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We present a mechanism for producing a cosmologically significant relic density of one or more sterile
neutrinos. This scheme invokes two steps: First, a population of “heavy” sterile neutrinos is created by
scattering-induced decoherence of active neutrinos. Second, this population is transferred, via sterile
neutrino self-interaction-mediated scatterings and decays, to one or more lighter mass (∼10 keV to
∼1 GeV) sterile neutrinos that are far more weakly (or not at all) mixed with active species and could
constitute dark matter. Dark matter produced this way can evade current electromagnetic and structure-
based bounds, but may nevertheless be probed by future observations.
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Introduction—An outstanding issue at the heart of
physics and astronomy is the identity of dark matter
(DM). Among the many beyond-standard-model (BSM)
candidates for DM, the neutrino sector offers an alluring
possibility: a standard model (SM) singlet “sterile” neu-
trino. However, the simplest mechanisms for producing a
dark matter-relevant relic density of these particles are
challenged by x-ray and large scale structure observations
(e.g., [1–10] and references therein). In this Letter we
propose a mechanism for producing a relic density of sterile
neutrinos that may be able to evade current bounds, yet may
be probed by future observations.
The standard Dodelson-Widrow mechanism [11] for

sterile neutrino dark matter production requires only a
vacuum mixing between the sterile and active (SM) neu-
trinos. At ultrahigh temperatures in the early Universe, this
mixing is medium suppressed, but subsequently, at lower
temperatures, T ∼ GeV, a cosmologically significant abun-
dance of sterile neutrinos can be built up via active neutrino
scattering-induced decoherence. However, the same mixing
that enables this freeze-in production scenario also provides
a sterile neutrino radiative decay channel into a photon
and an active neutrino [12]. Demanding a relic density of a

long-lived DM candidate in this scheme picks out a
ms ∼ keV mass scale associated with the sterile state.
That implies a decay-generated x-ray line at an energy
Eγ ¼ ms=2 that is nicely matched to the energy sensitivity
range of the x-ray observatories, enabling them to provide
stringent constraints [2].
Other production mechanisms for sterile neutrino DM

abound, but all require additional new physics on top of the
minimalist mass and vacuum mixing parameters of
Dodelson-Widrow. Some propose the sterile neutrino DM
abundance to stem from decays of heavier particles, e.g.,
scalars [9,13–18], other sterile neutrinos [19,20], or pri-
mordial black holes [21], while being relatively agnostic
about the active-sterile coupling. Similarly, the correct
sterile neutrino population can be achieved via thermal-
ization [22], dilution of their initially produced overabun-
dance [23], or, e.g., via strongly interacting massive particle
(SIMP)-like freeze-out [24]. Other production scenarios
focus on altering the active-sterile mixing. One example
is the Shi-Fuller mechanism [1,25–30] wherein the in-
medium active-sterile mixing is resonantly enhanced by a
cosmic lepton number asymmetry, which may be generated
through the asymmetric decay of heavier sterile states
(à la νMSM: e.g., [13,31–34] and many more). Another
invokes mixing parameters mediated by scalar [35–37] or
axionlike [38] fields, or a dark photon [39].
Intriguing dynamics can be achieved by bringing self-

interactions into the picture. Strongly self-interacting active
neutrinos can boost sterile neutrino production and, hence,
result in the required DM relic abundance at smaller mixing
angles [40,41]. On the other hand, self-interactions among
the sterile neutrinos themselves can lead to resonantly
enhanced production, which has been investigated in both
the heavy mediator [42] and light mediator limits [43,44].
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These considerations lead us to a scheme that utilizes the
advantages of both active neutrino scattering-induced
decoherence and sterile neutrino self-interactions. Though
there could be many sterile states, in a dark sector for
example [45], we can illustrate the key features of our
mechanism by considering sterile neutrino DM production
in the presence of two sterile species with a dark self-
interaction channel. This simple scenario may be further
motivated by the experimental observations requiring at least
two nonzero active neutrino masses.
Dark sector dynamics—The basic idea of this mecha-

nism is the following: (i) The heavier of the two sterile
neutrinos has a small mixing with active neutrinos, ena-
bling scattering-induced decoherence to populate this
heavier sterile state. (ii) Before the heavy sterile neutrino
population can decay back into the SM by virtue of its
mixing, self-interactions within the sterile sector engender a
population transfer to the lighter sterile neutrino state.
(iii) The population of the lighter sterile state (or states)
created this way persists until the present and can be the
dark matter or a component of it, provided its mixing with
the active neutrinos is sufficiently small.
The background evolution of the SM plasma and the

dark sector are governed by the following set of equations:

dρSM
dt

¼ −3HðρSM þ PSMÞ −
dρinj
dt

; ð1Þ

dρDS
dt

¼ −3HðρDS þ PDSÞ þ
dρinj
dt

; ð2Þ

H2 ¼ 8πG
3

ðρSM þ ρDSÞ; ð3Þ

where ρSM=DS and PSM=DS are the energy density and
pressure in the SM plasma and dark sector, respectively,
and H is the Hubble parameter. The first two equations
describe energy conservation within each sector, with the
exception of a small amount of energy transfer dρinj=dt
from the SM plasma into the dark sector. The last equation
is simply the Friedmann equation in a flat universe.
The energy injected into the dark sector via scattering-

induced decoherence is [1]

dρinj
dt

¼
Z

d3p
ð2πÞ3 Ef

ðeqÞ
να

Γα

2
Pðνα → N1Þ; ð4Þ

where Pðνα → N1Þ is the probability that an active neutrino
of flavor α ¼ e, μ, or τ, energy E, and momentum p has
converted into N1, the heavier sterile neutrino. It depends
on the mixing between N1 and να; here we will assume that
the mixing occurs only with one flavor, characterized by a
single vacuummixing angle θ. While in our calculations we
treat the active-sterile mixing as a free parameter, it
nevertheless arises in specific models, e.g., seesaw mass
models [46,47].

The scattering rate of an active neutrino on the SM
plasma with a temperature TSM is

Γαðp; TSMÞ ¼ Cαðp; TSMÞG2
FpT

4
SM; ð5Þ

where Cαðp; TSMÞ is a temperature-dependent coefficient
and GF is the Fermi coupling constant. Assuming that the
SM neutrinos follow a thermal Fermi-Dirac energy dis-
tribution with zero chemical potential for TSM ≫ 1 MeV,

one has fðeqÞνα ðE; TSMÞ ¼ ðeE=TSM þ 1Þ−1. We ignore Pauli-
blocking effects and the conversion of sterile neutrinos
back into active neutrinos, thereby decoupling the energy
injection rate from the dynamics within the dark sector. See
the Supplemental Material [48] for additional details.
In general, the evolution of the sterile neutrinos is

described by a set of coupled Boltzmann equations.
However, if we restrict ourselves to the regime where
the dark sector quickly reaches thermal equilibrium with
itself as a result of self-interactions, then the dark sector’s
energy density and pressure are completely determined by
its temperature, TDS, and the masses of the dark sector
constituents. This eliminates the need to evolve the indi-
vidual Boltzmann equations, and Eqs. (1)–(4) form a set of
coupled equations for TDS, TSM, and the scale factor as
functions of time. To good approximation, the latter two
quantities can be solved for independently of TDS, since the
energy injected into the dark sector is relatively small. To
solve for TDS, we numerically evolve Eq. (2) from a starting
plasma temperature TSM at which scattering-induced
decoherence is highly suppressed, with zero initial abun-
dance for both sterile states.
To demonstrate how the mechanism could work, we

choose the dark sector to consist of two sterile neutrinos N1

(heavy) and N2 (light) with a scalar mediator ϕ:

L ⊃
gijϕ
2
N̄C

j Niϕþ H:c:; ð6Þ

where i, j ¼ 1, 2. For simplicity, we take all gijϕ ¼ gϕ to be
equal, and take the heavy-mediator limit wherein Gϕ ≡
g2ϕ=m

2
ϕ is the effective interaction strength. Note that taking

this limit makes the whole discussion quite general, as it
allows us to be agnostic about the specific UVorigin of the
self-interaction. The scalar ϕ could, in principle, mix with
the SM Higgs, providing an additional channel for sterile
neutrino production (via scalar decays), e.g., [9,13–15], and
complicating the calculation of the relic abundance. Here,
for simplicity, we assume that the scalar resides entirely
within the dark sector, and has no mixing with the Higgs.
Thermal equilibrium and population transfer within the

dark sector may be achieved through various combinations
of self-interaction processes, namely, two-to-two scatterings,
one-to-three decays, and potentially two-to-four scatterings.
These rates scale as follows (see the Supplemental Material
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[48] for a more detailed discussion):

Γϕ;2→2 ∝ βG2
ϕpT

4; ð7Þ

Γϕ;1→3 ∝ G2
ϕm

5
N=γðpÞ; ð8Þ

Γϕ;2→4 ∝ G2
ϕT

4Γϕ;2→2: ð9Þ

Here, T and β are the temperature and a suppression
factor, respectively, parametrizing a Fermi-Dirac-like distri-
bution for the sterile neutrino(s): fðE; TÞ ≃ β=ðeE=T þ 1Þ.
Γϕ;X→Y refers to a ϕ-mediated process with X sterile
neutrinos in the initial state and Y sterile neutrinos in the
final state. γðpÞ in Eq. (8) is the Lorentz factor for a heavy
sterile neutrino with momentum p, accounting for a time
dilation of its lifetime.
These may be evaluated in two regimes of interest:

without and with dark sector internal thermalization.
Without thermalization, a suppressed Fermi-Dirac form
with T ¼ TSM and β ≪ 1 is a reasonable approximation to
the N1 distribution generated by active neutrino scattering-
induced decoherence. Subsequently, if the dark sector
internally thermalizes, the distribution functions instead
assume unsupressed Fermi-Dirac forms (i.e., with β ¼ 1)
parametrized by a dark sector temperature TDS. Assuming
an empty dark sector to begin with, and subsequent energy
conservation within the dark sector as it thermalizes, one
must have

g⋆DST
4
DS ¼ g⋆N1

βT4
SM; ð10Þ

and therefore TDS < TSM. Here, g⋆N1
and g⋆DS are respec-

tively the number of degrees of freedom of the heavy sterile
N1, and in the dark sector overall. For a typical momentum
p ≃ 3T, Γϕ;2→2 and Γϕ;2→4 are proportional to T5 and T9,
respectively. Therefore, the decrease in temperature from
TSM to TDS outweighs the increase of β from≪ 1 to β ¼ 1,
leading to an overall reduction in the rates postthermaliza-
tion. The decay rate for the heavy sterile neutrino in the
plasma rest frame is always larger after dark sector
thermalization because TDS < TSM.
To assess the prospects of dark sector internal thermal-

ization, these rates may be compared to the Hubble rate,
H ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8πg⋆SM=3
p ðT2=mplÞ, where g⋆SM is the number of

relativistic degrees of freedom in the SM plasma. On the
other hand, to avoid resonant overproduction due to the
additional in-medium potential provided by the self-inter-
action, we require that Γϕ;2→2 < Γα [42]. We also require
that gϕ < 1 to stay in the perturbative regime. These
requirements may be simultaneously satisfied over some
range of Gϕ values, given a sterile neutrino mass mN1

and
vacuum mixing angle θ.
This mechanism is illustrated for a particular choice of

parameters in Fig. 1. For both Γϕ;2→2 and Γϕ;2→4, the upper

and lower edges of each band reflect the rate expressions
without and with dark sector internal thermalization,
respectively. For Γϕ;1→3 the situation is reversed. N1 is
produced via scattering-induced decoherence, and initially
the dark sector has not achieved internal thermal equilib-
rium due to a lack of number-changing processes. This
changes once Γϕ;1→3 > H: this process increases the
number of sterile neutrinos, and the two-to-two processes,
which are initially much faster than the decays, ensure the
N1 and N2 populations equilibrate with roughly equal
number densities. Note that SM decay branches for N1 are
subdominant for these parameter choices compared to the
dark decays (see Supplemental Material). As the dark
sector thermalizes, the rates switch to the opposite sides
of the bands [55]. Eventually, N1 becomes nonrelativistic
and is Boltzmann suppressed, transferringN1 intoN2. One-
to-three decays, which eventually become faster than two-
to-two processes, further aid this transfer. N2 then persists
until the present day as a component of dark matter. Note
that the effective mixing between ν ↔ N2 arising via loop

FIG. 1. Bottom: evolution of SM and sterile neutrino energy
densities as a function of SM plasma temperature TSM. In this
scenario, thermalization within the dark sector, and population
transfer from the heavier (N1) to the lighter (N2) sterile neutrino,
are achieved through contemporaneous two-to-two scatterings
and one-to-three decays. Top: rates of various processes [Eqs. (3),
(5), and (7)–(9)] as indicated. The width of the colored bands
represents the variation of the rates as the dark sector thermalizes
(see text for details). Here, mN1

¼ 1 GeV, sin2ð2θÞ ¼ 10−15,
Gϕ ¼ 0.1GF, α ¼ electron, and all rates are evaluated at p ¼ 3T.
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interactions is suppressed relative to ν ↔ N1 by a factor of
∼G2

ϕT
4 at high temperatures due to the additional vertices

and internal propagators, and further suppressed by mass
threshold effects at lower temperatures.
An alternative scenario can achieve this dark sector

internal thermalization through two-to-four processes.
Although these are relevant only at high temperatures
and for a much smaller slice of the parameter space than
the previous example, they would allow for smaller N1

masses. This is because Γϕ;1→3 ∝ N5
1, and so smaller

masses have a lower one-to-three rate that may not be
significant at high enough TSM to overlap with two-to-two
processes.
Parameter space—Under the assumption that the dark

sector thermalizes internally, the parameter space in which
all of the dark matter is produced is shown in Fig. 2. The
left panel shows contours of the final dark sector temper-
ature relative to the SM temperature. In the viable param-
eter space this ratio is less than one for two reasons: the
active-sterile mixing is too small to thermalize the dark
sector with the SM, and the SM plasma is heated by the
disappearance of relativistic degrees of freedom as the
temperature drops. The right panel of Fig. 2 shows contours
of the required mass mN2

necessary to make all of the dark
matter, given the dark sector temperatures shown in the left
panel. It is assumed that the N1 relic population is
converted to N2 via two-to-two scattering, although the
results do not qualitatively change as long as the number
density is roughly preserved, e.g., if one-to-three decays
occur instead.

The lower boundary on the colored region in the
parameter space shown in Fig. 2 comes from the condition
that N1 have a large enough mass to decay into three N2,
i.e. mN1

> 3mN2
, which is the regime we restrict ourselves

to in this Letter. The upper boundary of the color region
follows from dark matter free streaming considerations,
explained below. We choose the upper limit of the N1 mass
range in Fig. 2 to be 10 GeV so that TSM ≫ mN1

during the
scattering-induced decoherence production period, ensur-
ing N1 is produced relativistically.
Discussion—A key feature of this mechanism is that it

allows for a larger sterile neutrino dark matter mass.
Normally, the mass of the sterile neutrino is bounded from
above by the requirement that the dark matter does not decay
too fast via its active-sterile mixing. In the proposed
mechanism, however, the mixing angle of the dark matter
candidate sterile neutrino does not affect its relic abundance,
and can therefore be arbitrarily small. On the flip side, this
mechanism provides discovery potential for current and
future x-ray and γ-ray missions across a much wider range of
sterile neutrino masses and mixings. Depending on the mass
ofN1, the dark matter massmN2

in our mechanism can range
from ∼10 keV–3 GeV. Many x-ray telescopes have
explored some of this parameter space (e.g., [56–65]), which
will be further probed by the upcoming telescopes ATHENA
[66] and XRISM [67]. This also motivates searches for dark
matter lines at higher energies, beyond the typical range for
sterile neutrino dark matter, using telescopes such as
NuSTAR [68–73], HEX-P [74], Fermi-GBM [75], and
INTEGRAL-SPI [76,77]. Moreover, heavier N2 masses

(a) (b)

FIG. 2. Across a parameter space of the heavy sterile neutrino rest mass (mN1
) and its mixing angle with the active neutrinos

[sin2ð2θÞ], the following contours are shown. Left: the ratio of the dark sector temperature to the standard model temperature, i.e.,
TDS=TSM, stemming from the energy injected into the dark sector from scattering-induced decoherence, under the assumption that the
dark sector thermalizes with itself. The blue region is where all observational and theoretical bounds are satisfied. Right: the mass of N2

(in MeV) required to account for all of the dark matter in this scenario.
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allow for decay channels involving additional particles such
as electrons, muons, and pions [78], which may generate a
more complicated electromagnetic signature than a nar-
row line.
On the opposite end, the lower bound on the sterile

neutrino DM mass is set by the requirement that free-
streaming dark matter should not wash out small-scale
structure, that is, its average kinetic energy must not be
too large. Since dark sector internal thermalization ensures
TDS < TSM, the sterile neutrino average energy can be consi-
derably lower than in a purely scattering-induced decohe-
rence scenario, resulting in a weaker lower mass bound. The
current bound for thermal fermionic dark matter with two
degrees of freedom is 9.7 keV at 95% C.L. [79]. For
comparison, the corresponding bound for the Dodelson-
Widrow scenario can be as strong as 92 keV [10].
The heavy sterile neutrino may in principle be detected

in laboratory searches, but unfortunately the mixing angles
shown in Fig. 2 are too small for any current or upcoming
experiments to detect, see Ref. [80] for a review. (If the
scalar mixes with the Higgs it may generate collider
signatures of its own [81].) Furthermore, many of these
sterile neutrino laboratory searches rely on detecting the
sterile neutrino’s SM decay products, which would not be
effective in the scenario considered here. If, however,
decays into SM products dominate over the dark decay
branch, larger mixing angles would be required to produce
the observed relic abundance. This could potentially allow
for detection in experiments close to the preferred param-
eter space shown in Fig. 2, such as HUNTER [82] and
TRISTAN [83–85]. Such scenarios could have significant
implications for neutrino decoupling and big-bang nucleo-
synthesis (BBN) [78,86–89], pre-BBN cosmology [41,90–
92], as well as energy transport in core-collapse super-
novae [93–96]. The lighter sterile neutrino N2, if it also
mixes with the active neutrinos, could be resonantly
produced in a supernova core, affecting the explosion
dynamics [97–101].
Future work could explore variations to the mechanism.

References [19] and [20] discuss dark matter production via
energy transfer between multiple sterile neutrinos in the
context of a Majoron model and a pseudo-Dirac model with
a dark photon, respectively. A lighter dark sector mediator
would result in more complicated dynamics, and in certain
regions of parameter space can produce the correct relic
abundance with just one sterile neutrino [43,44], reproduce
the regimes preferred by scenarios of self-interacting dark
matter [102–107] which address small structure problems
[108–110], or cause dips in the diffuse supernova neutrino
background [111]. The decay of a single heavy sterile
neutrino into many lighter sterile neutrinos (corresponding,
for example, to a tower of massive Kaluza-Klein modes
[45] or other rich dark sectors) may lead to an arbitrarily
cold dark matter spectrum for arbitrarily large g⋆DS, see
Eq. (10). Such a scenario also would potentially provide a

multitude of targets for future electromagnetic searches. We
conclude that the future of this dark subject could be bright.
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