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The hot and dense early Universe combined with the promise of high-precision cosmological
observations provide an intriguing laboratory for beyond Standard Model physics. We simulate the early
Universe to examine the effects of the decay of thermally populated sterile neutrino states into Standard
Model products around the time of weak decoupling. These decays deposit a significant amount of entropy
into the plasma as well as produce a population of high-energy out-of-equilibrium active neutrinos. As a
result, we can constrain these models by their inferred value of Neff , the effective number of relativistic
degrees of freedom. In this work, we explore a variety of models with Neff values consistent with cosmic
microwave background observations, but with vastly different active neutrino spectra which will challenge
the standard cosmological model, affect lepton capture rates on free nucleons, and may significantly affect
big bang nucleosynthesis.
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I. INTRODUCTION

Upcoming astrophysical observations driven by stage-4
cosmic microwave background (CMB) observatories and
30-m class telescopes look to make unprecedented, high-
precision observations of the Universe, providing exciting
opportunities to further probe both the standard cosmo-
logical model as well as the Standard Model [1]. Moreover,
these observations can serve a powerful role in constraining
possible beyond Standard Model (BSM) physics models
that are difficult—and sometimes impossible—to probe in
the terrestrial laboratory. In this work, we explore the
implications of the decay of massive neutral fermions (e.g.,
“sterile neutrinos”) into Standard Model particles that will
heat the photon-electron-positron-baryon plasma during
the weak decoupling and big bang nucleosynthesis
(BBN) epoch as well as produce nonthermal high-energy
neutrinos and antineutrinos of all flavors.
Current CMB-inferred values of Neff and the upper

bound on
P

mν [2] are consistent with the standard
cosmological value of Neff of 3.046 [3] and neutrino
oscillation experiments [4]. Current CMB-inferred values
of deuterium and helium are also consistent with standard

cosmological predictions [2], while primordial lithium
abundances continue to provide tension between the
standard BBN model prediction and observation. Stage-
4 CMB observations will improve precision on these
inferred values, and this improved precision will better
probe the assumptions in the standard cosmological model
while simultaneously constraining BSM physics and non-
standard cosmological models. Improved precision onP

mν from stage-4 CMB observations may also result
in upper bounds in tension with neutrino oscillation experi-
ments [1]. 30-m telescope observations will also improve
the precision of observed primordial abundances and will
further test the standard cosmological model.
Sterile neutrinos—right-handed “singlet” neutrinos—are

a natural extension to the Standard Model to incorporate
nonzero neutrino masses. For example, in the νMSM, the
introduction of sterile neutrinos can also address dark
matter, baryon asymmetry, inflation, and electroweak
symmetry while remaining consistent with neutrino oscil-
lation experiments [5–7]. Sterile neutrinos have been
considered across several mass scales as dark matter
candidates [7–25], owing to the flexibility in their model
and inherently noninteractive nature. They have also been
proposed in mechanisms to provide the “kicks” that may
explain high-velocity pulsars [11,12,26–29] and in models
that seek to explain the discrepancy between “local
Universe” observations and CMB measurements of the
Hubble constant [30,31]. Sterile neutrinos have also been
considered as enablers of the formation of the first stars
[32–34], as playing significant roles in core-collapse
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supernova explosions [35–39], as taking part in baryo-
genesis [6,40], and as instigators of successful r-process
nucleosynthesis in neutrino-heated supernova ejecta
[41–43]. The effects of sterile neutrinos on BBN have
been studied in many contexts [44–62]. In addition, results
of several accelerator-based experiments have been inter-
preted as suggesting active-sterile flavor mixing [63–73].
In this work, we study the effects of a sterile neutrino that

can be thermally populated in the early Universe and then
decays into Standard Model particles during the BBN
epoch. Active-sterile neutrino mixing, parametrized by
vacuum mixing angle θ ≪ 1, creates an effective weak
interaction between the sterile neutrino and the rest of the
Universe. However, this coupling is much weaker than the
weak interaction, suppressed by a factor proportional to
sin2 θ. These subweak interactions can create the possibility
of thermally populating the sterile states in the early
Universe while also allowing for a long lifetime before
their decay during the BBN epoch. This scenario was
discussed in Ref. [74] and further refined in Ref. [31].
In contrast to these works, we introduce a Boltzmann-
like approach to evolve the neutrino and antineutrino
distribution functions due to scattering and production
in sterile neutrino decays. Reference [31] avoids the need
to employ this more computationally intensive approach
by only considering lifetimes long enough that they can
ignore decay and scattering processes. In this work, we
explore models where the sterile neutrinos decay during
the weak decoupling epoch, requiring this Boltzmann-like
approach. Throughout this paper we use the natural
units, c ¼ ℏ ¼ k ¼ 1.

The number density of sterile neutrinos, ns, can be
written as

ns ¼ D
3ζð3Þ
2π2

T3
cme−t=τs : ð1Þ

Here, ζð3Þ is the Riemann Zeta function evaluated at 3, τs is
the decay lifetime of the sterile neutrino, and Tcm is the
comoving temperature, which scales inversely to the scale
factor such that Tcm ∝ a−1. The constant D numerically
describes the dilution of the sterile neutrinos from the time
of their decoupling, prior to the QCD transition, to the time
of weak decoupling described by our model. Since sterile
neutrinos experience only subweak interactions with the
plasma, they could be thermally populated and sub-
sequently decouple from the plasma at temperatures much
higher than weak decoupling, perhaps at the ∼GeV scale
[74]. The sterile neutrino number density is proportional to
T3
cm as would be expected from a decoupled, previously

thermal species, as opposed to T3 for a relativistic species
in thermal equilibrium. D captures the effects of dilution
that occur as the effective degrees of freedom change,
especially at the QCD transition, and can be inferred from
the ratio of the comoving and plasma temperatures when
the sterile neutrinos decouple and at weak decoupling:

D ¼
�

T
Tcm

����
νs-dec

·
Tcm

T

����
wd

�
3

¼
�

gwd
gνs-dec

�
≈
�
10.75
61.75

�
: ð2Þ

We take the degrees of freedom at the time of sterile
neutrino decoupling, gνs-dec, to include three quarks (up,
down, and strange), gluons, pions, muons, electrons,
neutrinos, and photons. The degrees of freedom at the
time of weak decoupling, gwd, include only photons,
electrons, positrons, and neutrinos.
The paper is organized according to the following.

Section II will discuss the early Universe and how its
dynamics are affected by the decaying sterile neutrinos.
Section III will discuss the decay paths of the sterile
neutrino and our Boltzmann-like approach to model the
decay products and scattering. Section IV will present our
results. Section V will provide a discussion of the impli-
cations of our model in the context of future terrestrial and
astrophysical experiments as well as opportunities for
future computational work.

II. THE EARLY UNIVERSE

The early Universe is comprised of a high-entropy plasma
of photons, electrons, positrons, neutrinos, and baryons.
However, baryons do not significantly contribute to the
dynamics of the Universe at this epoch, as the baryon-to-
photon ratio is on the order of 10−10. We simulate the
expanding early Universe using the scale factor a as the
independent variablewith time t and plasma temperatureT as
dependent variables.
The expansion of the Universe is described by the

Friedmann equation

�
1

a
da
dt

�
2

¼ 8π

3m2
Pl

ρ; ð3Þ

where mPl is the Planck mass. The sum of the energy
densities of all constituent particles of the early Universe, ρ,
in our model is

ρ ¼ ργ þ ρe� þ ρν þ ρνs : ð4Þ

We neglect to include baryons and dark matter because they
both make negligible contributions to total energy density
during this radiation-dominated epoch.
The Friedmann equation can be rearranged to show that

dt
da

¼
ffiffiffiffiffiffiffiffiffiffi
3m2

Pl

8π

r
ρ−1=2

a
: ð5Þ

The energy density of photons is

ργ ¼
π2

15
T4: ð6Þ

The energy density of positrons and electrons is
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ρe� ¼ 2

π2

Z
∞

0

p2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

e

p
e

ffiffiffiffiffiffiffiffiffiffiffi
p2þm2

e

p
=T þ 1

dp

¼ 2T4

π2

Z
∞

0

ξ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2 þ x2

p
e

ffiffiffiffiffiffiffiffiffi
ξ2þx2

p
þ 1

dξ; ð7Þ

where the latter expression is made with the dimensionless
variables ξ ¼ p=T and x ¼ me=T. The energy density of
the active neutrino population is

ρν ¼
T4
cm

2π2

Z
∞

0

ϵ3fðϵÞdϵ: ð8Þ

The occupation fraction of neutrinos, fðϵÞ, is a function of
the scaled neutrino energy,

ϵ ¼ E=Tcm: ð9Þ

The scaled neutrino energy is introduced because the
evolution of fðϵÞ is unaffected by the expansion of the
Universe. The neutrino occupation fractions fðϵÞ are
dramatically affected by the products of νs decays and
the concomitant scattering of these active neutrinos with the
plasma, so a binned spectrum of fðϵÞ must be included
among our dependent variables. Finally, the energy density
of the sterile neutrinos is simply

ρνs ¼ msns: ð10Þ

The early Universe is homogeneous and isotropic, so
only timelike heat flows can change the entropy in a
comoving volume, S ∝ sa3, where s is the entropy density
of the electromagnetic plasma. Therefore,

d
da

ðsa3Þ ¼ 1

T
dQ
da

; ð11Þ

wheredQ=da is the rate atwhich thermal energy is deposited
into a comoving volume of the plasma by out-of-equilibrium
νs decays and scattering. As the sterile neutrinos decay, their
rest mass energy is converted into energy in the active
neutrino seas as well as in the plasma, so

dQ
da

¼ msnsa3

τs

dt
da

−
T4
cma3

2π2

Z
df
da

ϵ3dϵ; ð12Þ

where df=da is the derivative of the occupation fraction
of neutrinos. This heating rate of the plasma is equal to the
rate at which rest mass energy in sterile neutrinos is
converted to Standard Model particles through decays
minus the rate of energy going into the active neutrino
seas. In the standard cosmological model, dQ=da is
slightly less than zero because as electrons and positrons
annihilate into neutrino-antineutrino pairs and neutrinos
undergo out-of-equilibrium upscattering with the plasma,

entropy is generated and energy is transferred from the
plasma to the neutrino seas [75].

The total entropy density of the plasma is

s ¼ sγ þ se�

¼ 4π2

45
T3 þ ðρe� þ Pe�Þ

T
: ð13Þ

The pressure of the electrons and positrons is described by

Pe� ¼ 2

3π2

Z
∞

0

p4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

e

p
ðe

ffiffiffiffiffiffiffiffiffiffiffi
p2þm2

e

p
=T þ 1Þ

dp

¼ 2T4

3π2

Z
∞

0

ξ4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2 þ x2

p
ðe

ffiffiffiffiffiffiffiffiffi
ξ2þx2

p
þ 1Þ

dξ; ð14Þ

and the energy density of the electrons and positrons is
defined in Eq. (7). Using these definitions, dT=da is

dT
da

¼
1
T
dQ
da −3a2

h
4π2

45
T3þ 1

T ðρe� þPe�Þ
i

a3
h
4π2

45
T2þ 1

T

�
dρe�
dT þ dPe�

dT

�
− 1

T2 ðρe� þPe�Þ
i : ð15Þ

III. STERILE NEUTRINO DECAY

In our model, we consider several different paths for the
sterile neutrino to decay into Standard Model products. The
electromagnetic products thermalize in the plasma while
the neutrinos and antineutrinos can exchange energy with
the plasma through collisions. To computationally model
how the active neutrino spectra evolves over time, we
calculate df=da for each decay process and scattering:

df
da

¼ df
da

����
νs decay

þ df
da

����
scattering

: ð16Þ

In the standard cosmological model, active neutrinos
have a nearly thermal distribution after weak decoupling
and electron-positron annihilation. However, when sterile
decays introduce a population of highly energetic neutrinos
to the neutrino seas, the neutrinos will no longer have a
thermal distribution. Neutrino-neutrino, neutrino-electron,
and neutrino-positron collisions push the population toward
thermal equilibrium, but the rate of these collisions is not
rapid enough to rethermalize the population before weak
decoupling is complete. Appendix A outlines df=da from
each individual decay path that we consider. In this section,
we simply examine the decay rates of the decay processes
included in our model and consider their general effects on
the active neutrino population.
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A. Intermediate sterile neutrino mass decays

We chose to include the following sterile neutrino decay
processes in our calculations, as either their branching
ratios are significantly higher than other decay processes
available to the sterile neutrino in the mass regime of
150–500 MeV or their products have a noteworthy impact
on the active neutrino population [76,77]. The branching
ratios of the decay processes we consider as a function of
sterile neutrino mass can be visualized in Fig. 1. The first of
four decay processes we consider in our model,

1. νs → νþ γ; ð17Þ

is available to sterile neutrinos of all masses and has a
branching ratio that remains below 0.1% for our masses of
interest. The sterile neutrinos that undergo this decay will
produce monoenergetic high-energy active neutrinos that
will have a significant effect on the overall energy distribu-
tion of active neutrinos. This process has a decay rate of

Γ1 ¼
9αG2

F

512π4
m5

s sin2 θ; ð18Þ

where α is the fine structure constant and GF is the Fermi
constant [76,77].
The second decay path we consider begins to account for

a significant portion of sterile neutrino decays past the
neutral pion mass of 135 MeVand is thus important for all
of our sterile neutrino models. The decay

2. νs → π0 þ ν ð19Þ

also produces a monoenergetic high-energy neutrino [45].
The neutral pion decays quickly into two photons,

π0 → 2γ; ð20Þ

and thus completely thermalizes, adding significant energy
to the plasma. Decay 2 has the decay rate

Γ2 ¼
G2

Ff
2
π

16π
msðm2

s −m2
π0
Þ sin2 θ; ð21Þ

where the pion decay constant fπ ¼ 131 MeV [45].
Decay 3 follows the path [78,79]

3. νs → π� þ e∓: ð22Þ

Similarly, decay 3 accounts for a significant portion of
decays where the sterile neutrino mass exceeds the sum of
the charged pion mass and the electron mass of about
140 MeV. The charged pion decays further:

π� → μ� þ νμ: ð23Þ

Finally, the muon from the pion decay will decay quickly
via the process

μ� → e� þ νe þ ν̄μ: ð24Þ

Thus, this decay produces a total of three active neutrinos.
The decay rate of decay 3 is

Γ3 ¼
2G2

Ff
2
π

16π
ms½ðm2

s − ðmπ� þmeÞ2Þ
× ðm2

s − ðmπ� −meÞ2Þ�1=2 sin2 θ; ð25Þ

where the factor of 2 accounts for the equal probability of
νs → πþ þ e− and νs → π− þ eþ [78,79].
Decay 4 instead creates muons and antimuons,

4. νs → π� þ μ∓; ð26Þ

but is only possible when ms ≳ 245 MeV [78,79]. The
decay rate is [78,79]

Γ4 ¼
2G2

Ff
2
π

16π
ms½ðm2

s − ðmπ� þmμÞ2Þ
× ðm2

s − ðmπ� −mμÞ2Þ�1=2 sin2 θ: ð27Þ

The charged pion follows the same decay path as the pion
in decay 3, but in addition, the muon produced directly
from the decay of the sterile will decay as well, producing
an additional two neutrinos by Eq. (24). Therefore, decay 4
produces a total of five active neutrinos. The spectra of

FIG. 1. Branching ratios of the four sterile neutrino decay paths
included in our model as a function of mass. The solid line is the
branching ratio of decay paths not included in our model. In this
work we use ms ¼ 300 MeV, which is well approximated by
decays 1–4.
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neutrino products of decays 3 and 4 dominate the lower
energy regime of neutrinos as shown in Fig. 2. Henceforth,
we parametrize the sterile neutrino models as a function of
mass and lifetime, where lifetime of the sterile neutrino is
inversely related to the sum of the individual rates

τs ¼
1

Γ1 þ Γ2 þ Γ3 þ Γ4

: ð28Þ

The relation between mass, mixing angle, and lifetime is
exhibited by Fig. 3.

B. Other sterile neutrino decays

There are several other possible decay paths available
to the sterile neutrino, but their contributions are either
negligible in our mass range of interest or they do not have
a significant effect on the neutrino distribution like decays 1
and 2. Decays that are more active at lower masses include
decay processes into three leptons [76,77,79,80]. These
processes include

5. νs → 3ν; ð29Þ

6. νs → νþ eþ þ e−; ð30Þ

7. νs → νþ e� þ μ∓; ð31Þ

8. νs → νþ μþ þ μ−: ð32Þ

We do not include these decays in our final calculations
because within the range of νs masses of interest, the sum of
the branching ratios of these decays remains negligible.
Higher-mass sterile neutrinos experience decays into

multiple hadrons, e.g.,

9. νs → π0 þ π� þ l∓; ð33Þ

10: νs → 2π0 þ ν; ð34Þ

11: νs → 2π0 þ π� þ l∓; ð35Þ

12: νs → 2π� þ π∓ þ l∓; ð36Þ

13: νs → 3π0 þ ν; ð37Þ

but they do not play a significant role in decays for νs
masses less than 500 MeV [78].

C. Collisions

Neutrino-neutrino, neutrino-electron, and neutrino-posi-
tron collision integrals are calculated using the results
described in the Appendices of Ref. [75]. The change in
occupation fraction due to collisions is simply a sum of
df=da due to neutrino-neutrino collisions and df=da due
to neutrino-electron and neutrino-positron collisions, so

df
da

����
scattering

¼ df
da

����
ν-ν scattering

þ df
da

����
ν-e� scattering

: ð38Þ

The neutrino-neutrino collision integrals are self-consistently
calculated throughout. The neutrino-electron and neutrino-
positron collision integrals can be self-consistently

FIG. 3. Contours of sterile neutrino lifetimes as a function of
mass and mixing angle.

FIG. 2. The active neutrino decay spectrum from sterile
neutrino models withms ¼ 300 MeV and τ ¼ 0.91 s (henceforth
the “long-lived”model; see Sec. IVA). The large peak in the total
number density at approximately E ¼ 120 MeV is from decay 2.
In addition, there is a peak from decay 1 at 150 MeV that is too
small to see at this scale because the branching ratio for decay 1 is
so low.
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calculated as well, but doing so makes the step size in our
code shrink by many orders of magnitude. This is due to the
neutrino sea remaining largely in thermal equilibrium with
the plasma for temperature regimes of interest due to the
neutrino-electron and neutrino-positron scattering in spite of
unequal heating from the decaying sterile neutrinos. Such a
computationally expensive calculation is beyond the scope
of this work, so we introduce a simple analytic model for
these collisions:

df
da

����
ν-e� scattering

≈ −AneG2
Fp

nT2−nðf − feqÞ; ð39Þ

where ne is the number density of electrons and feq is the
Fermi-Dirac distribution of the neutrinos if the neutrino
sea were in thermal equilibrium with the plasma. The
overall normalization A and the exponent n are fitting
parameters in our model. Several times throughout our
calculation, we first calculate the ν − e� collision inte-
gral, then fit our model parameters ðA; nÞ, and use this
model to solve the ordinary differential equations
(ODEs). This provides a good balance between self-
consistently calculating the collision integrals and solv-
ing the ODEs in a reasonable amount of time. We further
examine the use of this model in Appendix B to show
that it produces a useful representation of the collision
integral and any differences likely do not significantly
affect the conclusions presented in the next section.

IV. RESULTS

For our initial conditions, we set T ¼ Tcm ¼ 15 MeV,
and we assume that the neutrino and antineutrino seas are
in thermal equilibrium with the plasma and thus have
a Fermi-Dirac thermal distribution, with temperature
Tcm ¼ T, so

fðϵÞ ¼ 1

eϵ þ 1
: ð40Þ

As described above, the scaled neutrino energy ϵ ¼ E=Tcm
is introduced because the evolution of fðϵÞ is unaffected by
the expansion of the Universe. To solve the resulting ODEs,
we use a Cash-Karp Runge-Kutta routine with an adaptive
step size [81].
Adecayingmassive sterile neutrino population in the early

Universe has several effects that arise in all of our models.
One simple effect is that the plasma temperature is signifi-
cantly boosted above what would be expected in a standard
cosmological model due to the thermalization of the electro-
magnetic products of the sterile neutrinodecays in theplasma
and due to scattering between the high-energy active neutrino
decay products and the plasma. This can be seen in Fig. 4.
In the standard cosmological model, electrons and positrons
annihilate around Tcm ∼ 0.1 MeV, heating the plasma to the
canonical result of T ¼ ð11=4Þ1=3Tcm. Figure 4 compares

this canonical result to our model, in which the plasma is
heated significantly more by the products of sterile neu-
trino decay.
This heating of the plasma causes the dilution of species

that are out of equilibrium with the plasma or are non-
relativistic at the time of the decays. Figure 5 shows the
evolution of the entropy per baryon in the plasma. In the
standard cosmological model, the plasma is always nearly
in equilibrium so the entropy per baryon remains constant
at the value observed in the CMB. While it is true that in the
standard cosmological model out-of-equilibrium scattering
between neutrinos and the plasma slightly decreases the
entropy of the plasma by a few tenths of a percent [75],
sterile neutrino decays in our model add a significant
amount of entropy to the plasma. So, matching the CMB-
observed entropy per baryon at the time of recombination
requires a much lower entropy per baryon at earlier epochs,
interestingly during the weak decoupling and weak freeze-
out epochs.
Sterile neutrino decays alter the active neutrino spectra in

two principal ways: dilution and the production of high-
energy neutrinos. In the models of interest in this work, the
active neutrinos begin to undergo weak decoupling around
the time of these decays, so we expect the active neutrino
distribution to experience some degree of dilution. Figure 6
shows dilution factor as a function of sterile neutrino
lifetime, where dilution factor is the ratio of final entropy
per baryon to initial entropy per baryon:

FIG. 4. The evolution of plasma temperature in the long-lived
model. For comparison, also shown is the plasma temperature in
the standard cosmological model (dashed curve). A reference
diagonal line (dotted line), T ¼ Tcm, is included to help identify
when the plasma is heated by electron-positron annihilation in
both models and when entropy is transferred to the plasma
through the products of sterile neutrino decay.
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F≡ Sfinal
Sinitial

¼ gsfT3
f a

3
f

gsiT3
i a

3
i

: ð41Þ

As lifetime of the sterile neutrino increases, the dilution
factor increases due to an increase in the disparity between
the plasma temperature and the energyof the electromagnetic
products at the time they are dumped into the plasma from
decay processes. Additionally, the population of high-energy

neutrinos and antineutrinos will affect lepton capture rates,
especially as they significantly overcome the energy thresh-
old of pþ ν̄e → eþ þ n. Alteration of these rates will affect
the neutron-to-proton ratio. While performing a BBN net-
work calculation is beyond the scope of this work, we note
that BBN yields will be affected by the modifications to the
entropy-per-baryon ratio, neutron-to-proton ratio, and the
time-temperature relation. We leave a robust investigation of
these effects to future work. We tested a range of sterile
neutrino models with a mass of 300 MeV that decay with
varying lifetimes roughly in the range coincident with the
weak decoupling and weak freeze-out epochs in the early
Universe. We use the final neutrino distribution, at T ∼ keV,
to calculate Neff from the neutrino energy density:

ρν ¼
7

4

�
4

11

�
4=3

Neff
π2

30
T4: ð42Þ

Figure 7 showsNeff as a function of sterile neutrino lifetime.
We find that there are two kinds of models that are

consistent with CMB-derived observations of Neff . Shorter-
lived sterile neutrinos decay early enough such that the
active neutrino decay products have ample time to thermal-
ize before decoupling from the plasma, so dilution and the
high-energy population of active neutrinos do not signifi-
cantly affect the final distributions and thus Neff is not
affected much by these models. Models with steriles that
have intermediate lifetimes produce a value of Neff that is
too low as there is significant dilution of the active
neutrinos. Interestingly, in longer-lived models, the com-
peting effects of dilution and the production of a population
of high-energy, out-of-equilibrium, active neutrinos can
balance to result in an Neff value consistent with observa-
tions. In much longer lifetimes, however, Neff gets very
large as far too many high-energy active neutrinos are

FIG. 5. The entropy per baryon in the long-lived model. In
standard cosmology, the entropy per baryon inferred from the
CMB is approximately constant. In our model, the high-energy
decays of decoupled sterile neutrinos add entropy back into the
plasma that cause an increase in the entropy per baryon.

FIG. 6. The dilution factors of sterile neutrinos with ms ¼
300 MeV over varying lifetimes. As the sterile neutrinos decay
later in time, their electromagnetic products are increasingly more
energetic than the plasma at the time they decay, leading to the
increase in dilution factor.

FIG. 7. The Neff values of 300 MeV sterile neutrinos over
varying lifetimes. The shaded green zone represents the most
recent best-fit value of Neff from Planck, Neff ¼ 2.99� 0.17 [2].
A short-lived model and a long-lived model, circled in red, are
both in the accepted range for Neff.
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created. We will compare the two models circled in Fig. 7, a
long-lived model and a short-lived model. The long-lived
model results are more pronounced, so we will explore the
results of the long-lived model first so that the nuances of
the short-lived model results are more straightforward.

A. Long-lived sterile neutrino decay

Figure 8 shows the resultant spectrum of active neutrinos
and antineutrinos for a sterile neutrino with a lifetime of
τ ¼ 0.91 s. For comparison purposes, we also included the
active neutrino spectrum in the standard cosmologicalmodel.
In the standard cosmological model, the active neutrino
spectrum is thermal, as the neutrinos are in thermal equilib-
rium with the plasma until they decouple, and thus they
maintain the signature thermal spectrum even after decou-
pling. In our model, however, the spectrum differs from a
thermal spectrum in several ways. The most prominent
feature is the population of high-energy neutrinos. This is
attributable to thehigh-energy active neutrino decayproducts
of the sterile neutrinos. In addition, the effects of dilution
can be seen on the low-energy side of the spectrum, which
presents itself as a lower effective temperature.
Figure 9 shows the significant effect that the altered

neutrino and antineutrino spectra have on the lepton capture
rates [82]. Both rates in our model, shown in solid lines,
are significantly higher than in the Standard Model, shown
in dotted lines. We see that the onset of weak freeze-out
(roughly where λn→p; λp→n ∼H) is delayed which will
significantly affect the evolution of the neutron-to-proton
ratio. These rates are boosted by the population of high-
energy neutrinos because of the energy dependence of the
weak interaction and because the high-energy neutrinos
easily overcome the threshold for ν̄e capture on protons.

B. Short-lived sterile neutrino decay

Figure 10 shows the resultant spectrum of active neutrinos
and antineutrinos for a sterile neutrino with a lifetime of
τ ¼ 0.03 s and looks significantly different from Fig. 8. The
same dilution effects on the low-energy neutrinos and the
same high-energy decay effects on the high-energy neutrinos
are present, but significantly muted, such that the spectrum
looks nearly thermal as it would in the standard cosmological
model. Such a drastic difference from the long-lived model’s
spectrum is due to two effects of the shorter lifetime. First,
since the steriles decay earlier, the neutrino and antineutrino

FIG. 8. The final spectrum of active neutrinos in the long-lived
model, in solid black, is compared to the standard cosmological
model in dashed blue. There are significantly fewer low-energy
active neutrinos due to dilution and there is a population of
nonthermal high-energy active neutrinos from late time sterile
neutrino decays.

FIG. 9. A comparison of the weak neutron and proton inter-
conversion rates through lepton capture in the long-lived model
(solid lines) to the standard cosmological model (dashed lines).
Specifically, the neutron-to-proton rates (light pink) and proton-
to-neutron rates (dark purple) are compared between the two
models. The rates are presented as a ratio of these weak rates to
the Hubble rate, so the dashed line where λ ¼ H serves as a rough
guide to the eye to where these processes freeze out.

FIG. 10. The final spectrum of active neutrinos in the short-
lived model (ms ¼ 300 MeV, τs ¼ 0.03 s; see Sec. IV B), in
solid black, is compared to the standard cosmological model in
dashed blue. There is a slight high-energy tail in this spectrum
from sterile neutrino decays.
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products have more time to thermalize. Second, the steriles
produce a constant spectrum of neutrinos regardless of
lifetime, so these active neutrino decay products are less
energetic relative to the plasma if the sterile decays earlier.
Therefore, the short-lived sterile neutrino has small effects on
the active neutrino spectrum at these lower epsilon values.
Figure 11 shows the small effect that these perturbations

in the active neutrino spectrum have on the lepton capture
rates. At most, these represent percent-level increases from
their standard cosmological values. These slight differences
in rates may affect BBN yields in interesting ways. We look
forward to exploring the effects of these models and others
like it in future work.

V. DISCUSSION

Improvedprecision inCMBobservations can play a useful
role in constraining BSM physics. If these observations
reveal tension between the observationally inferred value of
Neff and the theoretically expected value of 3.046, BSM
models such as the one presented here may provide interest-
ing insight into fundamental physics. Even if there are not
discrepancies in these Neff values, our models may provide
interesting results in the form of effects on BBN yields and
the CMB-derived sum of the neutrino masses,

P
mν.

BBN yields will be affected primarily through the effects
of the sterile neutrino decay on the time-temperature
relationship and the weak rates that interconvert neutrons
and protons. The time-temperature relation is affected by
both the presence of an energy density of sterile neutrinos
as well as the reheating of the plasma as the sterile neutrinos
decay. Furthermore, a high-energy population of νe and ν̄e
will significantly boost the weak rates that govern the
neutron-to-proton ratio. In addition, increasing the lifetime
of the sterile neutrinos will destroy alpha particles as

high-energy decay products can dissociate the alpha
particles after they form. In future work, we look to couple
our model to a BBN nucleus reaction network to explore
the consequences of these effects on BBN yields.
Reference [31] explores the effects of much longer-lived

sterile neutrinos that decay after weak decoupling. In this
work, the authors perform BBN calculations without
incorporating nonthermal neutrino and antineutrino distri-
bution functions and the concomitant modifications to the
weak rates. They argue that such an approach is appropriate
because they strictly restrict their conclusions to models
where sterile neutrino lifetimes are long enough that these
modifications to the weak rates are negligible. Our work is
complementary to the work presented in Ref. [31]. The
long-lived and short-lived models discussed in Sec. IV are
excluded from the analysis of Ref. [31] because they decay
relatively early where neutrino scattering and concomitant
energy transfer with the plasma is significant. Specifically,
the nonthermal active neutrino distributions shown in
Sec. IV are shaped by sterile decays and scattering with
the plasma. Further, the effects of the significantly modified
neutron and proton interconversion rates seen in the
long-lived model on BBN yields can only be accurately
followed with a self-consistent BBN reaction network that
incorporates weak interactions with these significantly
nonthermal spectra.
We conclude by considering the impact our model would

have on the interpretation of the cosmological inference of
the sumof the neutrinomasses,

P
mν [83].While the current

upper bound on the CMB-inferred value of
P

mν is con-
sistent with neutrino oscillation results for the normal and
inverted hierarchies, improved sensitivitymayeither produce
an observed signal or upper bound inconsistent with the
inverted hierarchy (

P
mν ≲ 105 meV) or perhaps even the

normal hierarchy (
P

mν ≲ 58 meV) [1]. Furthermore, as
laboratory-based neutrinomassmeasurements becomemore
precise, one could imagine a scenario where the CMB and
laboratory-based measurements of neutrino mass are incon-
sistent with each other. In such a scenario, a likely culprit
would be the assumptions of the standard cosmological
model implicit in the cosmologically inferred value, espe-
cially the assumption that the relic neutrinos have thermal
spectra with a temperature that is ð4=11Þ1=3 the plasma
temperature. The slight high-energy tail in the neutrino
distribution of the short-lived model would have a negligible
impact on the CMB-derived value of

P
mν. However, the

significantly nonthermal spectrum in the long-lived model
would likely significantly reduce the CMB-inferred value ofP

mν. This would occur due to both a smaller contribution
by neutrino mass to the matter density at the current epoch
and longer neutrino free-streaming lengths. An interesting
hallmark of the long-lived model would be an Neff value
consistent with expectations of the standard cosmological
model but a

P
mν that is too small to be consistent with

laboratory results.

FIG. 11. The same comparison of the weak neutron and proton
interconversion rates through lepton capture as in Fig. 9, but for
the short-lived model. The rates in our model are always at most a
few percent above the standard cosmological model rates.
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APPENDIX A: NEUTRINO PRODUCT
DECAY SPECTRA

To incorporate the spectrum of neutrinos and antineu-
trinos from the decay of sterile neutrinos, we need to
determine ðdf=daÞνs decay. The number of sterile neutrinos
in a comoving volume is nsa3. If the rate that a sterile
neutrino decays into an active neutrino with energy
between E and Eþ dE is dP=dt, then

dP
dt

nsa3 ¼
d
dt

�
fðEÞE

2dE
2π2

a3
�

ðA1Þ

is the rate at which such neutrinos are produced through
sterile neutrino decay. The rhs of Eq. (A1) is the time rate
of change of the number of neutrinos with energy between
E and Eþ dE in a comoving volume. This can be
manipulated to show that

df
da

����
νs decay

¼ 2π2

ϵ2T2
cm

dP
dtdE

nsðtÞ
dt
da

: ðA2Þ

A couple of things should be noted in this result. The
distribution function is written as a function of scaled energy,
ϵ ¼ E=Tcm, which is convenient because fðϵÞ is not affected
by the expansion of the Universe, while fðEÞ is affected as
the Universe expands and cools. The quantity dP=ðdtdEÞ is
the rate of sterile neutrino decay producing a neutrino with
energy betweenE andEþ dE and is written as a function of
energy because it only depends on the decay process and
sterile neutrino mass. In this appendix, we introduce
dP=ðdtdEÞ for the decay processes of interest in this work.
We note that in this work we do not distinguish between

νe, ν̄e, νμ, and ν̄μ in the decays or scattering. While we
expect that this simplification affects the specifics of the
model described here, we feel the general properties of the
results are not greatly affected. We leave this more
computationally expensive exercise to future work, espe-
cially as we explore BBN in depth where the differences
become important.

1. Neutrino type I νs → ν + x

Two-body decay processes produce monoenergetic
active neutrino decay products. The neutrino energy from
this two-body decay can be determined kinematically in the
sterile neutrino rest frame as

Eν ¼
ms

2 −mx
2

2ms
; ðA3Þ

with mν ¼ 0. Both decay 1 and decay 2 follow this kind of
decay process, where product x is a photon in decay 1 and a
neutral pion in decay 2. Since the products of decay 1 are
both massless,

Eν1 ¼
ms

2
; ðA4Þ

and the energy of the neutrino from decay 2 is

Eν2 ¼
m2

s −m2
π0

2ms
: ðA5Þ

Therefore, active neutrino products of these decays will
exclusively produce neutrinos with a given energy, so it
follows that dP=ðdtdEÞ ∝ δðE − EIÞ, where EI is Eν1 for
decay 1 or Eν2 for decay 2. Γ0 is the decay rate of the sterile
neutrino decay of interest and can be written as

Γ0 ¼
Z

∞

0

dP
dtdE

dE: ðA6Þ

Therefore, we can say that, for these type I decays,

�
dP
dtdE

�
I
¼ Γ0δðE − EIÞ: ðA7Þ

2. Neutrino type II νs → π� → νμ + μ�

The active neutrinos produced from decays 3 and 4,
however, are not so easily described. Let us begin with
the active neutrino product from the charged pion decay of
these two processes. The pion is monoenergetic in the rest
frame of the sterile neutrino, and the active neutrino product
of the pion decay is monoenergetic in the rest frame of the
pion. However, we are interested in the energy of the active
neutrino in the rest frame of the sterile neutrino, so we
Lorentz transform the energy of the active neutrino back to
the rest frame of the sterile neutrino, yielding a range of
potential energies of the active neutrino of equal likelihood
due to the different directions at which the pion could have
decayed into themuon and the active neutrino. For this decay
chain, dP=ðdtdEÞ is defined by the “top hat” function:

�
dP
dtdE

�
II
¼ Γ0 ×

� 1
2γπvπE0

ν
if Emin ≤ E ≤ Emax;

0 otherwise:
ðA8Þ

The minimum and maximum energies of the active neutrino
are Emin;max ¼ γπðE0

ν � vπp0
νÞ, the Lorentz factor between

the pion’s rest frame and the rest frame of the sterile neutrino
is γπ ¼ Eπ=mπ , and the speed of the pion in the sterile
neutrino rest frame is vπ ¼ pπ=Eπ . The energy and
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momentum of the active neutrino in the rest frame of the
pion, E0

ν and p0
ν, respectively, can be derived from the

two-body decay,

E0
ν ¼

m2
π� −m2

μ

2mπ�
: ðA9Þ

3. Neutrino type III νs → μ� → e� + νe + ν̄μ
In decay 4, the sterile neutrinos decay into a charged pion

and a muon, and the active neutrinos produced by the decay
of this muon must be considered as well. The differential
decay rate measured in the rest frame of the muon,
dΓ0

μ=dE0
ν, is a well-known spectrum with neutrino energies

between 0 and E0
max ¼ mμð1 − ðme=mμÞ2Þ=2 [84,85]. This

neutrino spectrum is formed from a distribution of mono-
energetic muons, as measured in the sterile neutrino rest
frame, so to Lorentz transform this distribution into the
sterile neutrino rest frame, we use the results of the previous
section (the top hat distribution). The rate

Γ0
μa ¼

Z
b

a

dΓ0
μ

dE0
ν

dE0
ν

E0
ν

¼ 8GFm2
μ

16π3

Z
b

a

E0
ν

1 − 2E0
ν

mμ

�
1 −

2E0
ν

mμ
−
m2

e

m2
μ

�
2

dE0
ν ðA10Þ

is the rate, measured in the muon rest frame, that muons
decay into neutrinos with energy E, as measured in the
sterile neutrino rest frame. The limits of integration are
a ¼ E=ðγμð1þ vμÞÞ and b ¼ minðE0

max; E=ðγμð1 − vμÞÞÞ,
and γμ ¼ Eμ=mμ and vμ ¼ pμ=Eμ are the Lorentz factor
and speed of the muon’s rest frame relative to the sterile
neutrino rest frame, respectively.
However, muon decay is fast compared to the sterile

neutrino decaywe explore here, so in the production of active
neutrinos, the rate-limiting step is the sterile neutrino decay.
So, normalizing for the muon decay rate (in its rest frame),

�
dP
dtdE

�
III

¼ Γ0Γ0
μa

2γμvμΓ0
μb

; ðA11Þ

where the muon decay rate measured in its rest frame is

Γ0
μb ¼

Z
E0
max

0

dΓ0
μ

dE0
ν
dE0

ν

¼ 8GFm2
μ

16π3

Z
E0
max

0

E0
ν
2

1− 2E0
ν

mμ

�
1−

2E0
ν

mμ
−
m2

e

m2
μ

�
2

dE0
ν: ðA12Þ

4. Neutrino type IV νs → π� → μ� → e� + νe + ν̄μ
In both decays 3 and 4, an additional two neutrinos are

produced from the decay of the muon that was produced by
the pion decay. The crucial difference between this decay

and decay type III is that in decay type III the decaying
muon in question is monoenergetic in the frame of the
sterile neutrino, while the decaying muon in decay type IV
is monoenergetic in the frame of the pion, which corre-
sponds to a top hat function distribution for the muon in the
sterile neutrino rest frame (see decay type II). Integrating
this spectrum of muon energies over the results from decay
type III results in

�
dP
dtdE

�
IV

¼ Γ0

2γπvπp0
μ

1

Γ0
μb

×
Z

Emax

Emin

Γ0
μa

2γμvμ
dEμ; ðA13Þ

where Γ0
μa and Γ0

μb are described by Eqs. (A10) and (A12),
respectively. The minimum and maximum energies of the
muon in the pion’s rest frame areEmin;max ¼ γπðE0

μ � vπp0
μÞ,

whereE0
μ and p0

μ are the energy andmomentum of the muon
in the rest frame of the pion, respectively.

APPENDIX B: COLLISION APPROXIMATION
FOR NEUTRINO-ELECTRON AND

NEUTRINO-POSITRON SCATTERING

The collision integral for neutrino scattering off the
electrons and positrons in the plasma can be done self-
consistently using the Appendix of Ref. [75]. However,
when we introduced the self-consistent calculation, it
reduced the step size by many orders of magnitude.
While it would nice to someday have such self-consistent
precision, this issue is beyond the scope of the work
presented here. To ameliorate this issue, in Sec. III C,
we introduced an approximate form (a computational
model) of the collision integral as a linear “restoring force”
toward the equilibrium Fermi-Dirac distribution,

FIG. 12. As described in Appendix B, a test of a self-consistent
calculation of the collision integral for neutrino scattering off
electrons and positrons in the plasma. The solid (black) curve is
the self-consistent calculation of the collision integral and the
dashed (gray) curve is the best-fit computational model intro-
duced in Sec. III C. There are imperceptible differences between
the two curves.
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C ≈ −AneG2
Fp

nT2−nðf − feqÞ; ðB1Þ

which is parametrized by two fitting constants: a normali-
zation A and the exponent of the momentum dependence, n.
Throughout the calculation, we would first calculate the
collision integral with the electrons and positrons in the
plasma and then find a best fit for the model parameters A
and n, using this approximation to solve the ODEs.
As an exemplar of this process, we show in Fig. 12 the

collision integral for a thermal distribution of neutrinos
scattering off a hotter electron-positron-photon plasma. The
figure shows both the self-consistent calculated collision
integral and our computational model, which is a best fit to
the form Eq. (B1). On the figure, the two curves overlap,
which indicates that our computational model well approx-
imates the self-consistently calculated collision integral.
In addition, we performed a second numerical experi-

ment to test the sensitivity of our results to this computa-
tional model for the collision integral. In one trial, we

altered the computational model for the collision integral
by first finding the best fits for fitting parameters A and n
at each step, as we normally do, and then increasing the
normalization constant A by 10% each time. The result is
that Neff increases by approximately 5% in the long-lived
model and negligibly in the short-lived model. In a
second trial, we increased the exponent n by 5% and left
A at its best-fit value. Neff decreased by 5% in the long-
lived model and negligibly in the short-lived model. In
both trials, the same general conclusions discussed in
Sec. IV persist.
Our conclusion based on the results of the investigations

described in this appendix is that the broad physical
conclusions presented in this work are not crucially
sensitive to the approximate computational model intro-
duced for the collision integral for neutrinos scattering off
electrons and positrons in the plasma in Sec. III C. While a
fully self-consistent treatment of this scattering is desirable,
it is beyond the scope of this work.
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