modeling the
phase-space distribution of sterile neutrinos (e.g., Lovell
2023). For example, the phase-space distributions ob-
tained by Ghiglieri & Laine (2015) are colder than
the ones produced by sterile-dm (Venumadhav et al.
2016), especially at large mixing angles. For the 7.1 keV
sterile neutrino considered by Lovell (2023), we find that
the expected number of observable MW satellite galaxies
produced by the Ghiglieri & Laine (2015) model is larger
than the prediction from Venumadhav et al. (2016) by a

factor of > 1.6 for sin2(2θ) ∼ 10−10, but that for smaller
mixing angles of sin2(2θ) ≲ 10−11 the difference is a fac-
tor of ≲ 1.3. This theoretical modeling uncertainty is
not included in our constraints.
Fig. 4 shows the exclusion region of the fraction of

dark matter composed of a 7 keV sterile neutrino as a
function of mixing angle derived from the same galaxy–

halo connection model as for the thermal relic WDM

10−13 10−12 10−11

sin2(2θ)

0.0

0.2

0.4

0.6

0.8

1.0

f ν
s

MW satellites (10:1)

MW satellites (20:1)

BBN (Serpico+05)

DM decay (Foster+21)

Figure 4. The exclusion region for 7 keV sterile neu-
trino mixing angle, sin2(2θ), as a function of its fraction, fνs
with posterior ratio threshold of 10:1 (light purple) and 20:1
(dark purple). The grey dotted region comes from X-ray
constraints with XMM-Newton (Foster et al. 2021) and the
grey hatched region comes from limits from BBN (Serpico &
Raffelt 2005).

scenario. For the mixing angles considered in this work,
the constraints on the fraction are roughly constant

with fνs ∼ 0.45(0.55) at a posterior ratio of 10:1 (or
20:1). This is consistent with the results for the ther-
mal relic WDM at low mass (mWDM ≲ 2 keV). The

grey hatched region shows the bound obtained from the
maximum allowed lepton asymmetry value from BBN of
L6 ≡ 106(nνs

− nν̄s
)/s ≤ 2500 (Serpico & Raffelt 2005),

which we translate to the (fνs , sin
2(2θ)) parameter space

using the sterile-dm code. Moreover, sterile neutrinos
can decay into an active neutrino and photon, which
would be detectable as a monochromatic X-ray line at

Eγ = mνs/2. The grey dotted region shows constraints
from the non-observation of a line in XMM-Newton data
by Foster et al. (2021), which has been scaled inversely
with fνs .

6. DISCUSSION AND CONCLUSION

Using the population of MW satellite galaxies de-
tected by DES and PS1, we put new constraints on
MWDM scenarios. We use the CDM subhalo population
obtained from Mao et al. (2015) and implemented the
MWDM scenario by suppressing the subhalo population
using an analytical function, β(M,mWDM, fWDM), de-
rived from the semi-analytical subhalo inference model,

sashimi (Hiroshima et al. 2018; Ando et al. 2019;
Dekker et al. 2022). Using the galaxy–halo connection
model from Nadler et al. (2020, 2021b), we estimate the
predicted number of MW satellites for different MWDM
scenarios and calculate the likelihood of observing the
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known satellites in DES and PS1 given the MWDM
model parameters.
We find that MW satellite galaxy counts constrain

the fraction of thermal WDM at mWDM ∼ 6.6 keV for
fWDM = 1.0 at a posterior ratio threshold of 10:1. As
we decrease the WDM mass, our allowed WDM fraction
decreases to fWDM ∼ 0.45 for mWDM ∼ 1.5 keV. These
constraints from MW satellite counts extend existing
MWDM constraints to much higher masses (mWDM >
1 keV) compared to previous analysis that used differ-
ent methods. Due to uncertainties in the galaxy–halo
connection parameters and the limited population of ob-
served MW satellites, our analysis cannot differentiate
among MWDM scenarios with fWDM ≲ 0.45 leading our
constraints to asymptote to this value at low mWDM.
In addition to the thermal relic MWDM scenario, we

also constrain a mixed dark matter model consisting of
CDM and a 7 keV sterile neutrino produced by the Shi-
Fuller mechanism. We find that MW satellite galaxy

counts constrain a 7 keV sterile neutrino to be a sub-
dominant fraction (fνs ≲ 0.45) of the dark matter for
mixing angles between 11.0 ≤ log10

(
sin2(2θ)

)
≤ 12.25

at a posterior ratio of 10:1. When our constraints are

combined with limits from BBN and X-rays, we find
that a 7 keV sterile neutrino produced by the Shi-Fuller
mechanism is constrained to make up ≲ 45% of the dark

matter across the range of mixing angles that are com-
monly considered.
In this work, we relied on only two cosmological zoom-

in simulations for our MW subhalo population. This

limits our ability to investigate uncertainties in the host
halo mass (which changes the normalization of the sub-
halo mass function and thus the total number of subha-

los), host environments and formation histories. Recent
efforts to simulate a much larger suite of MW-like hosts
in CDM (Nadler et al. 2023; Buch et al. 2024) and alter-

native dark matter scenarios (e.g., Nadler et al. in prep.,
An et al. in prep.) are expected to better constrain these
systematic uncertainties. In addition, sashimi could be
used to generate subhalo populations for a range of host
halo masses; however, this would require modifications
to incorporate spatial information and the effects of the
LMC on the satellite population.
Our constraints come from the MW satellite popu-

lation found in DES and PS1 and the corresponding
survey selection functions (Drlica-Wagner et al. 2020).

However, the known population of MW satellites has
grown significantly over the past few years (e.g., Mau
et al. 2020; Cerny et al. 2021, 2023a,b; Smith et al.
2023; Homma et al. 2024; Tan et al. 2024). Furthermore,
current and near-future surveys such as the DECam Lo-
cal Volume Exploration survey (DELVE; Drlica-Wagner
et al. 2021, 2022), the Hyper Suprime-Cam Strate-
gic Survey Program (HSC-SSP; Aihara et al. 2018),
the Ultraviolet Near Infrared Optical Northern Survey
(UNIONS; Ibata et al. 2017), and the Rubin Observa-
tory’s Legacy Survey of Space and Time (LSST; Ivezić
et al. 2019) are expected significantly increase the known
population of MW satellites in the coming years (e.g.,
Hargis et al. 2014; Jethwa et al. 2018; Newton et al.
2018; Nadler et al. 2020; Manwadkar & Kravtsov 2022;
Nadler et al. 2024). This growing population of UFDs
will improve our understanding of dark matter and al-

low for more sensitive searches for potential deviation
from CDM.
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M. G. 2016, MNRAS, 461, L72,

doi: 10.1093/mnrasl/slw090

Peebles, P. J. E. 1982, ApJL, 263, L1, doi: 10.1086/183911

Rocha, M., Peter, A. H. G., Bullock, J. S., et al. 2013,

MNRAS, 430, 81, doi: 10.1093/mnras/sts514

Schneider, A. 2018, PhRvD, 98, 063021,

doi: 10.1103/PhysRevD.98.063021

http://doi.org/10.1093/pasj/psae044
http://doi.org/10.1109/MCSE.2007.55
http://doi.org/10.3847/1538-4357/aa855c
http://doi.org/10.48550/arXiv.2312.17536
http://doi.org/10.1103/PhysRevD.109.043511
http://doi.org/10.3847/1538-4357/ab042c
http://doi.org/10.1093/mnras/stx2330
http://www.scipy.org/
http://doi.org/10.1103/PhysRevD.94.023522
http://doi.org/10.1103/PhysRevLett.116.041302
http://doi.org/10.1093/mnras/stad2251
http://doi.org/10.48550/arXiv.2405.01620
http://doi.org/10.1093/mnras/stu719
http://doi.org/10.3233/978-1-61499-649-1-87
https://arxiv.org/abs/1104.2932
http://doi.org/10.3847/1538-4357/ad4ed8
http://doi.org/10.1093/mnras/stad2237
http://doi.org/10.1093/mnras/stab2452
http://doi.org/10.1093/mnras/stt2431
http://doi.org/10.1093/mnras/stw1317
http://doi.org/10.1093/mnras/stw1046
http://doi.org/10.1093/mnras/stac2452
http://doi.org/10.1088/0004-637X/810/1/21
http://doi.org/10.3847/1538-4357/ab6c67
http://doi.org/10.25080/Majora-92bf1922-00a
http://doi.org/10.3847/1538-4357/abf9a3
http://doi.org/10.3847/2041-8213/ab1eb2
http://doi.org/10.3847/1538-4357/ad3bb1
http://doi.org/10.3847/1538-4357/ab040e
http://doi.org/10.3847/1538-4357/aac266
http://doi.org/10.3847/1538-4357/ab846a
http://doi.org/10.1103/PhysRevLett.126.091101
http://doi.org/10.3847/1538-4357/acb68c
http://doi.org/10.1093/mnras/sty1085
http://doi.org/10.48550/arXiv.2408.16042
http://doi.org/10.1088/1475-7516/2021/08/062
http://doi.org/10.1088/1475-7516/2021/12/044
http://doi.org/10.1093/mnrasl/slw090
http://doi.org/10.1086/183911
http://doi.org/10.1093/mnras/sts514
http://doi.org/10.1103/PhysRevD.98.063021


10

Serpico, P. D., & Raffelt, G. G. 2005, Phys. Rev. D, 71,

127301, doi: 10.1103/PhysRevD.71.127301

Shi, X., & Fuller, G. M. 1999, Phys. Rev. Lett., 82, 2832,

doi: 10.1103/PhysRevLett.82.2832

Simon, J. D. 2019, ARA&A, 57, 375,

doi: 10.1146/annurev-astro-091918-104453

Slatyer, T. R. 2017, arXiv e-prints, arXiv:1710.05137,

doi: 10.48550/arXiv.1710.05137

Smith, S. E. T., Jensen, J., Roediger, J., et al. 2023, AJ,

166, 76, doi: 10.3847/1538-3881/acdd77

Springel, V. 2005, MNRAS, 364, 1105,

doi: 10.1111/j.1365-2966.2005.09655.x

Strigari, L. E. 2018, Reports on Progress in Physics, 81,

056901, doi: 10.1088/1361-6633/aaae16

Tan, C. Y., Cerny, W., Drlica-Wagner, A., et al. 2024,

arXiv e-prints, arXiv:2408.00865,

doi: 10.48550/arXiv.2408.00865

Venumadhav, T., Cyr-Racine, F.-Y., Abazajian, K. N., &

Hirata, C. M. 2016, PhRvD, 94, 043515,

doi: 10.1103/PhysRevD.94.043515

Viel, M., Becker, G. D., Bolton, J. S., & Haehnelt, M. G.

2013, Phys. Rev. D, 88, 043502,

doi: 10.1103/PhysRevD.88.043502

Vogel, C. M., & Abazajian, K. N. 2023, Phys. Rev. D, 108,

043520, doi: 10.1103/PhysRevD.108.043520

Zelko, I. A., Treu, T., Abazajian, K. N., et al. 2022, Phys.

Rev. Lett., 129, 191301,

doi: 10.1103/PhysRevLett.129.191301

http://doi.org/10.1103/PhysRevD.71.127301
http://doi.org/10.1103/PhysRevLett.82.2832
http://doi.org/10.1146/annurev-astro-091918-104453
http://doi.org/10.48550/arXiv.1710.05137
http://doi.org/10.3847/1538-3881/acdd77
http://doi.org/10.1111/j.1365-2966.2005.09655.x
http://doi.org/10.1088/1361-6633/aaae16
http://doi.org/10.48550/arXiv.2408.00865
http://doi.org/10.1103/PhysRevD.94.043515
http://doi.org/10.1103/PhysRevD.88.043502
http://doi.org/10.1103/PhysRevD.108.043520
http://doi.org/10.1103/PhysRevLett.129.191301

	Introduction
	Subhalo population of Mixed WDM
	galaxy–halo connection model
	Limits on Mixed Thermal Relic WDM
	Limits on Mixed Sterile Neutrino 
	Discussion and Conclusion

