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We explore resonant production of sterile neutrino dark matter via the Shi-Fuller (SF) mechanism,
revisiting its cosmological viability in light of recent results demonstrating that lepton-number asymmetries
L, = 1 at temperatures T > 20 MeV are consistent with big bang nucleosynthesis (BBN). Using a
quasiclassical Boltzmann transport calculation of the dark matter production, we compute the nonthermal
phase space distributions of sterile neutrinos across a broad range of particle mass m, and mixing angle
sin? (20) parameter space. We then evolve the resulting distributions through linear structure formation
using CLASS and fit the resulting matter power spectra to thermal warm dark matter (WDM) transfer
functions, enabling a direct mapping between SF models and equivalent thermal WDM particle masses my,.
This allows us to reinterpret existing structure formation limits and Lyman-a forest preferences in the
context of SF production. We find that lepton asymmetries L 2 0.5 at high temperatures open significant
viable parameter space in the m, > 10 keV and sin?(26) < 10~'* regime, compatible with both x-ray
constraints from NuSTAR and INTEGRAL/SPI and recent Lyman-a inferences of my, ~ 4.1 keV. Following
lepton number evolution below 20 MeV, we also specifically show that this lepton asymmetry parameter
space is compatible with BBN and cosmic microwave background constraints. We present updated
constraints, a refined my, fitting function, and power-law approximations for L across the parameter space.
Our results motivate future x-ray observations targeting the ~20 keV photon regime and testing of the

my, 2 10 keV WDM region.
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I. INTRODUCTION

Significant progress has been made in constraining a
wide variety of potential candidates for the cosmological
dark matter, yet the particle composition of it continues to
remain a mystery. One promising class of candidates is
sterile neutrinos, particles that are typically responsible for
the generation of neutrino masses in theories beyond the
Standard Model of particle physics. Sterile neutrino dark
matter has also risen in interest because it can affect
cosmological structure formation through its properties
as warm to cold dark matter. In addition, it can be detected
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via x-ray astronomy and probed through laboratory nuclear
decay experiments (for reviews, see Refs. [1-4]).

Important clues to the dark matter problem are present in
the distribution and properties of galaxies in the nearby
Universe, and the clustering of gas and dark matter in the
high-redshift Universe. Importantly, while ACDM—a
model with a cosmological constant (A), and cold dark
matter (CDM)—has been relatively successful despite its
simple parametrization, there has been ongoing interest in
extended theories of dark matter that modify its small-scale
structure that could accommodate apparent discrepancies
with ACDM (for a review, see Ref. [5]). One such simple
modification is the introduction of a nontrivial initial
velocity distribution for the particle dark matter from its
initial thermal contact with the primordial plasma [6]. Such
dark matter is now referred to as thermal warm dark matter
(WDM), and its velocity dispersion results in a suppression
of structure at small, sub-Galactic scales, since WDM can
escape small gravitational potential wells.

WDM is one of the simplest and most studied extensions
of the benchmark purely cold dark matter framework.
Historically, WDM was of interest in its ability to reduce
the number of dwarf galaxies in the Local Group [7] as well
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as their central densities [8]. Now, there are a multitude of
observations that constrain WDM: the phase-space density
of galaxies [9,10], satellite counts [11-13], structure in the
Lyman-a forest [14,15], stellar streams [16], and strong
lenses [17]. The current strongest limits on thermal WDM
particle masses, my,, are from galaxy counts and strong
lensing, which infer my > 8.4 keV (95% CL) [18] for
galaxy counts, my, > 8.5 keV (95% CL) from a combina-
tion of galaxy counts and strong lensing [19]. Interestingly,
an analysis of Lyman-a forest data prefers WDM over CDM,
with an inferred thermal WDM particle mass of my, =
4.1 ff353 keV [20].1 Sterile neutrino dark matter, however, is
nonthermal, and these limits must be converted to where its
particle mass produces commensurate effects [19].
Another key observational property of sterile neutrino
dark matter is its radiative decay channel, in which a sterile
neutrino dominant mass eigenstate decays into a mass
eigenstate that is predominantly an active neutrino and an
x-ray photon with energies at half the dark matter particle
mass [22,23]. Although this decay rate is suppressed by the
small active-sterile mixing angle, sin? 26, it increases as the
fifth power of the particle mass, such that the signal from
dark matter halos remains potentially observable with x-ray
telescopes [24,25]. Interest in sterile neutrino dark matter
rose when Bulbul et al. [26] reported a high significance,
5o, detection of an x-ray line in stacked observations of 73
clusters with the MOS and PN spectrometers aboard the
XMM-Newton telescope, as well as a consistent signal from
the Perseus cluster of galaxies observed with the Chandra
telescope. Boyarsky et al. [27] found a consistent signal
from the Andromeda galaxy as well as Perseus using data
from XMM-Newton. There has been significant scrutiny of
the results as well as follow-up observations that see
commensurate signals in other astronomical observations
[4], and several observations do not see the line with deep
exposures [28-30]. Among the most significant constraints
are those by Dessert et al. [31]; however, they are a factor of
~20 weaker than claimed, which is acknowledged within
that work, and in subsequent comments, e.g., Refs. [32,33].
Other strong limits from Foster ef al. [34] do not include
instrumental and on-sky lines present at 3.3 and 3.7 keV
in their stated constraints. Dessert et al. [35] claim that
background mismodeling led to the original line detection,
though this remains disputed [36]. The recently launched
XRISM Observatory will have great sensitivity to this
line [37]. The XRISM Observatory’s factor of ~50 greater
energy resolution than Chandra or XMM-Newton could

'We have modified these my, values to the more accurate
thermal WDM transfer functions of Ref. [21], and provide this
correction in Eq. (7). Within their respective analyses, using prior
thermal WDM transfer functions, these works infer a thermal
WDM preference of my, = 4.5ff94'5 keV in the Lyman-a forest
data [20] and constraints of mg, > 9.7 keV (95% CL) [18] for
galaxy counts, my, > 9.8 keV (95% CL) from a combination of
galaxy counts and strong lensing [19].

also potentially resolve the dark matter velocity broadening
of the line [26,38].

In this work, we evaluate sterile neutrino dark matter in
light of x-ray and WDM constraints. The remaining
parameter space is sensitive to observations from the
NuSTAR observatory [39-42], and SPI/INTEGRAL [43].
NuSTAR has placed leading limits on sterile neutrino decay
through multiple analyses: deep “O-bounce” observations
of the Galactic Center [39], pointed observations of the
Bullet Cluster [40], a recent long-exposure, stacked-field
survey of the Milky Way halo totaling over 20 Ms [41], and
a full-mission stray-light analysis with robust background
filtering spanning 11 years of data [42]. These studies
find no evidence of monochromatic decay lines and set
95% CL upper limits at sin?(20) < 107'? in the 6-40 keV
mass range. SPI, the high-resolution spectrometer aboard
INTEGRAL, searched for decay signatures in stacked
galaxy cluster fields and across the Galactic halo, similarly
reporting null results, and exclude lifetimes below ~10%° s
at 95% CL [corresponding to sin?(26) < 3 x 107'%] in the
240 keV mass regime [43].

Many particle dark matter models propose to utilize
thermal production mechanisms wherein an initial period of
coupling to the standard model plasma is followed by a
freeze-out which locks in the dark matter density and
preserves a Fermi-Dirac phase-space distribution. Such
freeze-out is also the case for early classes of WDM
models [6,44]. In contrast, WDM can be produced by a
different set of mechanisms resulting in phase-space dis-
tributions that diverge from thermal for the resulting dark
matter. For example, sterile neutrinos are generally pro-
duced with a nonthermal distribution, resulting from
neutrino oscillations and scattering in the early Universe.
In the original mechanism introduced by Dodelson and
Widrow [45] (hereafter DW), active neutrinos are sup-
pressed in their matter-affected mixing with sterile neu-
trinos at high temperature, followed by production
scattering rates falling with temperature, through what is
often described as a freeze-in process that achieves the
proper dark matter abundance. In the minimal case, the
only new parameters in the DW mechanism are a (pre-
dominantly) sterile neutrino particle mass and a mixing
angle with its (predominantly) active neutrino partner [45].
If there exists a lepton-number asymmetry in one or more
flavors of active neutrinos in the early Universe [46], during
dark matter production, the neutrinos’ matter-affected
potential is modified, introducing the possibility of a
Mikheev-Smirnov-Wolfenstein (MSW) resonance during
production via the Shi-Fuller (SF) mechanism [47]. The SF
mechanism can also be embedded in more extended
models, e.g., YMSM [48,49]. Owing to the resonance,
SF allows for smaller mixing angles than DW in producing
the observed relic dark matter density. While the original
DW mechanism is ruled out as producing the entirety of the
dark matter due to its narrow band in mass and mixing
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angle parameter space [50], adding a lepton-number
asymmetry (SF) can provide more flexibility with respect
to x-ray and structure formation constraints.

The SF mechanism was thought to be highly constrained
at small mixing angles since larger lepton numbers were
required to produce the proper dark matter density for those
mixing scales [12,51,52]. The lepton number or asymmetry
in a neutrino flavor «a is defined to be

La = Va ~ Va , (1)

with n, (7, ) the a flavor (anti)neutrino number density,
and n, the photon number density. The limit on the lepton
number from primordial nucleosynthesis and assumed
equilibration of neutrino flavors from oscillations was
determined to be of order L, <0.05 [53]. However, it
was recently calculated that neutrino flavor oscillation
physics locks in lepton numbers to potentially large and
unequal values at early times, so that lepton numbers of
order L, ~ 10 or larger can exist during SF dark matter
production, a more than 2 orders of magnitude relaxation
of constraints on the SF mechanism [54,55]. This allows for
much smaller mixing angles to produce the requisite dark
matter density, with some caveats as to the particle
production with such large L,, which we discuss below.
Some initial work in this extended parameter space was
performed in Ref. [56].

We also study the impacts of SF production on the
inferred clustering of the dark matter with respect to WDM
limits. Although the production mechanism of the sterile
neutrino WDM candidates considered here is nonthermal, a
key observation we make and go on to utilize is that the
resulting linear matter power spectra can be well approxi-
mated with those of thermally produced WDM models. We
show that both thermal WDM and SF sterile neutrino dark
matter have a similar shape to their characteristic suppres-
sion of small-scale power due to free-streaming effects.
This similarity allows us to use the familiar transfer
function typical of WDM to map a thermal particle mass
onto each point in the SF parameter space.

In exploring the SF mechanism to produce the dark
matter consistent with all constraints, we find that the
parameter space for the SF mechanism is significantly
broader than that inferred in previous work, primarily due
to the relaxation of the possible lepton numbers present
during SF sterile neutrino dark matter production. We
examine the physics of resonant production in this mecha-
nism in this broader parameter space. Given limits from x-
ray astronomy and structure formation, we present where
the SF mechanism remains viable. We also present the SF
parameter space commensurate with the inferred preference
for WDM from Villasenor et al. [20].

In the first part of this paper, we describe the particle
physics of sterile neutrinos in the early Universe,

particularly in the case of SF production. Next, we discuss
the evolution of lepton number through and after dark matter
production, showing specifically how the recent relaxation
of bounds of neutrino asymmetries applies to the situations
we focus on. We then describe how to implement the SF
particle distribution in structure formation—Boltzmann plus
gravity—solvers, after generating the phase-space distribu-
tions (PSDs) associated with the dark matter’s production.
Finally, we use our dark matter production and linear
structure formation pipeline to relate the SF parameter space
to current limits and preferences in WDM and x-ray
astronomy. We present the available window for SF to
explain current observations and set the stage for future work
expanding this methodology to a variety of production
mechanisms.

II. METHODS

A. Dark matter production

In the SF mechanism, production of sterile neutrinos
occurs through scattering during active-sterile neutrino
oscillations in the presence of a primordial lepton asym-
metry L, that enhances production via a MSW-type reso-
nance in the early Universe [47]. This production
mechanism can reproduce the observed dark matter density
using smaller mixing angles than those required in the DW
mechanism, and produces nonthermal PSDs that are colder
(or “cooler”) than thermal, i.e., (g) < 3.15, where g = p/T.
In this work, we utilize the STERILE-DM code created by
Venumadhav et al. [57]. The STERILE-DM code implements a
detailed calculation of resonant sterile neutrino production
in the early Universe via the SF mechanism, via a single
sterile neutrino species, of variable mass and mixing angle,
that mixes with the muon channel.

We will refer to the lepton number asymmetry in the
muon flavor simply as the lepton number L, i.e., L = L,,.
The production is computed using a collision-dominated
Boltzmann formalism appropriate for temperatures 7T 2
100 MeV, where the sterile neutrino distribution function
evolves under quantum-damped, nonequilibrium dynam-
ics, with source terms depending on the effective mixing
angle in the medium, the thermal potential V;, and the
asymmetry potential V; [57]. Between T = 100 MeV and
T ~20 MeV, very little to no dark matter production
occurs in the parameter space of interest here, so that
the collision-dominated Boltzmann formalism for produc-
tion is sufficient.

This implementation accounts for key plasma effects that
influence sterile neutrino production. Namely, it includes a
detailed calculation of the redistribution of the primordial
lepton asymmetry across charged leptons, neutrinos, and
hadrons through weak interactions, matched across the
QCD transition using lattice QCD susceptibilities. The
neutrino opacities are computed from first principles,
incorporating tree-level leptonic and hadronic scattering
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FIG. 1. Shown in the left panel is the relevant average g,,, = (p/T) for the region of parameter space examined in the remainder of the
work. In the right panels are the PSDs’ evolution as a function of temperature associated with two points on a constant sterile mass
contour (corresponding to A and B in the left panel), demonstrating the sweeping of the resonance creating a hotter population at smaller
mixing angles that require larger lepton asymmetries. The distributions lower their normalizations as the temperature decreases due to
the production code simultaneously tracking cooling and dilution of the dark matter during production. Most dilution and cooling occurs
through the QCD transition at 7 = 170 MeV, which is most readily seen in case A.

processes, including meson decays below the QCD tran-
sition and quark-level processes above it. These parameters
are used to solve the Boltzmann equation for the sterile
neutrino PSDs. These PSDs are prerequisite for calculating
cosmological structure formation in the linear regime, via
cosmological perturbation and Boltzmann calculations.
The production code outputs the PSDs across the produc-
tion period and the state data of the run, providing Qpy 4>
and L at each temperature, down to 10 MeV. While the final
Qpyh? is provided as an input and taken to be the full dark
matter density, the corresponding L is found by STERILE-DM
via a root-finding process. The code calculates scenarios for
positive L, as production is symmetric with respect to
positive or negative lepton number, with resonance occur-
ring for antineutrinos in the case of negative L, with
otherwise identical evolution.?

A key feature of SF production is that the resonance
condition evolves with temperature, sweeping across neu-
trino momentum space from low to high momenta as the
Universe expands and cools, preferring production of low
momenta modes in some parts of the mechanism’s param-
eter space. Much of the physics of SF production is
explored in Ref. [52]. From Ref. [24], the position of
the resonance is

The full code is available at: https://github.com/ntveem/
sterile-dm.

5m? cos 20

(4V2(3)/7*)GeT* L]
dm? cos 20\ /1072\ /100 MeV 4
e )

where

Qres ~

LY=2L,+ ) Ly (3)

p#a

For simplicity, we assume that the sterile neutrino mixes
exclusively with the (muon) neutrino flavor, so that @ = p.
G- is the Fermi constant, and 6m? is the difference between
the predominantly sterile and active mass eigenstates,
om* =m3 —m3. At a fixed sterile neutrino mass and
temperature, increasing the lepton asymmetry shifts the
resonance to lower momenta. Through production, as the
Universe cools and lepton number is destroyed by dark
matter production, a dynamic sweeping effect leads to a
distinct imprint on the sterile neutrino PSDs. For suffi-
ciently small asymmetries, the resonance is inefficient,
resulting in a warm spectrum similar to DW production. As
the asymmetry increases, the resonance becomes more
efficient and spans a wider momentum range, producing
a colder distribution peaked at low g. However, for very
large asymmetries, the resonance is delayed to lower
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temperatures where neutrino collisions become inefficient,
and the production of sterile neutrinos during resonance
sweep may be truncated before populating higher-momentum
modes. This results in a mixed spectrum with a cold core and a
warm tail.

These combined effects during production are shown in
Fig. 1, where two PSDs with the same sterile neutrino mass
exhibit different average momenta. The case with lower
mixing—and thus higher lepton asymmetry—is visibly
warmer. Therefore, the PSDs go from warm near the DW
mechanism (small L), to colder at intermediate L, to
warmer at the highest L values. For a fixed sterile neutrino
dark matter particle mass, this warm—cold-warm evolution
in the PSD is the key result from how lepton asymmetry
affects production in the SF mechanism.

There are limitations to the calculation of production
that we employ, which can be placed in two categories:
first, there are approximations which break down as L
approaches and surpasses unity; and, second, the approx-
imations of the two-neutrino mixing treatment of produc-
tion via a quasiclassical Boltzmann evolution. Regarding
the first category, while exploring where the SF mechanism
can produce the requisite dark matter density, we therefore
push the code to larger sterile neutrino masses and smaller
mixing angles, extending to large L ~ 10 lepton asymme-
tries. In the production calculations, Fermi blocking due to
large L is present in the quasiclassical Boltzmann evolution
equations. However, the presence of large L is not included
in the calculations of the scattering cross sections.
Therefore, our work at L = 1 is approximate and meant
to be a first exploration of this parameter space.

The second category of approximations includes the
assumption of one flavor carrying all the asymmetry,
collisional decoherence treated by a simple damping term,
and linear perturbative redistribution of the asymmetry in
the plasma. Moreover, since lepton numbers can be
redistributed due to scattering effects as well as neutrino
oscillations, a more accurate calculation would solve the
full quantum kinetic equations in four flavors: the sterile
neutrino as well as the three active flavors, which can all
carry lepton number and could all mix with each other.
Such conditions can produce multiple MSW level cross-
ings, and, in the case of multiple sterile neutrinos, con-
ditions could exist for lepton number generation [58—60].
The effects of large L also complicate this second category
of approximations. We leave these more thorough calcu-
lations for future work. Given these caveats at L = 1, our
analysis below provides the contours where L becomes
large in order to highlight the region where a more detailed
approach is potentially necessary.

In addition, we note that previous work has found that
increasing the momentum bin count in STERILE-DM is
increasingly important as the analysis moves to a higher
lepton number [61]. It appears that part of the resonance is
missed if the momentum resolution is low, resulting in less

0
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315
3
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—201

—251

—30L" ;
103 104
Momentum bin count

FIG. 2. The blue (orange) curve shows the percentage error in
the dark matter relic density, (UEQDM/’lz, as a function of
momentum bin number in the STERILE-DM code for the sterile
neutrino parameters associated with point A (B) in Fig. 1.

dark matter production. Practically, this manifests as a
larger lepton number identified by the code if using an
insufficient resolution. In order to mitigate this issue, we
analyzed different regions in parameter space before
completing our analysis, finding in agreement with the
authors of Ref. [61] that 30,000 momentum bins is
generally sufficient; however, for regions near nonresonant
production, we use fewer bins (down to 5,000) and for very
large lepton number regions we use more (up to 50,000) to
balance computational efficiency with the maintenance of
accuracy at the single-percent level (=1%). Figure 2 shows
the results of our analysis for the two points A and B from
Fig. 1. The results demonstrate the necessity for higher
resolution at relatively large lepton number (smaller mix-
ing, such as point B) but the lesser importance in the low
lepton number (larger mixing, such as point A) regime.

B. Lepton number evolution

We explore lepton number evolution in two distinct
periods: first, as it evolves during dark matter production,
and second, after dark matter production is completed, and
synchronous neutrino oscillations occur. These epochs are
separated by the temperature of T ~ 20 MeV.

In other works, it is common to give L as a ratio to the
temperature or entropy in order to more easily implement
neutrino functions in the Boltzmann transport equations.
We provide here conversions to these common forms to
assist in understanding our work in the context of the
literature. First is the relation between number density
asymmetry normalized by temperature cubed,

nya - fl”rz p— 2€(3) L ~ La
5 22 T4

Na (4)

And, second is the scaled lepton number density asym-
metry normalized to entropy density s,
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In order to best utilize recent findings, we will treat the
lepton asymmetry as being unconstrained at the order
L ~ 10, based on Froustey and Pitrou (FP) [54] and in
contrast to previous treatments of SF production that
considered L as evolving through a synchronized neutrino
oscillation equalization process, and thus placed a con-
straint on models utilizing L > 0.05 [62-64]. FP revisit
cosmological constraints on primordial lepton asymme-
tries using a full three-flavor, multimomentum neutrino
transport code that solves the quantum kinetic equations
with exact collision terms and self-consistently couples to
a big bang nucleosynthesis (BBN) solver [54]. The
authors demonstrate that in order to satisfy BBN bounds,
one need not have asymmetries of order L ~0.1, or
smaller, but that in scenarios with large or flavor-imbal-
anced initial asymmetries, initially very large asymmetries
at 7> 1 MeV can equilibrate to small, unconstrained L,
when entering the BBN era. We illustrate these results
specifically for the parameter space we are interested in in
Sec. II B 2.

Finally, we note that the lepton potential in sterile
neutrino dark matter production depends on the total lepton
number in an asymmetric way, with a factor of 2 greater
dependence on the lepton number in the species with which
the sterile neutrino mixes. The lepton potential is [24]

v, = 2‘/?5(3)6}:# <£a + Z) ()

where 7 is the baryon asymmetry, £ is given in Eq. (3),
and the neutrino with which the predominantly sterile
species mixes is v,, where in our case @ = u.

1. Cosmic lepton number evolution
above T ~ 20 MeV

Our calculations start with asymmetries well prior to all
dark matter production at 7 = 10 GeV, and end after all
dark matter production, at 7 = 10 MeV. It was found in
initial work [62-64] and in FP that large asymmetries are
largely frozen in evolution at 7> 10 MeV due to any
active-neutrino mixing. However, during sterile neutrino
dark matter production, L is affected by conversion to the
sterile neutrinos’ “lepton number,” redistribution of any
initial neutrino asymmetry into charged lepton and had-
ronic asymmetries, as well as redistribution into the other
neutrino flavor asymmetries [57].

The redistribution of the lepton number during dark
matter production is computed self-consistently in STERILE-
DM by solving a set of coupled linear equations that enforce
the chemical and kinetic equilibrium among the various
components in the plasma [57]. These constraint equations
arise from the relation between the lepton number

asymmetries and the corresponding chemical potential
and number-density susceptibility of each lepton (both
charged and neutral), as well as relations describing charge
and baryon number conservation. The temperature depen-
dent susceptibilities are carefully constructed across three
epochs: using perturbative QCD at temperatures well above
the quark-hadron transition (7 2 300 MeV), lattice QCD
near the transition (150 MeV <7 <300 MeV), and a
hadron resonance gas model well below the transition
(T £ 150 MeV), with care taken to smoothly match each
regime. This framework captures how the initial neutrino
lepton asymmetry in one flavor is dynamically redistributed
into both charged lepton asymmetries, as well as into the
hadronic sector.

As an example, v, + u* = 7, which is faster than the
Hubble rate in the dark matter production period, is one of
the primary channels of this redistribution at temperatures
near peak production. Redistribution between leptonic
flavors becomes more dominant at lower temperatures
below the quark-hadron transition. The result of redistrib-
ution across the dark matter production period is a ~10%
correction in the asymmetry potential [57]. However, as
shown below, the corresponding change in L across the
same period is quite large, up to a factor of 10 in the
examined region of parameter space.

In Fig. 3, we show an example case of the evolution of L
for the successful production of the dark matter for a sterile
neutrino with a particle mass of 40 keV and a mixing angle
of sin? (20) = 1.6 x 10715, corresponding to point B in
Fig. 1. As can be seen in the figure, production conversion
and redistribution of L leads to its reduction in magnitude
by a factor of greater than 5.

10* 10° 107 10!
T [MeV]

FIG. 3. Evolution of the muon lepton asymmetry above
20 MeV, as tracked by STERILE-DM. This example is for a sterile
neutrino with a particle mass of 40 keV and a mixing angle of
sin? (20) = 1.6 x 101, corresponding to point B in Fig. 1. The
lepton number is seen to change by roughly a factor of 8 in this
example.
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FIG. 4. Shown here are outputs of the numerical solution of the neutrino quantum kinetic equations and self-consistent BBN
calculations for initial asymmetry configurations at 7 = 20 MeV with L, ~ 0.68, varying L, and the average lepton number L,,. Left
panels show helium-4 (top) and deuterium (bottom) abundances for a baryon density &, 4> = 0.0224 (preferred value from Planck [72]).
The dotted (dashed) lines are the 68% (95%) confidence levels from the spectroscopic measurements of ¥, [73] and D/H [74-76]. Top
right panel shows the effective number of relativistic species Ny, which is always larger than the standard value 3.044 at zero
asymmetries [79-82]. Bottom right panel is the likelihood based on CMB and BBN measurements (see details in [54]), compared to the

likelihood £, of the symmetric baseline L,,.=0.

2. Cosmic lepton number evolution below T ~ 20 MeV
and cosmological constraints

Below T ~ 20 MeV, synchronized neutrino oscillations
redistribute the asymmetry between the electron, muon, and
tau neutrino flavors [62—64]. Although the general trend is
an approximate equilibration of the individual Ilepton
numbers L, to their average L,, = (> ,L,)/3, recent
studies [54,55,65] have shown that the use of modern
values of the mixing parameters and the full collision term
significantly affect the details of neutrino asymmetry
evolution. Lepton asymmetries can be constrained via their
effect on cosmological observables, namely, the effective
number of relativistic species Ny and the primordial
abundances of helium-4 Y, and deuterium D/H (see,
e.g., Refs. [66-68]). Given the current experimental data
on these various quantities, the strongest bounds come from
BBN spectroscopic measurements (at the single-percent
level—=~1%), which tightly constrain the electron neutrino
asymmetry L, at the BBN epoch. Although it had been

recognized before that specific configurations, with poten-
tially large individual L, could lead to small values of the
final L, (see, e.g., [69]), FP have shown that a large domain
of the parameter space with L 21 at T =25 MeV is
allowed by experimental data [54].

In what follows, we show specifically that many asym-
metry configurations with a large L, (which is the case
considered here for dark matter production) are compatible
with experimental constraints. For that purpose, we apply
the numerical code used in Ref. [54] (see also Ref. [65])
to a range of asymmetry configurations at 7 = 20 MeV,
with a fixed muon neutrino asymmetry 7, = 1/6, that is,
L,~0.68. We assume a normal ordering of neutrino
masses and use the mixing parameters from [70]. We show
in Fig. 4 the various cosmological observables (Y ,, D/H
and N.s) obtained for each initial configuration. For
primordial nucleosynthesis, the (anti)neutrino distributions
obtained from the solution of the quantum kinetic equations
are used as input in the BBN code PRIMAT [71]; we show
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the resulting abundances obtained for the preferred value of
the baryon density from Planck (Q,h* = 0.0224 [72]). On
the bottom right panel, we compute the likelihood £ of
each point, as a combination of Gaussian likelihoods for
each BBN spectroscopic measurement (helium-4 [73],
deuterium [74-76]) and the likelihood associated to the
combination of CMB data described in Ref. [54]. We then
plot the ratio of this likelihood to that of the lepton-
symmetric configuration (L,, L, L.) = (0,0,0). For refer-
ence, the point of highest likelihood in this limited region of
the parameter space is actually preferred to the “standard
model” origin, with —21n(L,,.c/Lo) ~ —0.94. For visuali-
zation purposes, we represent the confidence levels of the
spectroscopic measurements of primordial abundances on
the left panels of Fig. 4. The shift between the preferred
regions for Y, and D/H stems from the “deuterium
tension” in PRIMAT [77], which will not be resolved or
confirmed until better determinations of the deuterium
burning nuclear rates are available [78].

Figure 5 shows the evolution of neutrino asymmetries
below 7 =20 MeV for two configurations: on the top
panel, a preferred point from the parameter space explored
in Fig. 4 (shown with a black star), and on the bottom panel
a configuration outside of the range of Fig. 4. Since the
temperature range shown on Fig. 5 covers neutrino decou-
pling and electron-positron annihilations, we need to
distinguish between the photon temperature 7', and the
comoving temperature 7,  a~' (with a the scale factor),
which would be the neutrino temperature in the instanta-
neous neutrino decoupling approximation. Because of the
variation of T,/Ty,, the lepton number L, defined in
Eq. (3) is not a comoving quantity, which is why we
multiply it by (T,/T.)? in Fig. 5 (see also the discussion
in Ref. [54]).

These two examples result in a very small electron
neutrino asymmetry at the BBN epoch, which is the main
parameter determining BBN abundances. We note that
future Simons Observatory and CMB-S4-like observations
will be able to constrain N at much better levels, and
measure Y, at a level of precision comparable to current
spectroscopic measurements [83-85], thus being able
to identify or constrain these required L for the SF
mechanism.

With the results of Figs. 4 and 5, we highlight the variety
of currently allowed asymmetry configurations for a given
muon lepton number L,,. In the following, we then consider
the lepton number L which enters dark matter production as
being unconstrained at the order L < 10 (recalling that it
decreases by a factor of at least 5 between T = 10 GeV
and 7 = 20 MeV).

C. Cosmological structure

WDM affects cosmological structure formation due to
free streaming of the dark matter. The nature of the free

TT—TT—T— T T T T T T T

*

Lo x (Ty)Tem)?

(Ty/Tem)?

«x —0.2

La

T [MeV]

FIG. 5. Shown is the evolution of the (anti)neutrino flavor
asymmetries below 20 MeV in two examples. The top panel
shows the configuration identified with a black star in Fig. 4. The
bottom panel shows a configuration outside of the parameter
space covered in Fig. 4, but which still results in cosmological
observables compatible with observations.

streaming is unique in the case of thermal WDM, but
widely varied in the case of nonthermal WDM such as DW
and SF sterile neutrino dark matter. The effects of free
streaming are imprinted on the distribution of matter and
affect the linear matter power spectrum, and related non-
linear cosmological observables. To produce the linear
matter power spectra for each generated SF PSD, we used
the CLASS Boltzmann code [86]. The benchmark param-
eters for ACDM are from the Planck 2018 minimal case of
one massive neutrino species with Xm, = 0.06 eV, mod-
eled as a non-CDM dark matter component [72].
Specifically, we adopt the cosmological parameters that
are the best estimate parameters from the TT, TE, EE +
lowE + lensing column in Table 2 of Ref. [72]. To produce
the matter power spectra for the SF cases, we provide the
PSDs and particle masses to CLASS. CLASS rescales the
PSDs to match its normalization conventions.

We make the assumption that all lepton asymmetries are
small by the time of structure formation. That is, they can
correspond to lepton number configurations such as in the
top panel of Fig. 5, so that the asymmetries are small
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FIG. 6. The top panel shows a comparison of the PSD of a
37 keV sterile neutrino with sin” (20) = 1.5 x 1074, as well as
the corresponding Fermi-Dirac distribution, demonstrating the
population of lower momentum modes. The middle panel shows
the corresponding relative transfer function from CLASS, com-
pared to the thermal mass fit. The bottom panel shows the
resulting residuals from the relative transfer function fitting,
demonstrating the validity of our association between SF sterile
neutrinos and a 7'(k) = 1/2 suppression scale associated with
thermal WDM at the ~20% level.

enough that the structure formation is mostly sensitive to
the sterile neutrino dark matter component, and not the
small remaining active asymmetries. However, in general,
SF mechanisms will likely be connected with nontrivial
signals in L, and N4 in the BBN and CMB eras.
While using CLASS, we examined multiple numerical
tolerances and integration methods to ensure the best

results for each region of parameter space, in terms of
numerical stability of the results as well as optimal
numerical speed; our specific implementation is available
in the public pipeline code.’

The resulting matter power spectra were converted into
relative transfer functions

T(k) = \/Px(k)/PACDM(k)» (6)

and an example is shown in Fig. 6. We fit the SF transfer
functions with thermal WDM transfer functions, where the
thermal WDM particle mass is the free parameter for each
sterile neutrino particle mass and mixing angle point. As
shown, the residuals between the closest-fit thermal WDM
transfer functions and those of the SF-produced sterile
neutrinos are relatively small (<$20%) for the suppression
scale of 1/2. The < 20% accuracy holds in our fit across the
examined parameter space, despite many points having
PSDs that are highly nonthermal. In order to properly
convert most of the prior literature’s inferred thermal
WDM particle masses, my g [87] (more accurate at
My = My pew < S keV) into that calculated for larger ther-
mal WDM particle masses, my, ney, found in Ref. [21], we
use a linear fit relation,

Mih new ~ 0~83mth.01d +0.36, (7)

where the particle masses are in units of keV. This relation
should be used to properly map any work which utilizes the
previous WDM transfer function fit, in order to convert it
into a more broadly calibrated thermal WDM particle mass
value. We repeat our fitting process across the full parameter
space and derive contours to describe the thermal WDM
equivalent masses in order to apply signals and constraints
directly to the SF parameter space. This is shown in Sec. III
and Fig. 7.

III. RESULTS

Our primary results are shown in Fig. 7, which was
calculated by using the GZA code as described in the
previous section over the full parameter space shown. The
colored contour plot shows the equivalent thermal WDM
particle mass for that position in parameter space. The
white dot-dashed line at my,ema = 4.1 keV is the best-fit
value for the evidence for WDM from the Lyman-a forest
[20], and the full parameter space is consistent with the 1o
inferred thermal WDM particle mass from that work. In
Fig. 7, the red dashed line represents the current strongest
bound on thermal WDM particle mass my, > 8.5 keV
(95% CL) from a combination of galaxy counts [18] and
strong lensing (Zelko+) [19]. The gray exclusion region is

The code is available at https:/github.com/garciach77/GZA.
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Shown is the full sterile neutrino dark matter parameter space under SF production, with the initial L values given at

T = 10 GeV in order to achieve the observed density of the dark matter. These L values are all reduced by a factor of 5 to 10 by
T = 10 MeV from dark matter production and dilution (see Sec. I B 1 and Fig. 3). The L is further reduced by synchronized oscillations
prior to BBN, and the initial L values shown are consistent with BBN and CMB observations today (see Sec. II B 2). The blue
dot-dashed line is the best fit the thermal WDM particle mass from Villasenor+ [20]. The full region shown is consistent with the 1o
thermal WDM particle mass region from Villasenor+. The dashed red contour is the thermal WDM particle mass lower bound from the
Zelko+ [19], disfavoring the region left of the line. The gray cross-hatched x-ray exclusion region is the combination of NuSTAR and

SPI/INTEGRAL at 95% CL upper limits [39—43].

formed from the strongest x-ray bound at each mass,
resulting from NuSTAR and SPI/INTEGRAL constraints
[39-43].

The contours for constant L shift down with increasing
m, because a smaller number density is needed to match
the observed dark matter density, and less L-driven
resonant conversion is needed. We find that the available
window for SF to account for the entirety of the dark
matter is excluded at much greater than 95% CL for
L < 0.1; however, extending to higher L demonstrates the
potential for a much larger parameter space available
based on the current large values possible for the lepton
number in the early Universe. The shapes for the contours
of constant my, have a tilt up and to the left due to the fact,

as shown in Fig. 1, that higher L in this region of the
parameter space leads to a population of higher ¢
momenta modes, and effectively warmer dark matter.
Note that at higher mixing angles, in the regions shown
that are largely ruled out by x-ray observations, the
contours reverse as the SF mechanism produces lower
average ¢ distributions, as shown in Ref. [12].

As part of this work, we also developed power-law fitting
functions for the thermal WDM particle mass and the
lepton number contours in the relevant region of parameter
space. These fits provide a compact and accurate repre-
sentation of the numerical results, facilitating interpolation
and analytical estimates without rerunning the full sterile
neutrino production code. The thermal WDM particle mass
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my, is fit as a function of the sterile neutrino particle mass
m, and mixing angle sin® (26), while the lepton asymmetry
L required to form all of dark matter is similarly expressed
in terms of the same parameters. The functional forms of
the fits are

A=1329
me = Ama[sin?(20)]°, { a =1.044 (8)
b = 0.055,

C =1.865x 10712
a=—1813 (9)
B =—1042,

L = Cm%[sin®(20))’,

where particle masses are in units of keV. Importantly, my,
in these relations is the more accurate thermal WDM
particle mass calculated in Ref. [21].

These expressions capture the dominant scaling behavior
in the high-lepton asymmetry regime and are validated to
remain within percentage-level error bounds across the
range 15 keV <m,; <60 keV and 1071 <sin?(260) <
3 x 10713, Specifically, the average error for the thermal
mass fit was 1.3% while the average error for the lepton
number fit was 8.3%.

Interestingly, if one adopts the Zelko 4+ bounds, the
remaining unconstrained parameter space requires an
L = 0.5. Note that the full parameter space in Fig. 7 is
preferred by Lyman-a observations and within the derived
lo thermal WDM particle mass region given by my, =
4133 keV [20].

IV. DISCUSSION AND CONCLUSIONS

In this paper, we examine the Shi-Fuller sterile neutrino
dark matter production mechanism given the newly
uncovered possibility of large lepton numbers in the early
Universe, during the dark matter production era. In this
context, we study the combined constraints from structure
formation and x-ray astronomy. Interestingly, there are
both structure formation constraints on WDM from
lensing and galaxy counts, as well as a current preference
from recent interpretations of Lyman-a forest measure-
ments. Specifically, the thermal WDM particle mass
preferred by an interpretation of Lyman-a forest observa-
tions is my, :4.1ff%'3 keV [20], while constraints on
WDM from galaxy counts and lensing are at the level
of myg > 8.4keV (95% CL) [18] and my, > 8.5 keV
(95% CL) [19].4 These structure formation constraints
and preferences lie in the parameter space for SF sterile
neutrino dark matter production that are not constrained
by x-ray astronomy. We find that the available parameter

*As discussed in Sec. I, we use the updated, more accurate
thermal WDM transfer functions for these signals and constraints.

space for the SF mechanism is no longer closed, but
opens up for L > 0.5, m, = 35 keV, and sin*(26) < 10~
when adopting both structure formation and x-ray
constraints.

There are several other observational and experimental
probes of the SF mechanism for the production of sterile
neutrino dark matter. One is a potential detection of Ng >
3.044 with high significance from upcoming CMB experi-
ments [84,85]. This could be a signature of high-L in the
very early Universe [54]. N ~ 3.5 is already favored by
the Hubble tension [88,89]. As discussed in Sec. II B, the
primordial abundances are also very sensitive to the non-
zero lepton number (chemical potential), particularly in the
electron-flavor neutrinos. Of interest specifically is the
recent EMPRESS measurement of Y, that may indicate
nonzero L, at the BBN epoch [90-93], which would
expand the possibilities for larger L, in all flavors at early
times [54]. CMB observations are also becoming highly
sensitive to ¥, and N independently, allowing for tests of
primordial nucleosynthesis [94,95].

Since the parameter space remaining is at lepton num-
bers of order unity, we have identified approximations that
must be examined in this high-L regime of early Universe
physics. In the fortunate event that a future x-ray observa-
tory detects a signal in this small mixing angle region, our
work shows what parameter spaces are of interest for
structure formation and potential nuclear decay probes
[96-99], as well as the necessity of carefully examining the
full quantum kinetic behavior of SF sterile neutrino dark
matter production at high L.

In addition to the resonance of the SF mechanism,
enhancing the active neutrinos’ scattering rate through
nonstandard interactions (so-called NSI) can allow access
to sin?(26) = 10~'* for sterile neutrino dark matter pro-
duction via oscillation-based production [100-103]; how-
ever, this NSI mechanism is beyond the scope of this
present paper, and was recently examined in more detail in
Ref. [104]. In addition to enhancing methods of production
involving neutrino oscillations, sterile neutrino dark matter
can also be produced by mechanisms that are independent
of mixing, such as those from parent particle decay to
sterile neutrinos, including the “keV miracle” from Higgs
boson decay [105], a Grand Unified Theory (GUT)-scale
mechanism [106], vector boson decay [107], from thermal
production and subsequent dilution by new particles [108],
from a parent sterile neutrino [109], or from new active-
sterile interactions [110], including via varying Yukawa
couplings [111].

In conclusion, given the viability of the SF mechanism
at m, 2 35 keV, it is best probed by x-ray observatories in
the energy scale of E, = m/2-20 keV, as well as future
probes of structure formation at the my, 2 10 keV WDM
scale, which may corroborate either the evidence for
WDM from Villasenor et al., or augment the constraints
on WDM.
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Note added. Recently, a related paper appeared on arXiv
[112]. In that paper, the authors find similar expansion of
the parameter space using a new production code which
incorporates nonaveraged neutrino oscillations and addi-
tional effects from large chemical potentials.
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