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Light sterile neutrinos with a mass of ∼1 eV continue to be interesting due to multiple hints from
terrestrial experiments. This simple hypothesis suffers from strong astrophysical constraints, in particular
from the early Universe as well as solar neutrinos. We develop a cosmologically viable proposal consistent
with the terrestrial hints, as well as solar constraints, by sourcing the sterile neutrino’s mass from ordinary
matter via an ultralight scalar ϕ which can also be the dark matter. In this scenario, the experimentally
implied ∼1 eV sterile neutrino mass is a local value and changes throughout spacetime.
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I. INTRODUCTION

The three-flavor neutrino picture is coming into view
with oscillation data from many experiments. Some key
tensions remain, many of which can be addressed by the
presence of a new light sterile neutrino with a mass ∼1 eV
and relatively large mixing [1–4]. This explanation, how-
ever, is in tension with a number of datasets, notably
cosmological data from the early Universe [5–8], as well as
those from terrestrial and solar neutrino experiments [9].
In this paper, we propose a solution to some of the

constraints on light sterile neutrinos by dynamically
changing the mass of the sterile neutrino depending on
its environment—an ultralight depth-dependent scalar
nonstandard interaction in the sterile sector; see,
e.g., Refs. [10–18] for other papers with components of
this model. This is accomplished by coupling the sterile
neutrino to an ultralight scalar which in turn is coupled to
baryons. This model evades cosmological constraints as
well as solar constraints, and the scalar can be a viable
candidate for dark matter (DM) depending on the nature of
the scalar’s self-interaction as will be discussed. We will
provide concrete viable details, but many of the details can
be modified for similar, or even richer, phenomenology.
Some aspects of our scenario have been discussed

before with key differences such as the lack of a DM
candidate [19–21], and the lack of an explanation for
the ∼1 eV sterile neutrino hints [22,23]. In addition,

none address the constraint from solar neutrinos. Other
models looking to reconcile ∼1 eV sterile neutrinos with
cosmology often turn to neutrino self-interactions [19,24],
although it is known that this introduces more problems
[25,26]; such a scenario could partially improve [27] the
Hubble tension [28–30]. Other studies have investigated
the connection between ultralight particles and neutrino
oscillation experiments [31–44] or DM [45].

II. LIGHT STERILE NEUTRINOS

A new sterile neutrino is an economical way to develop
rich neutrino oscillation phenomenology and has been a
standard benchmark for many interesting theoretical and
experimental questions and may well be related to the
nature of neutrino mass. A number of anomalous datasets
regularly suggest m4 ∼ 1 eV which typically mixes either
with νe or both νe and νμ at the ∼1% to ∼10% level.
In the case where ν4 primarily mixes with νe, the most

significant hint comes from gallium data [46–48]. While
the theory involved is somewhat complicated, no explan-
ation within standard physics seems to exist [49–51], and a
recent experiment claimed a high significance result at the
> 5σ level at m4 ≳ 1 eV and sin22θee ∼ 0.4 [52,53]. These
parameters are in tension with solar data using theoretical
predictions for the solar neutrino flux [54].
Additional weak hints come from short-baseline accel-

erator data and reactor neutrinos compared to theory or
reactor spectral data [55–58] which may also point toward a
similar picture. For these datasets either other explanations
exist or the significance is quite low [59–62].1 Reactor
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1To be specific, one νe disappearance analysis of the Micro-
BooNE data found weak evidence 2.4σ of νe disappearance due
to a dip in the data that is consistent with the parameters for the
gallium data [58]; other analyses found that this dip is less
significant [61,62].
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spectral data also disfavor the large mixing preferred by
some anomalies [57].
The additional inclusion of νμ mixing has the strengths

(and weaknesses) of mixing with just νe and is impacted by
several new important datasets. Notably LSND [63] and
MiniBooNE [64] have each seen evidence for νμ → νe
mixing at 3.8σ and 4.8σ respectively that, when interpreted
with other constraints, leads to a preferred region of
parameter space of m4 ∼ 0.7 eV and sin22θμe ∼ 0.01 [9].
These parameters are also tested elsewhere notably
MINOSþ [65] and IceCube [66] which have derived
constraints that put the high significance results from
LSND and MiniBooNE into confusing tension. Simple
extensions to the ∼1 eV sterile neutrino picture such as
multiple sterile neutrinos in this range [1,67] or new
interactions [12,68] do not significantly clarify this picture.
In any case, strong constraints from cosmology exist

which are largely flavor independent and strongly disfavor
all of the interesting parameter spaces discussed above [8].

III. AN ULTRALIGHT BOSON MODEL

We will consider the Lagrangian for the interactions of
the ultralight scalar ϕ with the sterile neutrino νs and Earth,
i.e., electrons e and nucleons n:

L ⊃ −ðm0 þ gsϕÞν̄sνs − geϕēe − gnϕn̄n; ð1Þ

where m0 is a bare mass term. In Appendix A, we outline
possible underlying ultraviolet (UV) structures and sym-
metries that could explain our choice of parameters in this
section, in general terms.
A long range force acting on electrons and nucleons is

constrained to have strength ge ≲ 1.4 × 10−25 and gn ≲
8.0 × 10−25 at 2σ, respectively [69,70]. For simplicity, we
will examine the case where ge ≪ gn and thus electron
densities can be ignored, although including ge as well
would not significantly impact our discussion.
The potential for ϕ is assumed to be given by

VðϕÞ ¼ 1

2
m2

ϕϕ
2 þ λϕ

4!
ϕ4; ð2Þ

where mϕ is the mass of ϕ and λϕ denotes its self-coupling
strength. We will posit that the mass2 implied by laboratory
experiments for ν4, which is mostly composed of νs, is
sourced coherently by the terrestrial nucleons (baryons)
in addition to the bare mass term: ms ≈m0 þ gsϕ. We will
consider mϕ smaller than the inverse of Earth’s radius
1=R⊕ ≈ ð6400 kmÞ−1 ≈ 3 × 10−14 eV, in order to maxi-
mize the source contribution. Henceforth, we will takemϕ ¼
5 × 10−15 eV as our reference value (see Appendix H for the

impact of different values of mϕ, including possible annual
modulation of terrestrial signals).
Then, at the surface of the Earth, we have

ϕ⊕ ≈ −
gnN⊕

n

4πR⊕
e−mϕR⊕ : ð3Þ

The above expression is valid as long as we can ignore
the ϕ4 term in VðϕÞ near the Earth’s surface which is valid
so long as λϕ < 10−53, as is true for both cases we will
consider later.
Let us take gn ¼ 5 × 10−25, consistent with current

bounds. We then have jϕ⊕j ≈ 4 × 1012 eV.3 We then take
gs ¼ 5 × 10−14 so that −gsϕ⊕ ¼ 0.2 eV. See Ref. [71] for
the details of calculating ϕ sourced by a spherical object
such as the Earth. In our scenario, this is the largest fermion
coupling of ϕ, which typically induces a quartic coupling at
one-loop order given by

δλϕ ∼
g4s

16π2
∼ 4 × 10−56

�
gs

5 × 10−14

�
4

: ð4Þ

We mention in passing that for the assumed values of
ðgs; gnÞ, finite one-loop corrections quadratic in fermion
bare masses do not destabilize m2

ϕ (for m0 ∼ eV).

IV. NEUTRINO MASS GENERATION

In order to address the anomalies ascribed to sterile
neutrinos, we need to induce a mixing between active
standard model (SM) neutrinos and νs. We have found
that this may be achieved in a number of ways, but here
we focus on one example with Dirac neutrinos, for
concreteness. Another case with Majorana right-handed
neutrinos with more involved phenomenology is sketched
in Appendix C.

A. The Dirac case

As a specific example of the above scenario, let us take
the case of Dirac neutrinos and lepton number conserva-
tion. Lepton number can be stabilized in a number of ways
via Uð1Þ or Zn type symmetries; see, e.g., Ref. [72]. We
consider the three active flavors νa coupled to three right-
handed neutrinos νR, as well as an additional neutrino4 νs
which has both left and right components. We consider the
Yukawa couplings

−L ⊃ yaHν̄RLa þ ysHν̄sLa þ H:c:; ð5Þ

2We keep gsgn < 0 to ensure that ms never passes through
zero.

3Note that ϕ⊕ is accidentally close to the weak scale, and
hence gs ends up near the typical value of Yukawa couplings
inferred for the SM neutrinos if the Earth contribution is
not negligible.

4While we refer to this new fermion as a neutrino for
convenience, it does not carry weak charge.
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where ya;s are Yukwa coupling constants, H is the SM
Higgs doublet, and La is the lepton doublet containing νa.
The above interactions generate Dirac mass terms mν ¼
yahHi and mD ¼ yshHi, with v≡ ffiffiffi

2
p hHi ≈ 246 GeV the

Higgs vacuum expectation value. We then also have a
contribution to the mass of the νs state from Eq. (1) ms ¼
m0 þ gsϕ which changes with the local baryon density.
One can show that the mass eigenvalues are

m1 ≃mν
msffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
s þm2

D

p ; ð6Þ

m2;3 ≃mν; ð7Þ

where we note that the heavier of the light states are largely
unaffected byms andmν is the characteristic size of a 3 × 3
mass matrix. The heavy state is

m4 ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

s þm2
D þ m2

νm2
D

m2
s þm2

D

s
: ð8Þ

The mixing between the active flavors νa and ν4 is
governed by the effective two-flavor angle θi4, where

tanð2θi4Þ ≃
2mDms

m2
s −m2

D −m2
ν
; ð9Þ

for m2
s > m2

D þm2
ν which is satisfied sincems ≥ m0 > mD.

Generally, θi4 is required to be Oð0.1Þ near the Earth’s
surface, and implies mD ≳ 0.1 eV consistent with direct
mass searches by KATRIN which finds ma ≲ 1 eV at the
Earth’s surface [73]. We set mν ¼ 0.03 eV and find that
mD ¼ 0.3 eV and m0 ¼ 1 eV work well to describe the
high significance > 5σ evidence for sterile neutrino mixing
preferring Δm2

41 ≳ 1.25 eV2 and sin22θ14 ≃ 0.34 from
gallium experiments [52,53]. We also point out that minor
modifications of the parameters can also easily lead to a
cosmologically safe explanation of the LSND [63] and
MiniBooNE [64] anomalies while also evading solar
neutrino constraints, discussed below.
As mentioned before, the above parameters only

describe neutrinos near the surface of the Earth.
However, in environments with much higher matter den-
sities those parameters can be very different. Note that since
the postulated long range force is mediated by a scalar, it
does not distinguish between particles and antiparticles.

V. COSMOLOGY

A primary motivation for our model is to avoid the
constraints on sterile neutrinos that disfavor new light
degrees of freedom in the early Universe. However, we
will illustrate below how one may also obtain a viable DM
candidate in our setup, making our proposal significantly
more compelling.

A. Constraints from big bang nucleosynthesis

Here, we discuss how our proposal can lead to significant
suppression of sterile neutrino production in the early
Universe. Big bang nucleosynthesis (BBN) requires a
reheat temperature Trh ≳ 4 MeV [74]. Hence, we assume
that it suffices to show that the model yields consistent
phenomenology for Trh ∼Oð10 MeVÞ, for definiteness
and as a minimal proof of principle. It is straightforward
to extend our analysis to higher temperatures. We take
nB=s ∼ 10−10, where nB is the baryon number density and
s ∼ g�T3 is the entropy of the Universe; g� ∼ 10 is the
number of relativistic degrees of freedom at temperatures of
interest here. Typical baryogenesis scenarios are completed
by T ∼ Trh adopted here and hence we may assume
nB ∼ 10−9T3, however the eþe− number density ne ∼ T3,
until after their annihilation at T ≪ MeV, below
which ne ∼ nB.
In order to evade severe constraints from thermalization

of νs through neutrino oscillation, we will take the induced
mass of ms ∼ gsϕ to be large compared with its vacuum
value m0 ∼ 1 eV, which in our framework also means a
suppressed mixing angle θi4. Standard cosmology with
Neff ≈ 3 effective neutrinos after BBN consistent with the
data is achieved for ms ∼ keV and θi4 ∼ 10−3 [4,75]. We
will argue below that our model can easily accommodate
the required masses and mixing, in the early Universe.
Let us take Trh ≈ 10 MeV as a concrete example. We

need the right initial scalar value to obtain the above
allowed sterile neutrino parameters at BBN, corresponding
to TBBN ∼MeV, that is, ms ≳ keV ⇒ ϕBBN ≳ 1016 eV.
Allowing for some redshift between Trh and TBBN, we
require ϕi ≳ few × 1016 eV. As we will explain below, this
regime of initial field values ϕi is required to get the right
DM abundance, through the misalignment mechanism
(akin to how axion DM would be established in the
Universe; see for example Ref. [76]).
As discussed earlier, the one-loop induced quartic

coupling in Eq. (4) could be naturally given by
λϕ ∼ 4 × 10−56, for our reference choice gs ¼ 5 × 10−14,
which would imply the initial dominance of the quartic
potential over the mass term. Note that the mass term starts
to dominate at ϕ� ∼ 9 × 1013 eV. A scalar dominated by
its quartic coupling redshifts like radiation [77] and
hence this corresponds to T� ∼ ðϕ�=ϕBBNÞTBBN ∼ keV.
At this temperature, the energy density in the scalar field
would be given by m2

ϕϕ
2� ∼ 0.2 eV4. This energy density

in the oscillating ϕ field redshifts like matter, that is ∼T3.
Hence, by the standard epoch of matter-radiation equality at
T ∼ eV it would be reduced by ∼ðeV=keVÞ3 ∼ 10−9, well
below the requisite energy density ∼eV4 to establish the
correct DM cosmic energy budget today.
We see that the above “one-loop” choice for λϕ can be

consistent with cosmological constraints on sterile
neutrino mass and mixing, but would not explain DM.
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We, therefore, consider another regime of parameters that
allows us to identify ϕ as the dominant DM in the Universe,
while also providing acceptable values for ms and θi4
before SM neutrino decoupling. As we will outline below,
in this case, the renormalized value of the quartic coupling
is small compared with the one-loop estimate: λϕ ≪ 10−56.

B. Ultralight scalar dark matter

Let us now consider what parameters can lead to ϕ as
viable DM, through a initial misalignment ϕi. We will not
explain how the required ϕi is set, but take it as an input that
needs to be realized, through initial cosmological conditions
after inflation, or a thermalmechanism [78], in order to get the
correct DM abundance. Arguments based on the Milky Way
satellite population suggest that the behavior of ϕ should
become matter-like, dominated by its mass term, by the time
theUniverse has cooled toT ∼ keV [79]. Henceforth,wewill
assume this to be the transition temperature T tr ≈ keV. After
this point, the scalar energy density would be dominated by
m2

ϕϕ
2 and would redshift like matter. Thus, by Teq ≈ 1 eV

associated with standard matter-radiation equality era, the
energy density in ϕ is given by ∼ðTeq=T trÞ3m2

ϕϕ
2=2. Hence,

at T tr, one needs ϕtr ∼ 1019 eV. Since prior to T tr the
radiationlike quartic term dominates by assumption, we
end up with ϕi ∼ 1023 eV at Trh ∼ 10 MeV.Wewill provide
a sketch of a modest extension of our scenario that could
provide the required misalignment ϕi in Appendix B.
The preceding considerations imply that λϕ ≈

12m2
ϕ=ϕ

2
tr ∼ 3 × 10−66 in order for ϕ to be viable as the

dominant form of DM. We will take the above value as a
reference for the rest of this work. Note that for larger T tr,
one would need a smaller value of λϕ than given above.5

One could also consider a slightly different scenario with
λϕ ¼ 0 where ϕ is still the dark matter; see Appendix G.
Note that based on the discussion in the last section, the

above value of ϕi ∼ 1023 eV, together with the reference
value gs ¼ 5 × 10−14, leads to a sufficiently large ms ∼
5 GeV ≫ keV and small θi4 ∼ 10−10 ≪ 10−3, for consis-
tency with cosmological bounds on Neff . Hence, our
ultralight dark matter (ULDM) scenario can result in the
correct DM abundance, while satisfying the constraints on
sterile neutrino parameters by several orders of magnitude.
The parameters for both scenarios are listed in Table I.

C. Absolute mass constraints

The tightest constraint on the absolute neutrino mass
scale comes from combining cosmological data [28,80] and

is
P

3
i¼1mi < 0.09 eV. Notably, however, this constraint is

dominated by data in the 10 < z < 100 range [81] when
the baryon density was low and thus ms ≳m0. In that
limit we find that the mass states are mostly active and
also m1;2;3 → mν.

VI. SOLAR NEUTRINOS

In the Sun—particularly in its core—the properties
of νs would be significantly affected by the high densities.
Assuming a mean mass density of ρ⊙c ∼ 100 g=cm3 and
a core radius of R⊙

c ∼ 10R⊕, the number of nucleons in
the core volume is estimated to be N⊙

c ∼ 7 × 1055. Since
1=R⊙

c ∼ 3 × 10−15 eV, the core size can be considered
sufficiently large compared with the range of the scalar
set by mϕ ¼ 5 × 10−15 eV. The core nucleon number
density is then n⊙c ∼ 5 × 1011 eV3. Assuming the domi-
nance of the scalar mass term we would then expect
ϕ⊙
c ∼ −gnn⊙c =m2

ϕ ∼ −1016 eV. For λϕ ≳ 3 × 10−60, this
field value implies that the quartic term would be larger
than the mass term in the potential of ϕ. Hence, one could
ignore the mass term and approximate the potential by
the quartic term. For a roughly constant core density, we
then find

ϕ⊙
c ∼−

�
6gnn⊙c
λϕ

�
1=3

∼−3×1014 eV

�
4×10−56

λϕ

�
1=3

; ð10Þ

which yields m⊙
s ∼ 16 eV and θ⊙ ∼ 2 × 10−2 at the solar

core if λϕ dominates.
Note, however, that the above value for ϕ⊙

c is more than
an order of magnitude smaller than the above estimate in
the mass-term dominance case. Hence, we expect that both
terms could be important in this regime, and the estimate
for the sterile neutrino mass and mixing angle would be
somewhat larger and smaller, respectively. This is what
we in fact find, as presented in Fig. 1 and Table II. The
small induced mixing angles, ∼5 × 10−3 in the one-loop
induced λϕ case and ∼3 × 10−4 in the ULDM case, allow
our scenario to evade solar neutrino constraints quite easily
which are independent of mass and disfavor mixing angles
> 0.17 [54]. The much smaller value of λϕ in the ULDM
case would lead to ϕ mass-term dominance, and even
smaller mixing angle.
Using the results in Refs. [71,83], we performed a

detailed numerical calculation by solving the Klein-
Gordon equation with both m2ϕ2 and λϕϕ

4 terms and
the Sun’s density profile [82] using the initial conditions
ϕð∞Þ ¼ 0 and dϕ=drjr¼0 ¼ 0. We then computed the
average mixing angle and sterile mass over the production
region of the four most relevant processes: 8B, 7Be, pp, and
hep. Our results are shown in Fig. 1 and Table II. Future
sensitivity to sterile neutrinos with solar neutrinos [54] are
not likely to soon reach the levels predicted here, unless gs

5In either case considered above, the quartic dominates, and
hence the value of ϕ induced by the nucleon plasma is roughly
given by ðgnnB=λϕÞ1=3 ≪ ϕi, which can, therefore, be neglected
compared with the assumed initial value ϕi.
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is smaller than our fiducial value by ∼1–2 orders of
magnitude, in which case the r dependence of the sterile
signature could conceivably be extracted from the different
components of the flux.
Here, we would like to provide an estimate for the value

of the coupling λ� which marks the onset of quartic
interaction domination. Assuming a large region with a
constant density of charges n coupled to ϕ with strength g,
we find λ� ∼m6

ϕ=ðg2n2Þ. If λ ≪ λ�, we expect the mass
term to dominate.
One could also investigate the impact of sterile neutrinos

on the day-night effect of solar neutrinos [84–86].
However, an early analysis of solar neutrino data indicated
the role of the Earth on the night time neutrinos applies to a
different region of solar neutrino parameter space than is
viable given KamLAND data [87].

VII. SUPERNOVA NEUTRINOS

This scenario will also dramatically modify the behavior
of sterile neutrinos inside supernovae. We find that for
both ULDM and one-loop induced scenarios the λϕ term
contribution to the baryon-induced value of ϕ is dominant
over the mass term—although only modestly in the ULDM
case—in the precollapse iron core of the supernova. For a
typical radius of ∼1000 km and a density ∼109 g=cm3 we
get ϕSN

c ∼ −2 × 1020 eV and thus m4 ≈ms ∼ 8 MeV and
θi4 ∼ 4 × 10−8 which is safe by many orders of magni-
tude [88,89]. If produced, these sterile neutrinos would
decay, but at a detectable rate only for mixing angles much
larger—by several orders of magnitude—than predicted
here [90–92]. For the one-loop induced case, the λϕ term
easily dominates, and we find ϕSN

c ∼ −7 × 1016 eV and
thus m4 ≈ms ∼ 4 keV and θi4 ∼ 9 × 10−5 which also
easily evade the above supernova bounds.

VIII. ATMOSPHERIC NEUTRINOS

Atmospheric neutrinos at E ∼ 1 TeV are sensitive to
sterile neutrino oscillations at m4 ∼ 1 eV through the
Earth’s core [93–98]. IceCube has strong constraints on
Δm2

41 ∼ 0.1–1 eV2 and a weak hint for a sterile neutrino at
sin22θ24 ∼ 0.1 [66].
We solve the Klein-Gordon equation with both m2

ϕ and
λϕ terms in the Earth using the PREM distribution of matter
in the Earth [99]. We find that, for the parameters of
interest, the sterile neutrino mixing angle is smaller and its
mass is larger in the Earth’s core, but only ∼10%–20%
different from the surface values. In other scenarios this
difference could be much larger, and thus detectable
(or possibly consistent with IceCube’s weak hint); see
Appendix E.

IX. CONCLUSIONS

In this paper, we have shown that it is possible to have
a sterile neutrino that acts as suggested by terrestrial
experiments on the Earth’s surface, but evades the strong
bounds from cosmology. The required input is extremely

TABLE I. Reference parameters of the two models considered.
The first is where ϕ is the DM, and the second is where λ is at the
one-loop induced value with no additional tuning.

ULDM One-loop induced λϕ

λϕ 3 × 10−66 4 × 10−56

gn 5 × 10−25 5 × 10−25

gs 5 × 10−14 5 × 10−14

mϕ (eV) 5 × 10−15 5 × 10−15

m0 (eV) 1 1
mD (eV) 0.3 0.3
mν (eV) 0.03 0.03

FIG. 1. Top: the production region in the Sun of the four main
processes producing solar neutrinos as a function of radius in the
Sun, from Ref. [82]. Note that hep neutrinos have not yet been
detected. Middle: the predicted mixing angle in the Sun as a
function of radius for the two scenarios described: one-loop
(solid) and ULDM (dashed). The shaded region shows the mixing
parameter values that existing data disfavor [54]. Bottom: the
predicted sterile mass in the Sun as a function of radius for the
two scenarios described.

TABLE II. The effective mixing angle and sterile neutrino mass
in the Sun for the four main production regions assuming the
benchmark parameters in Table I. In this mass range the existing
constraint is independent of mass and is at θ14 < 0.17 at 2σ [54].

ULDM One-loop induced λϕ

θ14 m4 (eV) θ14 m4 (eV)

8B 2.3 × 10−4 1.6 × 103 4.8 × 10−3 77
7Be 2.5 × 10−4 1.5 × 103 5.0 × 10−3 74
pp 3.5 × 10−4 1.2 × 103 5.6 × 10−3 67
hep 4.2 × 10−4 1.0 × 103 5.8 × 10−3 64
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minimal: a coupling to an ultralight scalar boson that
can be dark matter. This scenario is compatible with
all known cosmological data. Moreover, our scenario
causes sterile neutrinos to act differently depending
on their environment. For example, the sterile mixing
angle is extremely suppressed in the Sun so solar
neutrino constraints on sterile neutrinos are no longer
competitive.
As the sterile neutrino picture continues to clarify itself

in coming years, we point out that this economical scenario
predicts a rather different sterile neutrino picture than is
usually considered depending on the environment.
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APPENDIX A: POSSIBLE UNDERLYING UV
PHYSICS

In this appendix, we describe one potential picture of the
underlying physics that can lead to the various phenom-
enologically motivated choices we have adopted in our
work. However, we do not attempt to provide a detailed
UV complete picture, and the following is only meant to
provide a sampling of general qualitative possibilities.
We will present several different mechanisms to address
various features, but we find that these different mecha-
nisms may be connected to each other as well.
In Eq. (1), the ϕ couplings to electrons and nucleons

could be thought of as originating from higher dimension
operators that involve the Higgs field. For example, we
may have

cψ
ϕHψ̄LψR

M�
→ cψ

hHi
M�

ϕψ̄LψR; ðA1Þ

where ψL is an SM SUð2Þ doublet fermion and ψR is a
singlet fermion (e.g., a right-handed electron or quark);
appropriate gauge and Lorentz contraction of indices is
assumed in the above schematic operator. After electro-
weak symmetry breaking, the coupling to the fermion ψ
will be set by gψ ≡ cψ hHi=M�. For ψ ¼ e, this would give
our ge in Eq. (1), but for ψ a light quark, this would yield a
coupling to a quark which upon confinement would lead to
the nucleon coupling gn. The coupling parameter cψ may
be considered as a free parameter, or it may arise out of a
deeper theory as discussed below. The scaleM� is set by the
UV physics, and we will come back to it below.
Let us now address the choice of structure of the

potential of ϕ. In Eq. (2), we have ignored the cubic term
∝ ϕ3. One may simply assume that this is due to a very

small strength for this interaction. Alternatively, we could
more reasonably assume that there is a Z2 symmetry under
which both ϕ and the left-handed chirality of the sterile
neutrino νsL are odd which automatically forbids the ϕ3

term but allows the ϕν̄sLνsR term. However, the bare mass
term proportional to m0 is now disallowed.
The resolution to the forbidden m0ν̄sLνsR term could be

provided in an extra dimensional theory. Here, we do not
speculate on the size and detailed properties of the extra
dimensions. However, any successful formulation of string
theory generally requires compact extra spatial dimensions
which provides possible motivation for the scenario we
will outline here. In such a theory, various fields can be
localized along the extra dimensions and on various
“branes,” i.e., subspaces in the larger manifold [100–102].
In light of the above considerations, let us assume that

there is another scalar χ that has the same Z2 charge as ϕ
and νsL. We assume that the sterile neutrino νsL and ϕ are
localized on the same brane while the scalar χ lives on
another brane. We also posit that χ develops an expectation
value and locally breaks the Z2. Hence, one may have a
mass term m0 generated by the expectation value of χ, as
long as νsL and νsR have some overlap at the location of χ.
Yet, by locality along the extra dimension, ϕ and χ may not
have any appreciable interactions, assuming complete locali-
zation of the scalars on separate branes. Thus, no local hχiϕ3

term may be generated in the four-dimensional effective
theory which allows us to continue ignoring the ϕ3 term.
We will not provide a detailed scheme for the localization

of various fields. However, given that there can be several
dimensions where our field content can reside, one could in
general generate the hierarchies among couplings assumed
in our work, through localization along those dimensions.
Note though that the coupling of ϕ to electrons and

nucleons violates the assumed Z2. This could be addressed
in a 2-Higgs doublet model, where the additional Higgs H0
field has the same Z2 charge as ϕ. This avoids the possible
requirement of a gravitational instanton to violate the Z2

charge [103,104], which could lead to severing exponential
suppression of cψ in Eq. (A1). Nonetheless, the extreme
smallness of the requisite ge;n couplings argues for a
quantum gravity generated operator, corresponding to M�
being identified as the scale of gravity, i.e the Planck or string
scale. With the replacement H → H0 in Eq. (A1), and
assuming hH0i≲100GeV, one could achieve effective ge;n∼
10−17cψ . This suggests cψ ≲ 10−7, which may be due to a
small overlap of the fields along the extra dimensions.

APPENDIX B: INITIAL MISALIGNMENT
MECHANISM

Here, we would like to outline a moderate expansion of
our model that would yield the requisite ϕi ∼ 1023 eV at
T ∼ 10 MeV, for ϕ to be ULDM, as described in Sec. V B
in the main text. This can be achieved if we assume a reheat
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temperature Trh ≳ 100 MeV, and that muons also couple to
ϕ, with a strength gμ ∼ 10−19, which is allowed by current
bounds [105]. A rough estimate yields

ϕi ∼
�
gμT3

λϕ

�
1=3

∼ 5 × 1023 eV; ðB1Þ

from interactions with muons. As T drops below the mass
of muons, ∼106 MeV, ϕi is no longer supported by the
thermal ensemble of μ� and starts to oscillate with roughly
the value needed to establish ULDM by T ∼ 10 MeV. The
above suffices to show that one could in principle have a
dynamical mechanism to set ϕi near values assumed in our
work. See also Ref. [78] for discussions of scalar misalign-
ment using similar effects.

APPENDIX C: THE MAJORANA CASE

One could consider an alternative case with Majorana
mass terms for the right-handed neutrinos. This could be
realized in several ways, one of which we outline here.
Then the required terms in the Lagrangian are

−L ⊃ yaHνRLa þ ξϕνsνR þ 1

2
mRν

c
RνR þ H:c:; ðC1Þ

which is effectively equivalent to the minimal extended
type I seesaw [106] except that a mixing between the sterile
state and νR is sourced by the ϕ field. Here, we have
assumed that a possible ϕνcsνs term, akin to one included in
Eq. (1) in the main text is negligibly small.
Assuming that mR is the largest mass scale in the setup,

we can integrate out νR, as in the conventional seesaw
models. We then get the following interactions in the low
energy effective theory:

gaϕνsνLa þ
ξ2ϕ2

mR
νcsνs þ H:c:; ðC2Þ

where ga ≡ ξyahHi. Note that yahHi is the Dirac mass term
associated with active flavor a, in a conventional seesaw
mechanism.
The above terms in the low energy theory can lead to an

alternative scenario where both the mass of the sterile state
and its mixing with the active states vanish away from
sources of ϕ, i.e., empty space. In that case, one would
retrieve the standard active masses and mixing angles.
Note that the sterile-active mixing angle θi4 ∝ 1=ϕ, and
thus when ϕ is large, as in the early Universe or in dense
astrophysical environments, the mass of the sterile state
becomes large, while θi4 gets small, and hence typical
constraints from cosmological or Solar data can be
addressed. The phenomenology can be rather more
involved than what is discussed in the main text since in
the limit where ξϕ transitions from small to large relative to
mR or when ξϕ transitions from large to small relative to

yahHi, the active neutrino mass, the hierarchy will change.
We leave the exploration of this scenario to future work.

APPENDIX D: SUN AS SOURCE AND ANNUAL
MODULATIONS

There are other interesting features of this model with
slightly different parameters (not necessarily leading to ϕ
as DM). For example, if mϕ is smaller by several orders of
magnitude than 5 × 10−15 eV from Table I in the main text,
then the dominant contribution at the Earth would be from
the Sun. Thus, there would be no spatial variation of the
sterile parameters in different terrestrial experiments, but
solar neutrino experiments would see nothing unexpected
as the sterile mixing angle in the Sun would be dramatically
suppressed. There would, however, be an annual modula-
tion signature in the gsϕ contribution to any terrestrial
sterile neutrino data as the distance r from the Earth to the
Sun varies by 3.4% with a peak in July and a minimum
January (for a similar effect in different contexts, see
Refs. [107,108]). Assuming the mϕ term dominates over
the λϕ term in Eq. (2) in the main text, we find that

Δϕ
ϕ

¼ −ðmϕrþ 1ÞΔr
r
: ðD1Þ

This could manifest itself as Lorentz invariance violation
(LIV). Several searches for LIV with neutrinos have been
performed [109–112], but, to our knowledge, none have
looked for this specific effect.

APPENDIX E: ULDM ϕ CONTRIBUTION
TO NEUTRINO MASSES

Ifϕ constitutes cosmic DM, it has a background value that
furnishes finite active and sterile neutrino masses. In the
Galactic vicinity of the Solar System, the DM energy density
is given by ρϕ;MW⊙ ∼ 0.3 GeV cm−3 [113]. Assuming the
reference mass mϕ ∼ 5 × 10−15 eV, away from astronomi-
cal bodies we have ϕMW⊙ ∼ 4 × 1011 eV—which oscillates
with a frequency given by mϕ—corresponding to
gsϕMW⊙ ∼ 2 × 10−2 eV. By contrast, today’s cosmic DM
energy density is given by ρ0 ∼ 4 × 10−11 eV [113], and
hence the cosmological value ϕ0 ∼ 2 × 109 eV correspond-
ing to gsϕ ∼ 10−4 eV is obtained for our reference param-
eters, which is small enough.
Using the results in the main text, if m0 ¼ 0, the sum of

neutrino masses
P

i mi ∼mD ∼ 0.3 eV, well above current
cosmological bounds [80]. This is due to the smallness
of the sterile mass induced by DM, and hence we need a
bare mass m0 ≳ 1 eV, as assumed in the main text, to
comply with constraint on the sum of neutrino masses in
empty space.
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APPENDIX F: RESONANT STERILE
NEUTRINO PRODUCTION IN THE EARLY

UNIVERSE

In the early Universe, the sterile neutrino parameters can
be different if the background dark matter field is set by ϕ,
as described in the main text. Such a classical field would
oscillate and, importantly, pass through a resonance which
could produce a larger number of sterile neutrinos than
naively expected.
We consider some benchmark numbers to show that this

sterile neutrino production does not affect Neff . Following
from Eqs. (6)–(8) in the main text, the resonance
(θi4 ¼ 45°) happens at ms ¼ mD (we can safely take
mν ¼ 0). From Ref. [4], we have that for ms ¼ 0.3 eV
one needs θi4 ≲ 0.06 to ensure that ΔNeff ≲ 0.1. We find
that θi4 > 0.06 when6 jmsj < 6.6 eV. We ignore the bare
mass m0 ∼ 1 eV as it simply offsets the above region by a
small amount. Thus we are interested in values of jϕj < ϕc

near ϕc ∼ 1014 eV, and we focus on the ULDM case
with λϕ ∼ 3 × 10−66.
We now determine the amount of time in the early

Universe spent when jϕj < ϕc. Since the λϕϕ
4=4! term

generally dominates in the T ∼MeV regime, the full
solution for such an oscillating field is nontrivial, but
can be easily solved in the regime of interest. We note that
the m2

ϕϕ
2=2 term dominates the energy density when ϕ≲

1019 eV which is certainly true for the region of interest
below ϕc. The total energy density in the field at T ¼
1 MeV is 1021 eV4 from the λϕ term.7 Near ϕ ¼ 0 the
solution is a simple harmonic oscillator which has a
solution ϕðtÞ ¼ A sinðmϕtÞ for some A. Since the total
energy must be conserved, it must be equal to the kinetic
energy density 1

2
ϕ̇2 ¼ 1

2
A2m2

ϕ; thus A ¼ 1025 eV. Note that
the effective amplitude in this mass dominated regime is
several orders of magnitude larger than the actual ampli-
tude. The interpretation of this is that the behavior of the
field with both mϕ and λϕ terms in the regime that is
dominated by the mass term is equivalent to a field with no
λϕ term and a different amplitude. Now we compute the
time spent in the large mixing angle region as

tres ¼
2

mϕ

ϕc

A
∼ 4 × 103 eV−1 ∼ 3 × 10−12 s; ðF1Þ

where we have safely used the small angle approximation.
Next, we compute the oscillation time at T ¼ 1 MeV.

Oscillations to sterile neutrinos will occur according to

Pas ¼ sin22θi4sin2
�
Δm2

41t
4E

�
: ðF2Þ

We have that Δm2
41 < m2

4 ≈ 2m2
D ≈ 0.2 eV2 in the interest-

ing region. As ϕ; ms → 0, Δm2
41 decreases more which

will only increase the oscillation time. Then, we have
m2

41=ð4EÞ≲ 5 × 10−8 eV. Plugging in the numbers from
above, we find that while the mixing angle may be large
∼0.1 − π=4, there will not ever be enough time for
oscillations to occur as sin2ðΔm2

41t=4EÞ≲ 4 × 10−8.
Next, we must ensure jϕj≲ ϕc is not satisfied for a large

fraction of the relevant Hubble time, leading up to neutrino
decoupling at T ∼ 1 MeV, to avoid ΔNeff values in conflict
with existing constraints. We find that the period of ϕ
increases from≳1010 eV−1 at T ¼ 10 MeV to≳1012 eV−1

at 1 MeV. Thus the field only spends < 10−8 of the time
in the resonant production state ensuring that the sterile
neutrinos are not overproduced.

APPENDIX G: AN ALTERNATIVE DM
SCENARIO

Here, we outline an alternative scenario that avoids
some of the subtleties of the reference parameter space,
for which ϕ oscillates before neutrino decoupling at
T ≲ 1 MeV, as discussed in Appendix F. We will assume
that λϕ ¼ 0 and that VðϕÞ only consists of m2

ϕϕ
2=2. To

hold the field at its initial value in the early Universe,
we will set its mass to be smaller than the Hubble rate
H ∼ 10−15 eV at T ∼ 1 MeV. For example, we can have
mϕ ∼ 10−17 eV, which still ensures that the value of
background ϕ at terrestrial experiments is dominated
by nucleons from the Earth. As discussed before, with
ms ≳ keV and θi4 ≲ 10−3 we can avoid cosmological
constraints on sterile neutrinos. Hence we may choose
the initial value ϕi ≳ 4 × 1016 eV, for gs ∼ 5 × 10−14.
With the above choices, the values of sterile neutrino

mass and mixing stay at the allowed levels until ϕ starts to
oscillate at T ∼ 0.1 MeV, corresponding to the H ∼mϕ,
after which the energy density ρϕ ¼ m2

ϕϕ
2
i =2 redshifts like

matter. For ρϕ to have the standard ∼eV4 DM value at
T ∼ 1 eV, we then need to have ϕi ∼ 3 × 1024 eV (inci-
dentally, not far from interesting ultraviolet scales asso-
ciated with grand unification or string theory). Note that for
the above ϕi value, ms ≫ keV and θi4 ≪ 10−3 until after
SM neutrinos have decoupled and sterile neutrino thermal-
ization via oscillation has turned off.

APPENDIX H: ALLOWED RANGES
OF THE MASS OF THE MEDIATOR

We have chosen the mediator to have a mass of
mϕ ¼ 5 × 10−15 eV, but other masses would also work.
First, increasing the mass is viable, but it will decrease the

6There is a tiny region near ms ¼ 0 where θi4 is small. We
ignore this region.

7Note that the amplitude of ϕ evolves as ϕ ∝ T in the λϕ
dominated regime.
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strength of the field near the Earth’s surface and in the Sun.
While decreasing ϕ near the Earth’s surface will not affect
the oscillation physics much, in the Sun it will start to
decrease the mass, and thus increase the mixing angle. This
could be accommodated by increasing gs (gn is already near
the limit from fifth force probes, and the limit on ge is
tighter than that on gn so it will not significantly contrib-
ute). Larger gs makes the one-loop induced size of the λϕ
term larger potentially requiring more cancellation in the
dark matter scenario. Without increasing gs we find that
increasing mϕ from its fiducial value essentially guarantees
that it dominates the potential in the Sun and decreases the
value of the field, thus increasing the mixing angle. We find
that we need ms > 1.75 eV to ensure consistency with the
solar constraint; this in turn requires jϕ⊕

c j > 1.5 × 1013 eV

and thus mϕ < 10−13 eV. This limit can be relaxed by
increasing gs subject to the above caveats.
Second, decreasing the mediator mass is also viable. At

mϕ ∼ 10−18 eV, 1=mϕ is approximately the distance from
the Sun to the Earth, and the Sun will start to contribute
to the potential at the Earth, although this does not change
much, except for the small annual modulation signature; see
Appendix D. For mϕ ∼ 10−20 eV to mϕ ∼ 10−21 eV, if ϕ is
the dark matter, additional benefits and constraints come into
play. Measurements of the Lyman-α forest disfavor suffi-
ciently light dark matter in this range [114], while small scale
structure data may actually prefer dark matter in this mass
range [115]. In the early Universe, small values of mϕ will
require some care with regard to the values of λϕ to ensure
that it redshifts like matter if it is the dark matter.
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