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The nature of dark matter is one of the most important unsolved questions in science. Some dark
matter candidates do not have sufficient nongravitational interactions to be probed in laboratory or
accelerator experiments. It is thus important to develop astrophysical probes which can constrain
or lead to a discovery of such candidates. We illustrate this using state-of-the-art measurements of
strong gravitationally-lensed quasars to constrain four of the most popular sterile neutrino models,
and also report the constraints for other independent methods that are comparable in procedure.
First, we derive effective relations to describe the correspondence between the mass of a thermal
relic warm dark matter particle and the mass of sterile neutrinos produced via Higgs decay and
GUT-scale scenarios, in terms of large-scale structure and galaxy formation astrophysical effects.
Second, we show that sterile neutrinos produced through the Higgs decay mechanism are allowed
only for mass > 26 keV, and GUT-scale scenario > 5.3 keV. Third, we show that the single sterile
neutrino model produced through active neutrino oscillations is allowed for mass > 92 keV, and the
3 sterile neutrino minimal standard model (νMSM) for mass > 16 keV. These are the most stringent
experimental limits on these models.

I. INTRODUCTION

Multiple observations imply that the mass content of
the universe is dominated by an unknown type of matter
[1], which contributes ∼25% of the total energy. This
matter is not made of ordinary atoms; it has no signif-
icant electromagnetic interaction, and it is thus called
“dark matter” (DM). The nature of DM is one of the
most important questions in modern science, with criti-
cal implications spanning from particle physics to astro-
physics and cosmology.
Many theoretical DM models have been proposed. A

number of dark matter candidates fall into the class of
cold dark matter (CDM) [2], made of collisionless par-
ticles considered “cold” due to their small velocity dis-
persion relative to the speed of light. This is the most
popular model and it is extremely successful on super-
galactic scales but there are open challenges at subgalac-
tic scales [3]. For example, CDM predicts more satel-
lites than are observed around galaxies like the Milky
Way (MW), subhalos hosting the largest MW satellites
are either under-dense or too small, and CDM predicts

∗ Corresponding author; The code and data for this project can
be found at https://github.com/ioanazelko/sterile-neutrinos-
constraints.git

“cuspy” dark matter density profiles in contrast to the
flatter cores observed in dwarf galxies and clusters. It is
still unclear whether these challenges can be solved by a
better understanding of baryonic processes, or whether
alternative dark matter models are needed [e.g. 4, and
references therein].

Plenty of DM models have been proposed to elimi-
nate these small-scale tensions between observations and
CDM. DM particles which are generated with higher
velocity dispersions erase fluctuations in the matter
power spectrum at scales smaller than a characteris-
tic ‘free-streaming length’, suppressing structures below
this scale. So-called ‘hot’ dark matter candidates such
as standard neutrinos are ruled out by observations, as
the mean DM component. However, a broad range of
“warm” DM (WDM) with smaller but non-negligible free
streaming lengths are viable. One popular class of WDM
models are sterile neutrinos (SNs).

Sterile neutrinos [5] are particles with right-handed
chirality, no charge, and no color charge, and therefore
do not interact with standard model particles except via
mixing with neutrinos, or via some non-standard-model
interactions. They were first introduced for the purpose
of explaining the masses of active (left-handed) neutrinos,
and can have masses in the range from eV to the Planck
scale. In the early universe they can decouple from the
plasma before electron-positron annihilation, when they
are still relativistic.
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or by a power law:

msn = a ·mb
thWDM (7)

Results of the polynomials fits of orders 1, 2 (higher
orders resulted in over fitting), as well as the power law,
can be seen in Table I. Using these coefficients, a relation
can also be derived between msn and mhm, seen below in
the case of the power law fit:

msn = a · 3.3b
(mhm

A

)−b/3.33

(8)

where A takes the values described in the Appendix.
These relations are calibrated on themthWDM mass inter-
val of (0.75, 22) keV, and then extended to 60 keV when
applied to data. Fig. 4 Shows the results of these fits.
We use the results of the second order polynomial but we
note that using a linear approximation would change the
inferred bounds on sterile neutrino mass by only 11%.

IV. MAPPING THERMAL RELIC WARM

DARK MATTER CONSTRAINTS ONTO

STERILE NEUTRINOS

We obtain the most stringent experimental limits on
four sterile neutrino models: PK, KTY, νMSM, and DW.
To recap, our starting point are the following 95% con-

fidence limits on thermal relic WDM. The lensing-only
analysis described in §II is mthWDM > 4.6keV [21]. Com-
bination with satellite counts extends it to mthWDM >
9.7 keV [24]. Independent work on the Lyman-α forest
yields 3.3 keV [25] and 5.3 keV [26], the latter using ad-
ditional assumptions for the relevant thermodynamics.
For the PK and KTY models, the relations derived in

§ III can now be used together with the ones for νMSM
and DW to translate limits from thermal relic WDM into
limits for the sterile neutrinos masses. The 95% limits for
the four models are given in Tab. II.
We note that the posterior shown in Fig. 2 vanishes at

the lower bound but not on the upper bound, as expected
because the warmest models are ruled out by a number
of observations. We thus convert the posteriors to lower
limits, although of course the full posterior is more infor-
mative. Likelihood ratios can be obtained from Fig. 2.
For the νMSM model, we use the posterior on mhm

(Fig. 1) to eliminate the model space as shown in Fig.
2 of [29] , which presents the expected half-mode mass
as a function of lepton asymmetry (L6) for different neu-
trino masses. Our upper limit on log10(mhm[M⊙])from
strong lensing alone is 8.1. This rules out masses under
7.0 keV for all lepton asymmetries. For higher masses,
only limited ranges of lepton asymmetries are allowed:
7keV:L6 ∈ (6.8, 7.6), 9keV: L6 ∈ (5.2,7.8), 11keV:L6 ∈

(4.3, 7.6), 14keV: L6 ∈ (1.7, 7.9) , 16 keV: L6 ∈ (1.6,
11.5). After incorporating the MW satellite counts con-
straints, log10(mhm[M⊙]) > 7.0, which corresponds to
mνMSM >16keV. These limits offer an improved limits
from existing work ([31]).

Strong

Lensing

Strong Lensing

Lyman-α

Lyman-α

& &

Galaxy Counts Thermo.

PK [keV]
I: 11 I: 26

7.1 12
II: 9.8 II: 24

KTY [keV]
I: 2.1 I: 5.3

1.3 2.5
II: 1.9 II: 4.9

νMSM [keV] 7.0 16
I: 5.0 I: 9.0

II: 5.0 II: 10

DW [keV]
I: 34 I: 92

21 40
II: 31 II: 84

log
10

(hm[M⊙]) 8.1 7.0
I: 8.6 I: 7.9

II: 8.5 II: 7.8

thWDM [keV]
I: 4.6 I: 9.8

3.3 5.3
II: 4.3 II: 9.2

TABLE II. 95% lower limits for four sterile neutrino mod-
els: Higgs production mechanism (PK), GUT scale sce-
nario (KTY), 3 sterile neutrino minimal standard model
(νMSM), single model sterile neutrino produced through ac-
tive neutrino oscillations (DW). The limits are derived from
4 datasets: gravitational strong lensing [21], strong lensing
combined with Milky Way galaxy counts [24], Lyman-α for-
est [25], and Lyman-α forest combined with thermodynamic
assumptions [26]. The case I and case II labels correspond to
different assumption cases about the average background den-
sity of the universe, as described in the Appendix. In the last
two raows of the table, we also presents the limits in terms of
the half-mode mass, and the thermal relic WDM mass.

Future work would aim to combine the limits from
strong lensing, galaxy counts, and Lyman-α forest in a
joint analysis. Work has already been done in this di-
rection ([32]), however their dataset obtained less strin-
gent limits than the strong lensing combined with galaxy
counts obtained by [24]. Future analysis combining the
data sets used in Table II will be useful.

V. CONCLUSION

We used state-of-the-art measurements of strong
gravitationally-lensed quasars, MW satellites, and
Lyman-α forest to constrain four of the most popular
sterile neutrino models.
First, we derive effective relations to describe the cor-

respondence between the mass of a thermal relic WDM
particle and the mass of sterile neutrinos produced via
Higgs decay and GUT-scale scenarios, in terms of as-
trophysical effects. We take advantage of the similarity
between the transfer functions of the sterile neutrinos
mechanism presented by [11], and that of thermal relic
WDM.
We note that our derived equivalence relation are of

general importance, and can be used to put limits on
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sterile neutrino models starting from any past or future
thermal relic WDM measurement, not just the one we
present here.

The limits on the PK, KTY, νMSM and DW models
summarized in Table II are the most stringent experi-
mental limits on these four models. We note that the
limits from lensing and MW satellites are independent of
and agree with those from the Lyα forest. We have ef-
fectively ruled out part of the parameter space for sterile
neutrino generated through these 4 models.

ACKNOWLEDGMENTS

We acknowledge helpful conversations with Graciela
Gelmini, Jiamin Hou, Doug Finkbeiner, Joshua Speagle,
and Xiaolong Du

IZ and TT acknowledge support by the National Sci-
ence Foundation grant NSF-1836016, by the Gordon and
Betty Moore Foundation Grant 8548 and by NASA grant
HST-GO-15177. Part of the data used in this paper were
obtained as part of HST-GO-15177. SB is supported
by the National Science Foundation through NSF AST-
1716527. K.N.A. is supported in part by NSF Theoreti-
cal Physics Grant PHY-1915005. A.K. was supported by
the U.S. Department of Energy (DOE) grant No. DE-
SC0009937 and by Japan Society for the Promotion of
Science (JSPS) KAKENHI grant No. JP20H05853, as
well as by World Premier International Research Cen-
ter Initiative (WPI), MEXT, Japan. This work was
supported in part by the UC Southern California Hub,
with funding from the UC National Laboratories divi-
sion of the University of California Office of the Presi-
dent. This research made use of the NASA Astrophysics
Data System’s Bibliographic Services (ADS), the color
blindness palette by Martin Krzywinski and Jonathan
Corum[33], the Color Vision Deficiency PDF Viewer by
Marie Chatfield [34], and the following software: CLASS
[35], Jupyter Notebook [36], Mathematica [37], Mat-
plotlib [38], NumPy [39], Python [40, 41], scikit-learn
[42]

Appendix

The thermal relic WDM transfer functions can be ap-
proximated by an analytical function with a dependence
on mthWDM, as show in equation A8 of [22], and Eq. 4.
We use the more recent fit to the characteristic length
scale factor α(mthWDM) obtained by [27], with µ = 1.12:

α = 0.049
(mthWDM

keV

)−1.11
(

ΩthWDM

0.25

)0.11 (
h

0.7

)1.22

≡ λeff

fs

(A.1)

in units of Mpc h−1. By convention, g is taken to be
1.5 for the warm particle, based on the equivalent con-
tribution of a light neutrino species [22]. Following [23],
we assume that the characteristic length scale α can be
related to an effective free-streaming length scale λeff

fs
.

The ‘half-mode’ length scale λhm corresponds to the
scale at which the thermal relic WDM transfer function
(4) decreases to 1/2:

λhm = 2πλeff

fs (2
µ/5

− 1)−
1

2µ . (A.2)

We define the corresponding ‘half-mode’ mass scale and
obtain a relation between mhm and mthWDM:

mhm =
4π

3
ρ̄

(

λhm

2

)3

=
4π4

3
ρ̄
(

2µ/5 − 1
)−

3

2µ

λeff

fs

3

=
4π4

3
ρ̄
(

2µ/5 − 1
)−

3

2µ

0.0493
(

ΩthWDM

0.25

)0.33

×

(

h

0.7

)3.66
(mthWDM

keV

)−3.33

=A
(mthWDM

3.3keV

)−3.33

,

(A.3)

where ρ̄ is the background density of the universe. The
A constant thus depends on the assumed ρ̄.
We consider two cases, where the background density

of the universe can be taken as:

I. ρ̄ = ΩM × ρcritic, where ΩM includes the contribu-
tions of both baryonic and dark matter (as done in
[24], or

II. ρ̄ = ΩDM × ρcritic, where only the contributions of
dark matter are included (as done in [21]).

We thus obtain two equations between the ‘half-mode’
mass and the thermal relic mass:

I. mhm = 3.81 · 108
(mthWDM

3.3keV

)−3.33

M⊙

II. mhm = 3.04 · 108
(mthWDM

3.3keV

)−3.33

M⊙

(A.4)
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