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Sterile neutrinos in the keV mass range have long been considered a well-motivated dark matter
(DM) candidate. In this work, we explore a sterile neutrino production mechanism through active
neutrino self-interactions in the early universe, assuming that they constitute the full DM abundance. We
implement a self-consistent treatment of the sterile-neutrino free streaming and the active-neutrino self-
interactions on structure formation, which yield a unique scale-dependent modification to the linear
matter power spectrum. We then set bounds on this scenario using a combination of the cosmic
microwave background and Lyα forest constraints. Specifically, we utilize the two recent likelihoods
derived from eBOSS data: (i) an effective field theory (EFT) based full-shape likelihood and (ii) a
compressed likelihood obtained from the PRIYA-simulation emulator. We produce some of the most
stringent observational constraints to date on sterile neutrino DM, comparable to the bounds from the
most stringent laboratory constraints.
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I. INTRODUCTION

The nature of dark matter (DM) remains one of the most
profound open questions in modern cosmology and particle
physics. Despite astrophysical and cosmological observa-
tions providing compelling evidence for the existence of
DM, its fundamental properties remain unknown [1–4]. A
sterile neutrino with mass in the keV range, having no
direct interaction with the Standard Model particles but
interacting feebly via mixing with active neutrinos, has
been proposed as a well-motivated DM candidate [5–7].
Unlike the three thermally produced active neutrinos of the
Standard Model, the production of this hypothetical fourth
neutrino state involves a nonthermal freeze-in mechanism
via active-sterile neutrino oscillations. The sterile neutrino
state ν4 is characterized by its mass m4 and a small mixing
angle θ, and its mass eigenstate is defined as a linear

combination of a predominantly sterile component νs and a
tiny component of active neutrinos νa,

jν4i ¼ cos θjνsi þ sin θjνai: ð1Þ

Dodelson and Widrow [8] (DW) demonstrated that the
sterile neutrino, whose properties make it a compelling DM
candidate, can be produced with the full relic abundance of
DM, provided the appropriate combination of mass and
mixing angle. In the DW framework, the production
through oscillations continues until the active neutrinos
decouple from the rest of the particles, leaving behind a
relic abundance of sterile neutrino DM.
However, the original DW mechanism is now ruled out

by observations. Most importantly, the same active-sterile
oscillations responsible for sterile neutrino production
would also lead to radiative decay of sterile neutrino into
a neutrino and a photon, and an x-ray line-emission in
overdense regions of the universe, such as galaxies and
galaxy clusters [9]. Even a small mixing angle required to
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produce the observed DM abundance via DW mechanism
in the early universe would generate a detectable x-ray
signal at most particle masses; the full range of mixing
angles required to produce the relic abundance of DM with
masses m4 ≳ 2 keV via the original DW mechanism is
excluded by x-ray bounds [10–15]. Lower masses are also
excluded by various small-scale-structure constraints, as
discussed in more detail below [6,16–28].
New mechanisms for sterile neutrino production beyond

the original DW scenario have been proposed in the
literature [29–44]. One of these mechanisms involves the
introduction of self-interactions among active neutrinos,
which can boost sterile production at a fixed mixing angle,
and relax observational constraints by opening up new
parameter space for this DM model [37–42]. Neutrino self-
interactions are well-motivated in their own as they can
naturally arise in extensions of the Standard Model,
particularly in context of neutrino mass generation mech-
anisms, such as models involving Majoron-like states or
additional scalar and gauge degrees of freedom [45,46].
More recently, they have also been explored in cosmo-
logical studies, as they can affect the Hubble tension [47–
53]. At the same time, neutrino self-interaction scenarios
have also been extensively explored using both laboratory
experiments [48,50,54–68] and cosmological observations
[28,47,49,51,69–93].
In this work, we assume the scenario in which DM

consists entirely of sterile neutrinos produced via oscil-
lations with active neutrinos in the early universe. DM
production is enhanced by the presence of neutrino self-
interactions, which modify the in-medium properties and
scattering rates of active neutrinos, thereby allowing
efficient sterile neutrino DM production [37]. As in the
original DW mechanism, the effective mixing angle, which
controls DM production, is strongly suppressed at very
early times, while particle interaction rates are high.
Conversely, unlike in the original DW scenario, at very
late times, once active neutrinos fall out of thermal
equilibrium with the rest of the thermal plasma, the
production can still continue, as long as the active neutrino
self-interactions persist. This aspect of the model relaxes
the relic DM abundance constraint on the mixing angle and
allows for a range of mixing angles to achieve the correct
DM abundance at a fixed particle mass, by the appropriate
choice of the neutrino self-interaction strength. The final
DM abundance for a given sterile neutrino mass thus
depends on a combination of active-sterile mixing angle,
the self-interaction mediator mass, and the coupling
strength; see Fig. 1 for an illustration.
We explore the full range of effects this model has on

structure formation. On the one hand, neutrino self-inter-
actions produce scale-dependent modifications to the linear
matter power spectrum PðkÞ, as discussed in the previous
literature [47,80,85,86]. On the other hand, sterile neutrinos
suppress structure on small scales, akin to warm DM

cosmologies, regardless of the details of their production
mechanism, due to a significant free streaming length. The
sterile neutrino DM mass, which primarily affects free
streaming, is therefore constrained by small-scale structure
observations, including the MW satellite galaxy abun-
dance, phase space density derived for dwarf galaxies,
Lyman-α (Lyα) forest observations, and strong lensing
[6,17–28].
To test all structure-related aspects of this scenario with

observational data, we implement, for the first time, a self-
consistent approach to simultaneously compute the effects
of both sterile neutrinos and neutrino self-interactions on
PðkÞ. Using this framework, we confront the full model
with Lyα forest and cosmic microwave background (CMB)
measurements. As a key novelty in this work, we employ
constraints derived from two Lyα likelihoods: an effective
field theory (EFT) based full-shape likelihood [94,95] and a
compressed likelihood derived from the PRIYA simula-
tions [96,97]. Both these likelihoods are based on mea-
surements of the one-dimensional Lyα flux power spectrum
from the Baryon Oscillation Spectroscopic Survey (BOSS)
of the Sloan Digital Sky Survey (SDSS) DR14, including
data from the extended BOSS (eBOSS) survey [98].

FIG. 1. Self-interaction strength λϕ required to produce the
sterile neutrino DM consistent with observed DM relic density,
Ωch2 ¼ 0.12 [4], as a function of mediator mass, for several
sterile-neutrino masses and mixing angles (listed in the legend).
The characteristic S-shaped curves shown by solid, dashed,
and dot-dashed lines correspond to particle masses of
m4 ¼ 100, 40, and 16 keV, respectively; the curves are shown
for two different values of sin2ð2θÞ, as labeled in each set of
curves. The gray solid lines separate the parameters space
corresponding to the three production channels: Cases A, B,
and C, as discussed in the text. The blue shaded regions are
excluded by neutrino experiments involving the invisible Z decay
(Inv. ΓZ) and flavor-dependent constraints (ee, μμ, and ττ denote
the type of flavor-specific coupling, corresponding to νe, νμ, and
ντ, respectively) [48,56,64,65]. The orange shaded region is
inconsistent with BBN and the light-element-abundance mea-
surements [37,48,72,76].
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We derive the most stringent observational bounds on the
active-sterile mixing angle in the context of the full model,
surpassing the lower limits previously inferred from DM
relic abundance and big bang nucleosynthesis (BBN)
constraint on mediator mass. Our constraints are also
comparable to those obtained from a combination of
laboratory based experimental limits on self-interactions
and BBN constraint. When combined with independent
constraints from x-ray observations [10–14] and MW
satellite galaxy abundance [28], our constraints can rule
out the majority of the parameter space for sterile-neutrino
DM production. The key results are presented in Fig. 4.
This paper is organized as follows. In Sec. II, we

introduce the model for sterile neutrino DM production
in the presence of self-interacting neutrinos. In Sec. III, we
describe the impact of this DM model on the matter power
spectrum and outline the methodology used for its com-
putation. Section IV presents the data sets used and
analyses performed. We present our main results for the
constraints on the sterile neutrino DM parameters and
compare them with the existing bounds in Sec. V. Finally,
Sec. VI summarizes our findings and discusses possible
future directions.

II. MODEL

We focus on the sterile neutrino DM production mecha-
nism proposed in Ref. [37]. This model introduces a new
self-interaction among active neutrinos,1 described by the
Lagrangian

L ⊃
λϕ
2
νaνaϕ; ð2Þ

where λϕ denotes the strength of coupling to a new complex
mediator ϕ with mass mϕ, and a corresponds to different
lepton flavors: e, μ, and τ. A Fermi-like constant (or the
effective coupling) is given by Geff ¼ λ2ϕ=m

2
ϕ, and the self-

interaction rate through the new mediator is Γϕνaνa ∝ G2
eff

for a heavy mediator; for a light mediator, there is a more
complex dependence on λϕ and mϕ, as described in
Ref. [37]. This self-interaction allows for the efficient
production of sterile neutrinos, so they can account for
all of the DM in the present-day universe. In this scenario,
DM can be produced via three distinct production channels,
denoted in the original work as case A (production through
a heavy-mediator self-interaction), case B (on-shell decay
of a mediator with a suppressed in-medium mixing angle),
and case C (on-shell decay of a mediator with a mixing
angle close to its vacuum value) [28,37].

To track the abundance of DM, we use the modified
Boltzmann equation at fixed energy [8,28,37,99,100],

dfνs
dz

¼ Γtot

4Hz
sin22θefffνa ; ð3Þ

where fνs and fνa are the phase-space distribution (PSD)
functions for the sterile neutrino and active neutrinos,
respectively. Here, H is the Hubble parameter; Γtot is the
total interaction rate of active neutrinos, including both
weak and self-interaction contributions; z is cosmological
redshift; Tγ and Tνa represent the photon temperature and
active neutrino temperature, respectively, and they are
equal at early times. Finally, θeff denotes the effective
mixing angle within the hot plasma, given by

sin22θeff ≃
Δ2sin22θ

Δ2sin22θ þ Γ2=4þ ðΔ cos 2θ − VTÞ2
; ð4Þ

where θ represents its vacuum value; Δ ¼ m2
4=ð2EÞ is the

vacuum oscillation frequency; E is the neutrino energy; and
VT is the thermal potential of active neutrinos.
In this framework, DM production rate Γprod ¼

1
2
Γtotsin22θeff is generally only significant within a finite

temperature range—while both factors in this expression
have a nonvanishing value—and it asymptotes to zero
otherwise. Namely, at early times, the effective mixing
angle given by Eq. (4) vanishes, as the interaction rates and
the neutrino potential are both very high Γ; VT ≫ Δ.
Conversely, as the temperature drops at late times, Γ; VT →
0 and the effective mixing angle defaults to its vacuum
value; at this time, the production stops since Γtot vanishes.
Therefore, efficient production occurs only at a specific
time when appropriate conditions are met. This framework
accurately captures the modified thermal history of the
early Universe and its consequences for nonstandard sterile
neutrino distribution functions. Please refer to Ref. [37] for
more details.
To track DM production, we first integrate Eq. (3) over

the redshift range where DM production is most efficient
while DM is still ultrarelativistic, and obtain the exact
nonthermal fνs . The present relic abundance of the sterile
neutrino DM is then calculated as

Ωc ¼
�

2891.2
1.05 × 10−5h2

�
nνsm4

s
GeV−1 ð5Þ

where nνs is the number density of sterile neutrinos, s is the
entropy density of the universe and h is the reduced Hubble
parameter. This numerically computed nonthermal PSD for
sterile neutrino DM is then passed directly into our
modified version of CLASS to compute the linear matter
power spectrum PðkÞ. Further details regarding the exact
procedure employed to compute P(k) within our model are
provided in the following section.

1Vector mediated nonstandard interaction has also been
proposed for efficient sterile neutrino DM production [39,40],
however, they have been ruled out recently [42].
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In this DM model, the abundance of DM relics depends
on four parameters: m4, θ, λϕ, and mϕ. Figure 1 illustrates
the characteristic S-shaped curve that captures the relation-
ship between λϕ and mϕ, which is obtained by requiring
that sterile neutrino DM is produced at a fixed DM
abundance, Ωch2 ¼ 0.12 [4]. We show this curve for a
combination of three sterile neutrino masses and two
mixing angles as labeled. Note that the values of m4, θ,
and mϕ are chosen independently of each other, and the
requirement to obtain the correct relic abundance is
satisfied by computing the interactions strength λϕ as a
function of these three parameters. Different parts of the
curves correspond to the three production channels dis-
cussed previously; for clarity, we draw the two diagonal
gray lines to separate these regions: the region between the
diagonal lines corresponds to case B, the region below the
lower diagonal line corresponds to case C, and the region
above the upper line to case A.
We note that, as expected, the increase in the mixing

angle generally leads to a lower value of λϕ (for a given
mediator and sterile-neutrino mass) to maintain a fixed
production rate and provide the required abundance of DM.
Similarly, given the interaction rate scaling, higher values
of λϕ generally require higher values of mϕ.

2 We also show
the portion of the parameter space excluded by various
laboratory experiments as blue shaded region in the
figure. [48,50,54–59,61–66,68]. The laboratory bounds
include constraints from the decay width of invisible
z-decay [48,61,68] and flavor-dependent constraints from
observations of neutrino-less double β decay [57,58],
meson decays [48,54,59,62,63,66] and τ-decay [48,61].
The orange shaded region is excluded by the BBN and
the measurements of the light element abundances
[37,48,72,76].

III. MATTER POWER SPECTRUM

The key observable on which we focus is the linear
matter power spectrum PðkÞ. In this work, for the first time,
we compute the matter power spectrum simultaneously
accounting for two effects: (i) small-scale suppression of
power resulting from sterile-neutrino DM free streaming
and (ii) scale-dependent enhancement and suppression of
power at a separate scale, resulting from active neutrino
self-interactions and their delayed decoupling. Both effects
are illustrated in Fig. 2.
To compute the matter power spectrum PðkÞ within this

framework, we start with the implementation of the
modified Boltzmann hierarchy equations for interacting
active neutrinos from Ref. [47], into the publicly available

CLASS code [85,86,101,102]. We extend this code to
include the model parameters Θ∈ fm4; mϕ; λϕ; θg consis-
tently. We note that the small-scale power cutoff is
primarily controlled by the free streaming of sterile-
neutrino DM, while the excess power primarily depends
on the self-interaction strength; however, the two effects are
not entirely independent of each other, as we can constrain
Θ to always result in the given relic abundance of DM Ωc.
To ensure that this consistency relation is satisfied in our
version of CLASS, we first determine the mixing angle
required to produce a given Ωc for any given set of
fm4; mϕ; λϕg. To achieve this within reasonable computa-
tional time, we build a neural network based emulator that
predicts the correct mixing angle for the given values ofmϕ,
λϕ, m4, and Ωc, trained on a large set of exact solutions
obtained by directly solving Eq. (5). The emulator is then
integrated as a part of our CLASS code, and is described in
detail in an Appendix. The next step involves the compu-
tation of (nonthermal) PSD of sterile neutrino for the
resulting parameters and then feed it to the modified
CLASS code to compute the matter power spectrum. We
have consistently incorporated all these steps to build a
robust pipeline for the computation of PðkÞ within our
sterile neutrino DM model. We explicitly emphasize that
the neural-network based emulator is used exclusively to
compute the mixing angle required to produce a provided
DM density for given m4; mϕ, and λϕ values; it does not

FIG. 2. Ratio of the linear matter power spectrum in a
cosmological model with sterile-neutrino DM and self-interacting
neutrinos to the standard CDM case is shown for a range of DM
particle masses m4 and effective couplings Geff , shown in the
legend. The power spectra exhibit two key features: a bump,
which depends on effective self-interaction coupling constant,
and a sharp cutoff, related to the mass of sterile neutrinos. In each
case, other model parameters are set such that neutrino DM has
the observed DM relic abundance. The gray shaded region
represents the scales probed by Lyα forest observations from
the eBOSS survey [85,86,98]. The black dashed line denotes the
pivot scale at which the reduced likelihood from the PRIYA
simulation is evaluated [85,86,96,97].

2A notable exception is Case B, where the interactions
decouple while the mixing angle is still suppressed. In this case,
the suppression of the mixing angle and the mediator mass pose
competing effects that leads to the opposite proportionality
between λϕ and mϕ; see Ref. [37] for details.
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approximate or interpolate the PSD itself, the PSD is
obtained by solving the modified Boltzmann equation,
accounting for all physical effects and the modified thermal
history in the early Universe, as described in Sec. II.
In Fig. 2, we show the resulting PðkÞ (normalized to

the CDM case), for few reference sterile neutrino masses
m4 ¼ 10 and 100 keV, and effective coupling log10
ðGeffMeV2Þ ¼ −2.0;−3.5, and −5.0. We see that as the
value of Geff increases, the excess power (the “bump”)
feature that corresponds to the horizon scale at neutrino
decoupling moves to smaller wave number k (decoupling at
later times), whereas increasing the sterile neutrino mass
shifts the cutoff to larger k (smaller length scales corre-
sponding to a smaller free streaming length), as expected.

IV. DATA AND ANALYSIS

In this work, we leverage Lyα forest observations in
combination with Planck CMB data [103] and CMB
lensing data from the Atacama Cosmology Telescope
(ACT) DR6 and Planck PR4 NPIPE [104–106] to assess
the viable parameter space for this model. For Lyα, we
employ two likelihoods derived using two different for-
ward-modeling techniques, both based on the 1D Lyα flux
power spectrum data from SDSS DR14 BOSS and eBOSS
[98] quasars. The first model is based on the EFT of large
scale structure, and calibrated on Sherwood simulations
[107,108], with the associated likelihood based on eBOSS
data from the redshift range 3.2 < z < 4.2 [94,95]; we label
this likelihood as “Lyα–EFT” in our figures. The second
model is based on the PRIYA simulation suite [96,97],
which provides a compressed likelihood in the form of

Gaussian priors on the amplitude Δ2
⋆ ¼ k3⋆Pðk⋆;z⋆Þ

2π2
and slope

n⋆ ¼ d logPðk;zÞ
d log k j

k⋆;z⋆
,3 evaluated at the pivot scale k⋆ ¼

0.009 s=km ∼1 Mpc−1 and pivot redshift z⋆ ¼ 3 [86]; we
label this case as “Lyα–PRIYA”.
As explained above, our model introduces four param-

eters (m4; mϕ; λϕ; θ) in addition to the six standard cos-
mological parameters into the analysis. However, the
requirement that sterile neutrinos are produced at the
correct abundance Ωc poses a constraint given by Eq. (5),
which we use to fix the mixing angle. Furthermore, mϕ and
λϕ combine to set the effective coupling Geff , leaving Geff ,
m4 and the six standard cosmological parameters as the
only independent parameters of this cosmological model.
As described in Sec. II, m4 controls the small-scale free-
streaming cutoff and Geff governs the location of the
“bump” feature in PðkÞ. In this work, we consider the
range of neutrino sterile masses m4 ∈ ½10; 1000� keV. In
this mass range, modifications to the linear matter power
spectrum due to sterile neutrino free streaming within the
range of scales (0.1 hMpc−1 ⪅ k < 2.5 hMpc−1) probed

by Lyα forest observations from the eBOSS survey are
negligible, and the onset of sharp suppression in PðkÞ
occurs at even higher k scales (see Fig. 2). Since the
observable modifications to PðkÞ within the Lyα forest
probed scales are mainly dominated by the active neutrino
self-interaction dynamics rather than sterile neutrinos, the
observational likelihood remains primarily sensitive to the
exact physical effects constrained in pure self-interacting
neutrino frameworks. Hence, rather than reperforming the
full Markov chain Monte Carlo (MCMC) analysis, we
reliably extract constraints by applying a postprocessing
parameter transformation to the MCMC chains generated
by Ref. [86], which analyzed self-interacting neutrino
cosmology using these same data sets. Such transforma-
tions are a standard and widely accepted approach in
cosmological inference, conceptually identical to deriving
posteriors for parameters like S8 from primary chains of As
and Ωm, and do not require rerunning full sampling chains
provided the underlying posterior distributions are well
sampled. We adopt this approach in our analysis due to
severe computational limitations, as performing a full
MCMC exploration with neutrino self-interactions along-
side a nonthermal sterile neutrino PSD inside CLASS is
computationally expensive. Furthermore, while active neu-
trino self-interaction controls DM production, thereby
coupling Geff and Ωc, the observational data itself do
not produce any significant correlation between these two
parameters, as demonstrated in Figs. 6 and 7 of Ref. [86].
This empirical lack of correlation justifies treating the
posterior in the ðGeff ;ΩcÞ plane as an approximately
factorized distribution during our parameter mapping step,
safely translating these posteriors into bounds on the
parameters of this model.
To translate the MCMC chain into constraints on the

parameters of this model, we first randomly sample
mϕ ∈ ½10−3; 10� GeV and λϕ ∈ ½10−9; 1� retaining only
those combinations that are consistent with the values of
Geff given in the original MCMC chains. Because the
relevant cosmological observables depend on lϕ and mϕ

exclusively through the effective coupling Geff ¼ λ2ϕ=m
2
ϕ,

the model exhibits an inherent degeneracy between λϕ and
mϕ. Our sampling procedure explicitly preserves this
degeneracy by exploring the full parameter ranges of mϕ

and λϕ considered in this work along directions of con-
stant Geff . For a given set of sterile neutrino mass
m4 ∈ ½10; 1000� keV, these selected values of mϕ and λϕ,
together with the corresponding value of Ωc from the
MCMC chains, are then passed to our emulator discussed
in the previous section. The emulator returns the mixing
angle required to reproduce the correct relic density. In this
way, we construct derived MCMC chains for the param-
eters of our model. Crucially, because our pipeline scans
over the entire parameter volume, covering all production
channels simultaneously, rather than isolating individual3These two quantities are denoted by Δ2

L and neff in Ref. [86].
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production regimes, the resulting derived MCMC chains
encapsulate the multimodal nature of the parameter space.
The resulting constraints are presented and discussed in
detail in the next section.

V. RESULTS

Figure 3 shows the 1-D and 2-D marginalized posteriors
for ωc ¼ Ωch2, log10ðGeffMeV2Þ, and log10ðsin2ð2θÞÞ at
68% and 95% confidence level (CL), for Lyα–PRIYA (blue
color) and Lyα–EFT (orange color) likelihoods, for sterile
neutrino mass ofm4 ¼ 100 keV. We repeat the analysis for
a set of sterile neutrino mass values in the range 10–
1000 keV, and obtain the lower limit on the mixing angle
for each mass in Fig. 4. The two solid colored lines in that
figure correspond to the two likelihoods considered in this
work, and the shaded regions are excluded at 95% CL. The
thickness of these constraint lines captures the uncertainty
introduced by emulator in our predictions. It should be
noted that our emulator has ∼7% error at 95th percentile of
the test error distribution. It is evident from Fig. 4 that the
uncertainty introduced by the emulator on our constraints is
significantly smaller than the total width of the excluded
parameter regions and remains highly subdominant.
We note a few features of posterior probability distri-

butions in Fig. 3. First, since Geff ¼ λ2ϕ=m
2
ϕ, the interaction

strength and mediator mass are almost perfectly degenerate
and cannot be constrained independently, so we omit them
from the plots. We further see in Fig. 3 that ωc values
inferred from the two likelihoods are slightly different; this
parameter is mainly constrained from CMB data, and the
slight difference may be due to the slightly different σ8
values preferred by the two Lyα likelihoods, and the
degeneracy between ωc and σ8; see Ref. [86] for more
details.
In addition, the posterior probability distribution for the

mixing angle shows two modes, observed in Fig. 3. This
feature flows directly from the nontrivial relationship
between λϕ and mϕ shown in Fig. 1: each mode corre-
sponds to the dominance of a particular production channel
for sterile neutrinos. We emphasize that this feature is an
intrinsic physical property of the underlying DM produc-
tion mechanism rather than a data-driven cosmological
degeneracy or sampling artifact; the observational like-
lihood depends on these parameters (λϕ and mϕ) through

FIG. 3. 1-D and 2-D marginalized posterior probability dis-
tributions for the active-sterile mixing angle, DM relic density,
and the effective coupling constant between active neutrinos,
assuming a sterile neutrino mass of m4 ¼ 100 keV. The two
colors correspond to the results obtained using two different
likelihoods based on eBOSS data: PRIYA-simulation and EFT-
based likelihoods. The dark and light shaded regions denote the
68% and 95% CL contours, respectively.

FIG. 4. Constraints on sterile-neutrino DM from our analysis
with Lyα forest observations. The two results of the current work
are shown as the 95% C. L. lower bounds on the mixing angle
between active and sterile neutrino, as a function of sterile-
neutrino mass, obtained from the EFT and on PRIYA models and
likelihoods, respectively. The thickness of the colored constraint
lines represent the propagated ∼7% (95th percentile) emulator
uncertainty on our constraints. We also show the lower bound on
the mixing angle from a combine analysis of BBN data
[37,48,72,76] with laboratory bounds on neutrino self-interactions
[48,56,64,65] (pink dashed line). The combined bound from MW
satellite abundance and invisible Z decay from Ref. [28] is shown
as the dashed green line; this bound is only valid under conditions
discussed in the text. The black dashed line is lower bound on the
mixing angle required to produce the observed DM abundance as
measured by Planck [4]. The shaded gray region is ruled out by
x-ray observations [10–14]. Overall, we note that the results of
this work provide the most stringent observational bound in this
parameter space, surpassing the underproduction limits from the
CMB by several orders of magnitude. Note that the result is
comparable to the most stringent laboratory constraints in the full
sterile-neutrino mass range.
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Geff . Consequently, this multivalued mapping does not
compromise or invalidate our reparametrization procedure.
Hence, the DM abundance no longer exhibits a one-to-one
relationship between θ and Ωc. Instead, for a given m4 and
Geff consistent with observations, the correct DM can be
produced through distinct channels corresponding to differ-
ent values of θ. In particular, the lower-θ-value mode in the
posterior is primarily associated with production through
cases B and C, while the higher θ value mode corresponds
primarily to production through case A. Since most of the
higher θ values will be excluded by x-ray observations,
case A is largely ruled out, while the production through the
C and B channels is still viable. This observation may
provide further guidance for future model building in light
of observational constraints. Finally, we also emphasize
that our neural-network emulator, trained across the entire
multidimensional parameter space, quite accurately cap-
tures these distinct production branches, ensuring that the
mapped posteriors self-consistently preserve this physical
multimodality.
Finally, there is no upper bound on the mixing angle

from this analysis—the upper limits seen in the triangle
plots are an artifact resulting from the lack of posterior
samples in that region of the parameter space, and the
bound is not physical. However, the lower bound on the
mixing angle is well sampled and robust.
Our main results are presented in Fig. 4. For comparison

with our current constraints, this figure also shows the
lower limit on the mixing angle derived from laboratory
experiments [48,56,64,65] and from primordial light
element abundances [37,48,72,76], shown in the pink
dashed line and discussed in Sec. II. We further show
the upper bound on mixing angles from x-ray observations
[10–14] (gray shaded region), and the lower bound of the
same parameter from DM abundance measurements.4 The
viable parameter space is represented by the white color in
this figure.
Finally, we include in the same figure the combined

constraint on sterile neutrinos from the MW satellite galaxy
abundance and invisible z-decay as the green dashed line
[28]. The MW satellite constraints were obtained using the
warm DM (WDM) simulations. However, we note that the
analysis in Ref. [28] did not model the effects of neutrino
self-interactions on PðkÞ and has only focused on the
WDM-like cutoff at small scales. Therefore, this constraint
strictly applies only to a portion of our parameter space
where the bump feature induced by neutrino self-interac-
tion is removed by the cutoff caused by DM free streaming.
We show a schematic depiction of the applicability realm of
the MW bound in our model in Fig. 5. For values ofm4 and

Geff within the green shaded region, labeled “WDM
constraint not applicable,” in the same figure, a modeling
of the MW satellite population in models with self-
interactions is necessary to fully understand the bound
on the sterile-neutrino mass. Hence, only the gray shaded
part of m4-Geff parameter space would be ruled out by the
current MW constraint.
Overall, Fig. 4 demonstrates that the Lyα forest analyses

presented in this work provide the most stringent obser-
vational constraint on sterile-neutrino DM produced
through active-neutrino self-interactions. This constraint
surpasses the underproduction bounds from the DM relic
density by several orders of magnitude, and is comparable
to the bound obtained by combining the most stringent
flavor-dependent laboratory constraints.

VI. CONCLUSIONS AND DISCUSSION

This work explored a specific model of sterile neutrino
DM, where the production of the sterile neutrino is
facilitated through a new self-interaction among active
neutrinos [37]—a scenario well-motivated from the stand-
point of neutrino mass production mechanisms. This model
produces unique features in the matter power spectrum,
testable by observational data. To understand the observa-
tional constraints on the model, we self-consistently

FIG. 5. Schematic depiction of the m4–Geff parameter space
where constraints on sterile-neutrino DM obtained while neglect-
ing self-interaction effects on the matter power spectrum (“bump
feature”) are not applicable (green shaded region). The blue and
orange dashed lines indicate the upper limit on the Geff (at 95%
CL) from the Lyα forest analysis, and the gray dashed line
represent the lower bound on the sterile neutrino DM obtained
from MW satellite abundances utilizing WDM simulations [28].
This bound can be applied to our model only where the effective
coupling strength lies outside the green shaded region; within the
shaded region, the power spectrum contains a feature that is not
strictly modeled in the MW analysis. Gray shaded region
represent the parameters space excluded by these MW bounds
for our model.

4Planck measurement of DM relic abundance [4], combined
with light element abundance measurements [37,48,72,76] im-
plies an “underproduction” bound by imposing a lower limit for
the mixing angle, for λϕ ≤ 1 [37].
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include the effect of both the delay in active-neutrino free
streaming due to a new self-interaction, and the effect of
sterile-neutrino free streaming, in the computation of the
linear matter power spectrum.
We then compare this model with Lyα forest observa-

tions. Specifically, we employ two Lyα likelihoods that
measure the amplitude and shape of the linear matter
power spectrum on small scales (k ≈ 0.1–2 hMpc−1): an
EFT-based full shaped likelihood [94,95]; and a likelihood
based on PRIYA simulation [96,97]. Our analysis results
in the strongest observational constraint on the sterile
neutrino DM production to-date, comparable to the bounds
obtained from flavor-dependent laboratory experiments
[48,56,64,65]; Fig. 4 shows our key result. When consid-
ered in conjunction with constraints from x-ray observa-
tions [10–14] and MW satellite abundance [28], a large
portion of the viable parameter space for this model is
ruled out.
Other observational bounds on the mass of sterile

neutrino DM also exist, as discussed in Secs. I and V.
We note that the strongest lower bounds on the sterile
neutrino mass originate from measurements of small-scale
structure, such as the MW satellite galaxy population [28],
and the high-resolution Lyα forest measurements from
BOSS and XQ-100 surveys [20,22]. However, these
previous studies model cosmologies with strict suppression
of power at large k, where the power spectrum resembles
that of warm DM; as a result, their bounds are not readily
applicable to cosmologies with a more complex k–depend-
ence, as the one we focus on in this work. The derivation of
the mass bounds from these observables requires dedicated
forward modeling of structure in cosmologies with both
neutrino self-interaction and sterile neutrino free streaming
and is enabled by the power spectrum calculation presented
in this work. We leave a dedicated derivation of the new
sterile-neutrino mass bound from high-resolution Lyα data
to future work.
We further note a few potential caveats of our present

analysis and outline directions for future work. Importantly,
the compressed likelihood inferred from the PRIYA sim-
ulation suite relies on simulations which varied the slope
and amplitude of the matter power spectrum, without
explicitly modeling self-interacting neutrinos. However,
the current observed 1-D Lyα flux power spectra are
primarily sensitive to a range of scales in PðkÞ that are
typically well-described by local shifts in amplitude and tilt
within the observational range. It is generally only in
models with highly oscillatory features in the matter power
spectrum that this approximation breaks down; the model
we explore does not exhibit such oscillations and is well
within the space of modifications probed by the simula-
tions. Reference [86] explicitly tested the validity of
approximating the effect of self-interacting neutrinos with
a slope and amplitude shift. For their best-fit parameters
with log10ðGeffMeV2Þ ∼ −5, the approximation was good

at < 1% over the redshift and scale ranges probed by the
eBOSS Lyα forest [86]. The approximation is likely less
accurate for the larger values of log10ðGeffMeV2Þ shown in
Fig. 2, but these values are strongly disfavored by the data.
Our use of the PRIYA reduced likelihood is thus justified
for our current purposes but should be reassessed in future
data analyses. An exact treatment of this model across the
full parameter space will ultimately require dedicated
hydrodynamical Lyα-forest simulations incorporating the
effects of active-sterile neutrino dynamics, which is beyond
the scope of this work.
Additionally, we also perform an independent analysis

with full-shape Lyα likelihood based on EFT. The EFT-
based likelihood does not assume a particular shape for the
matter power spectrum but uses a deterministic cosmol-
ogy-independent relationship between the nonlinear EFT
parameters and the linear bias coefficient (motivated by
the clustering of dark matter halos). These functions are
calibrated on Sherwood and ACCEL2 cosmological sim-
ulations using a Planck-based cosmology [95,109,110].
In addition, the EFT-based likelihood also takes a differ-
ent approach in modeling effects like patchy helium
reionization and thus returns results that differ somewhat
from PRIYA-based analyses [95,109]. The consistency
between the results obtained using these two conceptually
distinct Lyα likelihood demonstrates that our final limits
are robust and are not artifacts of any model mismatch
within the likelihood compression pipeline. A detailed
comparison between these two approaches is an ongoing
research topic, and we leave detailed comparison of their
results in the context of a specific cosmological model for
future work.
Finally, we highlight that the Lyα forest cosmology is

advancing at a rapid pace. Notably, DESI-based likelihoods
are becoming available [111], with substantially improved
systematic error control, as well as improved statistics.
Furthermore, there are a range of observations available
which probe even smaller length scales, constraining the
existence of a cutoff in the matter power spectrum, as well
as IGM thermodynamics [ [23,27,112–115], e.g.]. With
several ongoing and forthcoming spectroscopic programs
offering enhanced sensitivity and statistical power, Lyα
forest cosmology promises increasingly stringent probes to
the DM and beyond standard model physics scenarios.
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APPENDIX: NEURAL NETWORK EMULATOR
FOR MIXING ANGLE PREDICTION

This appendix describes the architecture, training,
and testing of our neural network (NN)-based emulator
designed to predict active-sterile mixing angles from four
input parameters: m4, mϕ, λϕ, and ωc. We employ the
emulator in place of the computationally expensive numeri-
cal procedure required to map a given DM relic density to a
mixing angle.
To build this NN-based emulator, we first generate the

data using the full mathematical model. We sample
the input parameter space using the Latin hypercube
sampling (LHS) technique in the ranges mϕ∈ ½10−3;10�
GeV;m4∈ ½1;1000� keV;sin2ð2θÞ∈ ½10−25;10−6� and ωc ∈
½0.05; 0.16�. For each sample point, we numerically solve
Eq. (5) to find the coupling constant within the range
½10−9; 1�. LHS technique enables uniform and efficient
sampling of this multidimensional input parameter space,
avoiding clustering and undersampling in any region. To
ensure comprehensive coverage of the parameter space, we
apply logarithmic scaling to parameters spanning multiple
orders of magnitude and linear sampling to those with
narrower ranges. In total, we initially generate 30,000
combinations of input parameters. For a subset of these
points, no root was found for λϕ within the range consid-
ered. After discarding these points, the final dataset
comprises 21,577 unique parameter combinations. Next,
we structure our datasets with a four-dimensional input
vector of flogmϕ; log λϕ; logm4;ωcg and a corresponding
output value log θ. The dataset is randomly shuffled and
divided into independent training, validation, and test sets,
comprising 16,520, 2,360, and 2,697 samples, respectively.
We normalize all three datasets using z-score standardiza-
tion to facilitate efficient, optimal network training.
We employ a fully connected feed-forward NN. This

network architecture comprises an input layer corre-
sponding to the four input parameters ðlogmϕ; log λϕ;
logm4;ωcÞ, multiple hidden layers with nonlinear activa-
tion functions, and a single output layer that produces a
scalar output log θ. To capture the inherent nonlinearities in
the parameter relationships, we employ the rectified linear
unit (ReLU) activation function in the hidden layers. The

number of neurons per hidden layer is determined through
hyperparameter optimization.
Next, we describe the training procedure and the

optimization strategy. We use the mean squared error
(MSE) as a loss function for our regression model, defined
as L ¼ ð1=NÞPN

i¼1ðlog10ðθpred;iÞ − log10ðθtrue;iÞÞ2, where
N denotes the number of samples. To minimize the loss
function during the training process, we compare two
optimization algorithms: Adam [116] and stochastic gra-
dient descent (SGD) [117,118]. Training is performed with
minibatches of batch size 32 and 64, which balance
computational efficiency with accuracy in gradient estima-
tion. To avoid overfitting, we also implement an early
stopping mechanism with a maximum of 5000 epochs. The
early stop mechanism uses a step-decay learning rate,
which enables faster convergence and helps avoid over-
fitting. The initial learning rate is set to 0.01 and is reduced
to 0.001 if no improvement in validation loss is observed
for 150 consecutive epochs. A second reduction to 0.0001
occurs after another 150 epochs without improvement in
validation loss. Training terminates if no further improve-
ment in validation loss is observed for 200 consecutive
epochs. The final model is selected based on the weights
corresponding to the minimum validation loss achieved
during training.
We perform a systematic hyperparameter search using

the training procedure described above to find the optimal
configuration of the NN model architecture. In this search,
we fix the number of hidden layers at three and vary the
number of neurons per hidden layer. We explore all
combinations of 32, 64, and 128 neurons per layer,
resulting in 27 distinct network configurations. For each
configuration, we repeat the training process with both
minibatch sizes (32 and 64) and both optimization algo-
rithms (Adam and SGD). The best-performing model is
selected based on the lowest validation loss achieved across
all configurations. The best NN architecture is found to be
4 → 32 → 128 → 32 → 1, which corresponds to an input
layer with four parameters, three hidden layers with 32,
128, and 32 neurons, respectively, and a single output.
The selected model is evaluated on the independent test

data set. Figure 6 (left panel) shows the predicted
log10ðθpredÞ plotted against the corresponding actual values
log10ðθtrueÞ), while Fig. 7 (left panel) shows the same
comparison in linear space (θ). The emulator achieves high
prediction accuracy across the entire parameter range. To
quantify the prediction accuracy, we also compute the
relative percentage error in both logarithmic and linear
predictions as

εlog ¼ 100 ×
jlog10ðθtrueÞ − log10ðθpredÞj

jlog10ðθtrueÞj
; ðA1Þ

εlinear ¼ 100 ×
jθtrue − θpredj

θtrue
: ðA2Þ
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The distributions of the computed relative percentage
errors are shown in the right panel of Figs. 6 and 7.
The emulator predicts the mixing angle with less than
7% error for 95% times of the test samples, demon-
strating excellent performance for the purposes of
this work.

In conclusion, the NN-based emulator developed in this
work provides an accurate and computationally efficient
surrogate model to predict active sterile mixing angles. The
emulator is implemented using Python with the following
libraries: PyTorch [119], NumPy [120], PANDAS [121,122], and
Scikit-learn [123].

FIG. 6. Prediction performance of the NN-based emulator for the active-sterile mixing angle on the independent test dataset.
Left panel: predicted values [log10ðθpredÞ] plotted against the actual values [log10ðθtrueÞ] as shown by the blue points. The red
dashed line represent the actual values from the test data. Right panel: distribution of relative percentage errors εlog for the test
data. The red shaded bands indicate regions with 68%, 95%, and 99% of the total number of test data (from darkest to
lightest, respectively).

FIG. 7. Prediction performance of the NN-based emulator for the active-sterile neutrino mixing angle on the independent test dataset.
Left panel: predicted values θpred plotted against the actual values θtrue as shown by the blue points. The red dashed line represent the
actual θ values from the test data. Right panel: distribution of relative percentage errors εlinear for the test data. The red shaded bands
indicate regions with 68%, 95%, and 99% of the total number of test data (from darkest to lightest, respectively).
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