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We consider a class of models in which thermal dark matter is lighter than a MeV. If dark matter
thermalizes with the standard model below the temperature of neutrino-photon decoupling, equilibration
and freeze-out cool and heat the standard model bath comparably, alleviating constraints from
measurements of the effective number of neutrino species. We demonstrate this mechanism in a model
consisting of fermionic dark matter coupled to a light scalar mediator. Thermal dark matter can be as light
as a few keV, while remaining compatible with existing cosmological and astrophysical observations. This
framework motivates new experiments in the direct search for sub-MeV thermal dark matter and light force
carriers.
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The expectation of new physics at the electroweak scale
has motivated the search for dark matter (DM) in the form
of weakly interacting massive particles (WIMPs) with mass
10 GeV≲mDM ≲ 1 TeV. However, no direct signs of
WIMPs have been observed to date [1–6]. From a bot-
tom-up perspective, astrophysical observations constrain
the mass of DM to lie anywhere between 10−31 and
1058 GeV. The lack of evidence for the WIMP paradigm
thus leaves an overwhelmingly vast range of viable DM
masses. However, the WIMP is only a specific example of
DM that is thermally generated from the standard model
(SM) bath, and in such models the acceptable range of
masses is significantly reduced.
If DM acquires its abundance through thermal contact

with the SM, perturbative unitarity of the theory dictates
that mDM ≲Oð100Þ TeV [7]. Although no similar theo-
retical inconsistencies arise for small masses, mDM ≳
Oð1Þ MeV is often quoted as a robust lower bound on
the mass of thermal DM. It has been argued that any sub-
MeV relic that is in thermal contact with the SM below the
temperature of neutrino decoupling necessarily leads to
measurable deviations in the expansion rate of the Universe
[8–15]. During radiation domination, the expansion rate is
determined by the number of relativistic degrees of free-
dom, or, equivalently, by the effective number of neutrino
species, Neff , at low temperatures. The value of Neff is
constrained by the successful predictions of big bang
nucleosynthesis (BBN) and observations of the cosmic
microwave background (CMB). Thermal DM lighter than a

MeV can substantially alter the observed value, Neff ≃ 3,
by heating or cooling neutrinos relative to photons or by
contributing directly to the energy density as dark radiation.
In this Letter, we propose a novel mechanism to generate

sub-MeV thermal relics that can be applied to a large class
of models. Our key observation is that if a light state enters
thermal equilibrium with the SM after neutrino-photon
decoupling, then the constraints from measurements of Neff
during BBN and recombination are significantly relaxed. If
this light state couples only to neutrinos, equilibration
draws heat from the SM bath without changing Neff . Later,
when the species decouples, the neutrino bath is heated.
Alternatively, if the light state couples only to photons,
equilibration and decoupling increases and lowers Neff ,
respectively. In either case, modifications to Neff are
reduced at late times. Although this idea can be applied
to any light thermal relic, wewill focus on the production of
DM. In this case, thermal DM as light as the warm DM
limit, ∼keV, is possible. Our study strengthens the case for
new technologies in the search for sub-MeV thermal DM,
such as superconducting detectors [16–19].
Most investigations into the effects of additional light

degrees of freedom assume that the new species is already
in thermal equilibrium with the SM bath before neutrino-
photon decoupling at Tνdec ∼ 2 MeV. We consider the
complementary case in which a sub-MeV DM species,
χ, enters thermal equilibrium with the SM at temperatures
below Tνdec. New light particles that couple to electromag-
netism are severely constrained by the anisotropies of the
CMB and the observed cooling rates of stars and super-
novae [20,21]. For simplicity, we will therefore focus on the
case in which χ couples exclusively to SM neutrinos. Even
then, this new species can change the expansion history of
the Universe and thus may disrupt nucleosynthesis and
recombination. The minimal model that we investigate does
not give rise to appreciable signals at proposed direct
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detection experiments. Near the end of this work, we
briefly comment on variations that yield detectable rates.
The formation of light nuclei occurs when the temper-

ature of the photon bath falls in the range 50 keV≲
T ≲ 1 MeV. The presence of additional relativistic degrees
of freedom during nucleosynthesis alters the predictions for
the primordial abundances of light nuclei, such as 4He and
deuterium. If the baryon density is fixed by the observed
abundances of 4He and deuterium, detailed considerations
of BBN alone bound Neff ≃ 2.85� 0.28 during nucleo-
synthesis [22]. Observations of the CMB angular power
spectrum by the Planck satellite are also sensitive to the
total radiation energy density at the time of recombination.
Current measurements restrict the effective number of
neutrino species at the time of photon decoupling with
unprecedented precision,Neff ≃ 3.15� 0.23, in impressive
agreement with the standard Λ cold dark matter prediction
of Neff ≃ 3.046 [21]. Future CMB-S4 observations will be
sensitive to deviations at the level of ΔNeff ≃�0.027 [23].
The effects of a light dark sector on the expansion rate
during these two well-studied epochs can therefore be
encapsulated in the time evolution of Neff .
The temperature evolution of the neutrino and χ pop-

ulations can be derived from the conservation of the sum of
their comoving energy or entropy densities. The effective
number of relativistic degrees of freedom, gi�, in each
population, i ¼ ν, χ, γ, determines the entropy density,
si ≡ ð2π2=45Þgi�T3

i , and energy density, ρi ≡ ðπ2=30Þgi�T4
i ,

where Tγ ≡ T. For three generations of SM neutrinos, we
have gν� ≡ ð7=8Þ × 3 × 2 ¼ 21=4. Note that gχ� includes
contributions from additional particles in the DM sector.
If χ equilibrates with the SM neutrinos below Tνdec while

relativistic, the energy density of the χ-neutrino bath,
ρνþχ ≡ ρν þ ρχ , scales as a−4, where a is the scale factor
[14]. This observation, together with entropy conservation
of the photon bath, implies

ðgν�ξ4ν þ gχ�ξ4χÞ=ðgγ�Þ4=3 ¼ const ð1Þ

before and immediately after equilibration, where ξi ≡
Ti=T is the temperature of species i normalized to the
photon temperature [24]. We also define ξSMν as the value of
ξν in the standard cosmology, such that ξSMν ðT ≳meÞ≡ 1,
ξSMν ðT ≲meÞ≡ ð4=11Þ1=3, in the instantaneous decoupling
approximation. The value of ξχ before electron decoupling
and DM-neutrino equilibration is denoted as ξ0χ and
encodes the UV sensitivity of our model. After the dark
sector and neutrinos reach equilibrium at T ¼ Tχeq, the
entropy densities of the χ-neutrino bath, sνþχ ≡ sν þ sχ ,
and of the photons, sγ , separately scale as a−3. This implies
that

ðgν�ξ3ν þ gχ�ξ3χÞ=gγ� ¼ const ð2Þ

before and after χ becomes nonrelativistic. Equations (1)
and (2) can be used to determine the temperature evolution
of the neutrinos and the dark sector. The effective number
of neutrino species is then given by

Neff ≃ 3

��
ξν
ξSMν

�
4

þ ΘðTχ −mχÞ
gχ�
gν�

�
ξχ
ξSMν

�
4
�
; ð3Þ

where the step function, Θ, encodes the instantaneous
decoupling of χ when its temperature drops below its mass,
Tχ ≲mχ < MeV [24,25]. Note that Eq. (3) reduces to
Neff ≃ 3 in the standard cosmology with gχ� ¼ 0 and
ξν ¼ ξSMν .
The contribution of the DM sector to the observed value

of Neff depends on the ordering of the temperatures at
which χ enters and exits equilibrium with the SM
(Tχeq ≫ mχ and Tχdec ∼mχ , respectively) relative to
Tνdec ∼ 2 MeV and the temperature at which nucleosyn-
thesis has effectively concluded, TBBN ∼ 50 keV. The
possible orderings are

1: TBBN < Tνdec < Tχeq;

2: TBBN < Tχdec < Tχeq < Tνdec;

3: Tχdec < TBBN < Tχeq < Tνdec;

4: Tχdec < Tχeq < TBBN < Tνdec: ð4Þ

The first scenario above corresponds to standard weak-
scale WIMPs, where χ enters equilibrium with the SM
before neutrino-photon decoupling. In the following three
cases, χ thermalizes with the SM neutrinos after they have
decoupled from photons. The values of Neff in the latter
scenarios are readily estimated using Eqs. (1)–(3). The
effective number of neutrino species is given by

Neff ≃
8<
:

ðaÞ 3
�
1þ gχ�

gν�
ξ04χ

�

ðbÞ 3
�
1þ gχ�

gν�

�
1=3

�
1þ gχ�

gν�
ξ04χ

� ; ð5Þ

before or during and after χ is in kinetic equilibrium with
the neutrino bath, respectively. In Figs. 1 and 2, we show
the temperature evolution of ξν;χ and Neff , respectively, for
scenario 3 of Eq. (4) in the DM model described below.
These results were obtained by solving Boltzmann equa-
tions for the neutrino and DM energy and entropy densities
without relying on the instantaneous decoupling approxi-
mation. This numerical treatment agrees well with the
approximate results of Eq. (5) and justifies their use in the
remainder of this work.
The analytic results of Eq. (5) show that for ξ0χ ≲ 1,

constraints on Neff are relaxed. If the DM sector is colder
than the SM before equilibration (ξ0χ ≪ 1), then Neff ≃
3ð1þ gχ�=gν�Þ1=3 at late times. This is significantly reduced
compared to the standard result, Neff ≃ 3ð1þ gχ�=gν�Þ4=3,
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when Tχeq ≳ Tνdec, as shown in Fig. 2. Also in this limit,
Neff ≃ 3 while χ is relativistic and in equilibrium with the
neutrino bath, as required by conservation of comoving
energy. Our scenario is different from the usual “loophole”
where a cold dark sector does not equilibrate with the SM
during DM freeze-out. If the initial χ population is cooler
than the SM plasma, then equilibration with the neutrino
population drains neutrinos of thermal energy, lowering ξν
below the standard prediction. This effect also increases ξχ ,
which counteracts large changes to Neff [see Eq. (3)]. Once
χ decouples, conservation of comoving entropy demands
that it heats the neutrino population close to its original
temperature (relative to photons) for sufficiently small ξ0χ .
This can be seen explicitly in Figs. 1 and 2. Note that this
cyclic behavior of ξν would not be possible if χ equilibrated
with the SM before neutrino-photon decoupling, as equili-
bration and decoupling would effectively borrow heat from
the photon bath before pumping it into the neutrino sector.
A similar effect is present in the case where the HS
equilibrates with the photon bath after neutrino-photon
decoupling. We leave detailed model building along this
avenue to future work.
In Fig. 3, we show the viable parameter space as a

function of ξ0χ and g
χ
� for the different temperature orderings

of Eq. (4). We conservatively demand that the maximum
value of jΔNeff j obtained during BBN does not exceed the
observed value by more than 2σ. The shaded regions denote
parameters consistent with observations, assuming that χ
equilibrates with the SM neutrinos after neutrino-photon
decoupling. Also shown are regions consistent with Neff ≃
3.15� 0.23 and Neff ≃ 3.3� 0.3, as derived from Planck
data and its combination with local measurements of H0

[21,26,27]. CMB-S4 observations will be sensitive to the
entire parameter space shown.
In Fig. 3, we also highlight representative model points,

which correspond to a dark sector consisting of a DM scalar
or Majorana fermion, χ, coupled to a real scalar mediator,
φ, such that gχ� ¼ 2 or gχ� ¼ ð7=8Þ × 2þ 1 ¼ 2.75, respec-
tively. For concreteness, we will take our DM candidate, χ,
to be a Majorana fermion. Although ξ0χ is a free parameter,
ξ0χ ≲ 1 is well motivated. For instance, note that if χ were
initially in thermal contact with the SM bath through the
exchange of a heavy mediator but decoupled above the
electroweak scale, then conservation of comoving entropy
dictates that ξ0χ ≃ ð10.75=106.75Þ1=3 ≃ 0.5. This is a viable
model of thermal DM if the mediator also couples to the
SM neutrinos, ν, allowing the dark sector to reenter
equilibrium with the SM below Tνdec.
The low-energy effective Lagrangian is given by

L ⊃ φðλχχ2 þ λνν
2Þ þ H:c:; ð6Þ

where χ and ν are two-component Weyl fermions and a sum
over neutrino flavors is implied. We take mχ > mφ, such
that χ freezes out through annihilations into pairs of φ
particles, χχ → φφ, after which φ promptly decays into
pairs of SM neutrinos. Since this deposits a negligible

FIG. 2. Evolution of the effective number of neutrino species,
Neff , for the scenario in Fig. 1 (the solid line). The horizontal dashed
lines correspond to the estimates in Eq. (5). The dotted line shows
Neff if the dark sector equilibrates before neutrino decoupling.

no.

no.
no.

FIG. 3. Values of gχ� (the effective number of sub-MeV dark
sector states) and ξ0χ (the initial dark-sector-to-photon temperature
ratio) compatible with the effective number of neutrino species at
the time of nucleosynthesis (green) and recombination (blue)
within 2σ. Contours labeled BBN (nos. 2–4) denote the temper-
ature orderings of Eq. (4). The representative model space (red)
corresponds to a dark sector with a DM scalar or a Majorana
fermion and a scalar mediator.

FIG. 1. Temperature evolution (normalized to the photon
temperature) of the neutrino (upper section, solid purple line)
and DM (lower section, solid cyan line) sectors in a model with a
Majorana fermion, χ, coupled to a light real scalar mediator, φ.
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amount of energy into the photon plasma at the time of
recombination, there are no relevant limits derived from
observations of CMB anisotropies [21]. As we will see
below, the rate for direct annihilations into SM neutrinos is
suppressed by λν=λχ ≪ 1 compared to χχ → φφ. The
neutrino-φ coupling, λν, can arise from higher-scale inter-
actions with right-handed neutrinos, N. For instance, in the
standard seesawmechanism, an interaction of the form φN2

naturally generates a SM neutrino coupling, λν ∼mν=mN ,
after electroweak symmetry breaking [28–32]. Such inter-
actions arise inMajoronmodels of neutrinomasses [33–38].
Direct couplings to electrons are generated at one loop, but
they are strongly suppressed by ∼ðg22mem2

νÞ=ð16π2m2
WmNÞ.

In this model, various processes can establish kinetic
equilibrium between the DM and SM sectors. Examples
include elastic scattering between χ and ν through φ
exchange, and decays and inverse decays of φ into pairs
of SM neutrinos [39]. We find that as long as χ and φ are
chemically coupled, the latter process, φ ↔ νν, dominates
kinetic equilibration between the DM and the neutrino bath
since it is suppressed by fewer powers of small couplings.
In Fig. 4, we illustrate the viable parameter space of the

representative toy model as a function of the DM mass,mχ ,
and mass ratio, mχ=mφ, for ξ0χ ≲ 0.5 (corresponding to the
Planck bound in Fig. 3). For each value of mχ and mφ, the
coupling λχ is fixed to generate an abundance of χ that is in
agreementwith the observedDMenergy density. In the limit
thatmχ=mφ ≫ 1, this requires λχ ∼ 10−5 × ðmχ=keVÞ1=2. In
order to mimic the standard cosmology of thermal WIMPs,
we also demand that the DM sector equilibrates with the SM
neutrinos while relativistic. This is accomplished by
fixing λν such that the rate for φ ↔ νν overcomes the
Hubble parameter at Tχeq ≃ 3mχ=ξ

eq
χ , corresponding to

λν ∼ 10−11 × ðmχ=mφÞðmχ=keVÞ1=2. General constraints
on Neff during nucleosynthesis and recombination are only
relevant for Tχeq ≳ Tνdec and hence exclude sub-MeV DM
masses greater than ∼ð2ξeqχ =3Þ MeV≃ 400 keV. We also
note that while the parameter space shown is consistent with
existing cosmological observations for ξ0χ ≲ 0.5, it will be
decisively tested by CMB-S4 experiments [23].
Also shown in Fig. 4 are constraints from conside-

rations of warm DM. Once χ decouples from φ, it freely
diffuses and suppresses matter perturbations below the free-
streaming length, λfs. Limits derived from observations of
the Lyman-α forest imply that λfs ≲Oð1Þ Mpc [40,41].
Such studies generally assume that DM has decoupled from
the SM bath at early times, in which case λfs ≃ 1.2 Mpc ×
ðmDM=keVÞ−1 [42]. We translate the 2σ lower bound on the
warm DM mass from Ref. [40], mDM ≳ 3.3 keV, into the
upper bound, λfs ≲ 0.36 Mpc. We then compare this to
the calculated value of the free-streaming length in our
model, assuming that χ begins diffusing once the rate for
χφ ↔ χφ falls below the Hubble expansion rate.
Observations of the 21-cm hydrogen line during the cosmic
dark ages could potentially improve the limits on λfs andmχ

by an order of magnitude [43–45].
DM self-scattering, χχ → χχ, via φ exchange, is con-

strained by studies of merging galaxy clusters. Following
the discussion in Refs. [46,47], we calculate the transfer
scattering cross section per DM mass, σT=mχ , at the
relevant virial velocities for galaxy clusters and demand
that this does not exceed 1 cm2=g. As seen in Fig. 4,
this excludes values of mχ=mφ ≳Oð10Þ–Oð100Þ for
mχ ∼Oð10Þ–Oð100Þ keV, respectively. Additional cosmo-
logical and astrophysical constraints include modifications
of the CMB from neutrino self-interactions [48,49],
diffusion-damped oscillations in the matter power spectrum
from DM-neutrino scattering [50–52], and supernova cool-
ing [53–56]. We find that these limits are negligible
compared to the DM free-streaming and self-scattering
constraints presented above.
The minimal model presented above opens the cosmo-

logical window for sub-MeV thermal relics, but it does not
give rise to detectable signals at proposed low-threshold
direct detection experiments [16–19]. However, simple
scenarios that build upon our mechanism are within the
projected reach of these technologies. For instance, inter-
actions between DM and hadrons are present at low
energies if φ also couples to a heavy generation of
vectorlike quarks, as in Ref. [57]. As a result, φ can be
produced in supernovae but leaves their cooling rates
unchanged if it becomes trapped, implying a lower
bound on the φ-nucleon coupling, λn ≳ 10−7. In the early
Universe, DM can equilibrate with the neutrino or
photon bath as described in our minimal model. The
nucleon coupling does not equilibrate the DM and SM
sectors before neutrino-photon decoupling, provided that

-

FIG. 4. The viable parameter space of our toy model. The DM-
mediator coupling, λχ , is fixed to generate the correct abundance
of χ, while the neutrino-mediator coupling, λν (the dotted grey
lines), is chosen such that the DM sector thermalizes with SM
neutrinos while relativistic. Measurements of Neff during nucleo-
synthesis and recombination exclude DMmasses between several
hundred keVand a MeV (the green line). Also shown are regions
excluded by DM self-scattering in galaxy clusters (the orange
line) and the free streaming of warm DM (the red line).
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λn ≲ 10−5 and the reheat temperature of the Universe is
TRH ∼ 10 MeV. Furthermore, for nucleon couplings of this
size and mχ ∼ 100 keV, the DM-nucleon elastic scattering
cross section is ∼10−40 cm2, which is well within the
projected reach of proposed experiments [58]. While we
have explicitly focused on DM, this mechanism could be
applied to any light thermal relics, such as those
in Ref. [59].
In this Letter, we have considered a class of models in

which sub-MeV thermal DM equilibrates with the SM bath
after neutrino-photon decoupling. Constraints from mea-
surements of the effective number of neutrino species at the
time of nucleosynthesis and recombination are significantly
alleviated. Contrary to the standard lore, thermal relics that
acquire their abundance through thermal contact with the
SM are viable for masses ranging from a keV to a MeV.

We would like to thank Kevork Abazajian, Jonathan
Feng, Alex Friedland, Anson Hook, Manoj Kaplinghat,
Simon Knapen, Gordan Krnjaic, Tongyan Lin, Andrew
Long, Gustavo Marques-Tavares, Brian Shuve, and
Kathryn Zurek for the valuable conversations. A. B. and
N. B. are supported by the U.S. Department of Energy
under Contract No. DE-AC02-76SF00515.

[1] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 75,
299 (2015); Eur. Phys. J. C 75, 408(E) (2015).

[2] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C
75, 235 (2015).

[3] A. Tan et al. (PandaX-II Collaboration), Phys. Rev. Lett.
117, 121303 (2016).

[4] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
116, 161301 (2016).

[5] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
118, 021303 (2017).

[6] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 116, 071301 (2016).

[7] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615
(1990).

[8] C. M. Ho and R. J. Scherrer, Phys. Rev. D 87, 023505
(2013).

[9] G. Steigman, Phys. Rev. D 87, 103517 (2013).
[10] C. Boehm, M. J. Dolan, and C. McCabe, J. Cosmol.

Astropart. Phys. 08 (2013) 041.
[11] K. M. Nollett and G. Steigman, Phys. Rev. D 89, 083508

(2014).
[12] K. M. Nollett and G. Steigman, Phys. Rev. D 91, 083505

(2015).
[13] G. Steigman and K. M. Nollett, in Proceedings of the 13th

International Conference on Topics in Astroparticle and
Underground Physics (TAUP 2013), Asilomar, CA, 2013);
Phys. Procedia 61, 179 (2015).

[14] D. Green and S. Rajendran, J. High Energy Phys. 10 (2017)
013.

[15] P. D. Serpico and G. G. Raffelt, Phys. Rev. D 70, 043526
(2004).

[16] Y. Hochberg, Y. Zhao, and K. M. Zurek, Phys. Rev. Lett.
116, 011301 (2016).

[17] Y. Hochberg, M. Pyle, Y. Zhao, and K. M. Zurek, J. High
Energy Phys. 08 (2016) 057.

[18] K. Schutz and K. M. Zurek, Phys. Rev. Lett. 117, 121302
(2016).

[19] S. Knapen, T. Lin, and K. M. Zurek, Phys. Rev. D 95,
056019 (2017).

[20] G. G. Raffelt, Stars as Laboratories for Fundamental
Physics (University of Chicago, Chicago, 1996).

[21] P. A. R. Ade et al. (Planck Collaboration), Astron.
Astrophys. 594, A13 (2016).

[22] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Rev.
Mod. Phys. 88, 015004 (2016).

[23] K. N. Abazajian et al. (CMB-S4 Collaboration), arXiv:
1610.02743.

[24] J. L. Feng, H. Tu, and H.-B. Yu, J. Cosmol. Astropart. Phys.
10 (2008) 043.

[25] A. Berlin, D. Hooper, and G. Krnjaic, Phys. Rev. D 94,
095019 (2016).

[26] A. G. Riess et al., Astrophys. J. 826, 56 (2016).
[27] C. Brust, Y. Cui, and K. Sigurdson, J. Cosmol. Astropart.

Phys. 08 (2017) 020.
[28] P. Minkowski, Phys. Lett. 67B, 421 (1977).
[29] T. Yanagida, in Proceedings of the Workshop on the Unified

Theories and the Baryon Number in the Universe, Tsukuba,
Japan, 1979; Conference ProceedingsC7902131, 95 (1979).

[30] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

[31] M. Gell-Mann, P. Ramond, and R. Slansky, Conference
Proceedings C790927, 315 (1979).

[32] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227
(1980).

[33] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Phys.
Lett. 98B, 265 (1981).

[34] G. B. Gelmini and M. Roncadelli, Phys. Lett. 99B, 411
(1981).

[35] H. M. Georgi, S. L. Glashow, and S. Nussinov, Nucl. Phys.
B193, 297 (1981).

[36] C. S. Aulakh and R. N. Mohapatra, Phys. Lett. 119B, 136
(1982).

[37] S. Bertolini and A. Santamaria, Nucl. Phys. B310, 714
(1988).

[38] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 67, 1498
(1991).

[39] J. L. Feng, M. Kaplinghat, and H.-B. Yu, Phys. Rev. D 82,
083525 (2010).

[40] M. Viel, G. D. Becker, J. S. Bolton, and M. G. Haehnelt,
Phys. Rev. D 88, 043502 (2013).

[41] J. Baur, N. Palanque-Delabrouille, C. Yche, C. Magneville,
and M. Viel, J. Cosmol. Astropart. Phys. 08 (2016) 012.

[42] K. N. Abazajian, Phys. Rep. 711–712, 1 (2017).
[43] M. Sitwell, A. Mesinger, Y.-Z. Ma, and K. Sigurdson, Mon.

Not. R. Astron. Soc. 438, 2664 (2014).
[44] T. Sekiguchi and H. Tashiro, J. Cosmol. Astropart. Phys. 08

(2014) 007.
[45] H. Shimabukuro, K. Ichiki, S. Inoue, and S. Yokoyama,

Phys. Rev. D 90, 083003 (2014).
[46] S. Tulin, H.-B. Yu, and K. M. Zurek, Phys. Rev. D 87,

115007 (2013).

PHYSICAL REVIEW LETTERS 120, 021801 (2018)

021801-5

https://doi.org/10.1140/epjc/s10052-015-3517-3
https://doi.org/10.1140/epjc/s10052-015-3517-3
https://doi.org/10.1140/epjc/s10052-015-3639-7
https://doi.org/10.1140/epjc/s10052-015-3451-4
https://doi.org/10.1140/epjc/s10052-015-3451-4
https://doi.org/10.1103/PhysRevLett.117.121303
https://doi.org/10.1103/PhysRevLett.117.121303
https://doi.org/10.1103/PhysRevLett.116.161301
https://doi.org/10.1103/PhysRevLett.116.161301
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.116.071301
https://doi.org/10.1103/PhysRevLett.116.071301
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevD.87.023505
https://doi.org/10.1103/PhysRevD.87.023505
https://doi.org/10.1103/PhysRevD.87.103517
https://doi.org/10.1088/1475-7516/2013/08/041
https://doi.org/10.1088/1475-7516/2013/08/041
https://doi.org/10.1103/PhysRevD.89.083508
https://doi.org/10.1103/PhysRevD.89.083508
https://doi.org/10.1103/PhysRevD.91.083505
https://doi.org/10.1103/PhysRevD.91.083505
https://doi.org/10.1016/j.phpro.2014.12.029
https://doi.org/10.1007/JHEP10(2017)013
https://doi.org/10.1007/JHEP10(2017)013
https://doi.org/10.1103/PhysRevD.70.043526
https://doi.org/10.1103/PhysRevD.70.043526
https://doi.org/10.1103/PhysRevLett.116.011301
https://doi.org/10.1103/PhysRevLett.116.011301
https://doi.org/10.1007/JHEP08(2016)057
https://doi.org/10.1007/JHEP08(2016)057
https://doi.org/10.1103/PhysRevLett.117.121302
https://doi.org/10.1103/PhysRevLett.117.121302
https://doi.org/10.1103/PhysRevD.95.056019
https://doi.org/10.1103/PhysRevD.95.056019
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/RevModPhys.88.015004
http://arXiv.org/abs/1610.02743
http://arXiv.org/abs/1610.02743
https://doi.org/10.1088/1475-7516/2008/10/043
https://doi.org/10.1088/1475-7516/2008/10/043
https://doi.org/10.1103/PhysRevD.94.095019
https://doi.org/10.1103/PhysRevD.94.095019
https://doi.org/10.3847/0004-637X/826/1/56
https://doi.org/10.1088/1475-7516/2017/08/020
https://doi.org/10.1088/1475-7516/2017/08/020
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0550-3213(81)90336-9
https://doi.org/10.1016/0550-3213(81)90336-9
https://doi.org/10.1016/0370-2693(82)90262-3
https://doi.org/10.1016/0370-2693(82)90262-3
https://doi.org/10.1016/0550-3213(88)90100-9
https://doi.org/10.1016/0550-3213(88)90100-9
https://doi.org/10.1103/PhysRevLett.67.1498
https://doi.org/10.1103/PhysRevLett.67.1498
https://doi.org/10.1103/PhysRevD.82.083525
https://doi.org/10.1103/PhysRevD.82.083525
https://doi.org/10.1103/PhysRevD.88.043502
https://doi.org/10.1088/1475-7516/2016/08/012
https://doi.org/10.1016/j.physrep.2017.10.003
https://doi.org/10.1093/mnras/stt2392
https://doi.org/10.1093/mnras/stt2392
https://doi.org/10.1088/1475-7516/2014/08/007
https://doi.org/10.1088/1475-7516/2014/08/007
https://doi.org/10.1103/PhysRevD.90.083003
https://doi.org/10.1103/PhysRevD.87.115007
https://doi.org/10.1103/PhysRevD.87.115007


[47] S. Tulin, H.-B. Yu, and K. M. Zurek, Phys. Rev. Lett. 110,
111301 (2013).

[48] F.-Y. Cyr-Racine and K. Sigurdson, Phys. Rev. D 90,
123533 (2014).

[49] L. Lancaster, F.-Y. Cyr-Racine, L. Knox, and Z. Pan,
J. Cosmol. Astropart. Phys. 07 (2017) 033.

[50] G. Mangano, A. Melchiorri, P. Serra, A. Cooray, and M.
Kamionkowski, Phys. Rev. D 74, 043517 (2006).

[51] P. Serra, F. Zalamea, A. Cooray, G. Mangano, and A.
Melchiorri, Phys. Rev. D 81, 043507 (2010).

[52] R. J. Wilkinson, C. Boehm, and J. Lesgourgues, J. Cosmol.
Astropart. Phys. 05 (2014) 011.

[53] K. Choi and A. Santamaria, Phys. Rev. D 42, 293
(1990).

[54] M. Kachelriess, R. Tomas, and J. W. F. Valle, Phys. Rev. D
62, 023004 (2000).

[55] Y. Farzan, Phys. Rev. D 67, 073015 (2003).
[56] L. Heurtier and Y. Zhang, J. Cosmol. Astropart. Phys. 02

(2017) 042.
[57] S. Knapen, T. Lin, and K. M. Zurek, arXiv:1709.07882

[Phys. Rev. D (to be published)].
[58] M. Battaglieri et al., arXiv:1707.04591.
[59] J. F. Beacom, N. F. Bell, and S. Dodelson, Phys. Rev. Lett.

93, 121302 (2004).

PHYSICAL REVIEW LETTERS 120, 021801 (2018)

021801-6

https://doi.org/10.1103/PhysRevLett.110.111301
https://doi.org/10.1103/PhysRevLett.110.111301
https://doi.org/10.1103/PhysRevD.90.123533
https://doi.org/10.1103/PhysRevD.90.123533
https://doi.org/10.1088/1475-7516/2017/07/033
https://doi.org/10.1103/PhysRevD.74.043517
https://doi.org/10.1103/PhysRevD.81.043507
https://doi.org/10.1088/1475-7516/2014/05/011
https://doi.org/10.1088/1475-7516/2014/05/011
https://doi.org/10.1103/PhysRevD.42.293
https://doi.org/10.1103/PhysRevD.42.293
https://doi.org/10.1103/PhysRevD.62.023004
https://doi.org/10.1103/PhysRevD.62.023004
https://doi.org/10.1103/PhysRevD.67.073015
https://doi.org/10.1088/1475-7516/2017/02/042
https://doi.org/10.1088/1475-7516/2017/02/042
http://arXiv.org/abs/1709.07882
http://arXiv.org/abs/1709.07882
http://arXiv.org/abs/1707.04591
https://doi.org/10.1103/PhysRevLett.93.121302
https://doi.org/10.1103/PhysRevLett.93.121302

