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The primordial lithium abundance inferred from spectroscopic observations of metal-poor stars is
~3 times smaller than the theoretical prediction in the standard big bang nucleosynthesis (BBN) model.
We assume a simple model composed of standard model particles and a sterile neutrino vy with mass of
O(10) MeV which decays long after BBN. We then investigate cosmological effects of a sterile neutrino
decay, and check if a sterile neutrino can reduce the primordial lithium abundance. We formulate the
injection spectrum of nonthermal photon induced by the vy decay. We take into account the generation of
electrons and positrons, e*’s, and active neutrinos at the vy decay, the primary photon production via the
inverse Compton scattering of cosmic background radiation (CBR) by energetic e*, and electromagnetic
cascade showers induced by the primary photons. The steady state injection spectrum is then derived as a
function of the v mass and the photon temperature. The vy decay produces energetic active neutrinos
which are not thermalized, and e®’s which are thermalized. We then derive formulas relevant to the vy
decay rates and formulas for the baryon-to-photon ratio # and effective neutrino number N The initial
abundance, mass, and lifetime of vy are taken as free parameters. We then consistently solve (1) the cosmic
thermal history, (2) nonthermal nucleosynthesis induced by the nonthermal photons, (3) the # value, and
(4) the N value. We find that an effective "Be destruction can occur only if the sterile neutrino decays at
photon temperature 7 = O(1) keV. Amounts of energy injection at the vy decay are constrained from
limits on primordial D and 7Li abundances, the N value, and the CBR energy spectrum. We find that "Be
is photodisintegrated and the Li problem is partially solved for the lifetime 10*~10° s and the mass
>14 MeV. "Be destruction by more than a factor of 3 is not possible because of an associated D
overdestruction. In the parameter region, the 5 value is decreased slightly, while the N value is increased
by a factor of AN < 1. In this study, errors in photodisintegration cross sections of "Be(y, a)*He and
"Li(y, a)*H that have propagated through the literature are corrected, and new functions are derived based
on recent nuclear experiments. It is found that the new photodisintegration rates are 2.3 to 2.5 times smaller
than the old rates. The correct cross sections thus indicate significantly smaller efficiencies of "Be and "Li
photodisintegration. Abundances of sterile neutrino necessary for the ’Li reduction are much smaller than
thermal freeze-out abundances. The relic sterile neutrino, therefore, must be diluted between the freeze-out
and BBN epochs by some mechanism.
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I. INTRODUCTION

The big bang nucleosynthesis (BBN) model [1] success-
fully explains primordial light element abundances inferred
from astronomical observations (e.g., [2,3]) if the cosmo-
logical baryon density determined from the power spectrum
of cosmic microwave background (CMB) radiation
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measured with the Wilkinson Microwave Anisotropy
Probe (WMAP) [4-7] or Planck [8] is adopted. An apparent
discrepancy, however, exists between observational and
theoretical "Li abundances. Spectroscopic observations of
metal-poor stars (MPSs) indicate a plateau for the abun-
dance ratio, 'Li/H = (1 — 2) x 107!%, with small error bars
as a function of metallicity for [Fe/H] > =3 [9] in the
Galaxy [10-22] and @ Centauri accreted by the Galaxy [23]
[24]. The plateau abundance is ~3—4 times smaller than
that predicted in the standard BBN (SBBN) model (e.g.,
"Li/H = 5.24 x 10719 [2]; see Ref. [3] for theoretical light
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element abundances for the baryon density from Planck [8]).
Recent observations also indicate a break of this plateau
shown as small Li abundances with a large dispersion at
lower metallicities of [Fe/H] < —3 [14,16-18,22,26,27].
Therefore, it seems that we need a mechanism for a
metallicity-independent depletion from the primordial abun-
dance to the plateau abundance and also another for a
metallicity-dependent depletion from the plateau abundance.
In this paper, we focus on the former universal depletion by
cosmological processes. This Li problem (see Ref. [28] for a
review) shows that some physical processes have reduced
the primordial Li abundance in some epoch during or
after BBN.

The standard stellar model suggests very small deple-
tions of Li isotopes in surfaces of MPSs [29]. The "Li/H
abundances of MPSs observed today are then approxi-
mately interstellar abundances when the MPSs formed.
Nonstandard processes such as the rotationally induced
mixing [30,31] and the turbulent mixing [32-34] have been
suggested to reduce the ’Li abundance in stellar atmos-
pheres. In the former model, a large depletion factor does
not realize simultaneously with a small dispersion in stellar
Li abundances after the depletion. The depletion factor is
then constrained to be small. In the latter model, a depletion
of a factor of 1.6-2.0 [32] is predicted, although it is still
unclear if this mechanism can deplete Li abundances of all
MPSs rather uniformly.

Nonstandard BBN, on the other hand, may be respon-
sible for the Li problem at least partially. We note that "Be
is produced more than ’Li in the SBBN model with the
Planck baryon density. The "Be nuclei are then converted
to "Li nuclei via recombination with electrons followed by
the electron capture, i.e., "Be+e~ - 'Li+ v,. Therefore,
the Li problem is alleviated if some exotic processes could
destroy "Be. One of the solutions to the Li problem is an
injection of a nonthermal photon with energy of ~2 MeV
which can destroy "Be but not deuterium (D) as calculated
in Ref. [35]. If a long-lived exotic particle radiatively
decays after BBN, nonthermal photons can disintegrate
background thermal nuclei, and light element abundances
change [36]. If the energy of the photon emitted at the
decay is much larger than O(10) MeV, all types of light
nuclei are disintegrated by nonthermal photons [36—48].
In this case, therefore, the Li problem cannot be solved
(e.g., [46,48]). Therefore, the energy of emitted photons
for the "Be destruction is limited to a narrow range [35].
A similar "Be destruction would occur if a long-lived sterile
neutrino decays into an energetic electron and positron.
We then study the cosmological effects of this decay
channel in this paper.

From the theoretical point of view of the extended
minimal Standard Model (MSM) of particle physics,
right-handed neutrinos introduced as sterile neutrinos
provide an elegant mechanism for the generation of tiny
active neutrino masses, the so-called canonical seesaw
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mechanism [49-52]. If their masses are so large (more
than 10° GeV), they also explain the origin of the baryon
asymmetry of the Universe, the so-called leptogenesis
scenario [53]. Even if the sterile neutrinos have masses
below the electroweak (EW) scale, however, there exist
other phenomenological effects without lacking the success
of the seesaw mechanism. Several possibilities have been
investigated regarding the detectability of the sterile neu-
trinos, and the case in which sterile neutrinos are lighter
than light mesons (e.g., pion or kaon) has been studied
especially in detail [54] (for a recent study, see [55] and
references therein). The allowed sterile neutrino masses are
smaller than the pion mass ~140 MeV, which are not
consistent with the recent results of neutrino oscillation
experiments, unless one assumes that their lifetimes are
longer than ~0.1 s. In addition, another constraint has been
derived from a study of BBN by a comparison between
theoretical and observational abundances of “He. The upper
limit on the lifetime of ~0.1 s was derived when a relic
abundance of sterile neutrino is fixed as given in
Refs. [56,57]. However, this constraint depends on the
relic abundance. In this paper, we take into account the
possibility that the abundance is smaller than the simple
estimate [56,57]. In this case, a longer lifetime of the sterile
neutrino is allowed.

In this paper, we comprehensively investigate cosmo-
logical effects of a long-lived sterile neutrino with mass
~10 MeV. In Sec. II, we assume a decay of a sterile
neutrino in the early Universe, and we describe our
calculation method and formulations of (1) the spectra
of electrons and positrons generated at the decay, (2) those
of primary photons induced by the energetic electrons and
positrons, and (3) the nonthermal nucleosynthesis triggered
by the energetic photons. In Sec. III, revised cross sections
for photodisintegration of 'Be and "Li are described. In
Sec. 1V, effects of the decaying sterile neutrino on the
cosmic thermal history, the effective neutrino number,
and the baryon-to-photon ratio are formulated. In Sec. V,
observational constraints on primordial light element
abundances, the effective neutrino number, and the
baryon-to-photon ratio adopted in this paper are summa-
rized. In Sec. VI, we show calculated energy spectra of
electrons and positrons emitted at the decay, energy spectra
of photons produced via the inverse Compton scattering of
background photons by the electrons and positrons, and
photon injection spectra resulting from electromagnetic
cascade showers. Time evolutions of light element abun-
dances, the baryon-to-photon ratio, and thermal and non-
thermal neutrino energy densities are then consistently
calculated with nonthermal photodisintegrations of nuclei
taken into account. An impact of revised cross sections of
"Be and Li photodisintegrations is also shown. In Sec. VII,
we discuss the relic abundance of the sterile neutrino before
its decay. We also comment on a possible dilution of the
sterile neutrino in the early Universe, effects of the sterile
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neutrino mixing to active neutrinos of different flavors,
and experimental constraints from the pion decay and the
supernova luminosity. In Sec. VIII, this study is summa-
rized. In the Appendix, extensive formulas of the sterile
neutrino decay are derived. We adopt natural units of
A = c = kg = 1, where 7 is the reduced Planck constant,
c is the speed of light, and kg is the Boltzmann constant.
We also adopt the notation of A(a,b)B for a reac-
tion A+a— b+ B.

II. MODEL

We simply include one right-handed (sterile) neutrino, vy,
in the MSM and assume that it has a mass of O(10) MeV
and a rather long lifetime ~O(10°) s. We consider effects of
the decays of the O(10) MeV sterile neutrino on cosmo-
logical quantities, especially the ’Li number abundance
relative to hydrogen, i.e., 'Li/H.

A. Method

We perform a BBN calculation. Kawano’s BBN code
[58,59] is utilized with default settings of the time steps in
order to make the thermal nucleosynthesis calculation
part as simple as possible. To calculated results, we added
Sarkar’s correction for *“He abundances from explicit
integration of weak rates, smaller time steps, Coulomb,
radiative, and finite temperature corrections, and the
correction for finite nucleon mass [60]. Reaction rates
for light nuclei (A < 10) are updated with recommenda-
tions by JINA REACLIB Database V1.0 [61]. The neutron
lifetime is set to be 880.0+0.9 s from the weighted
average value of the Particle Data Group [62]. We note
that after the improved measurements [63—65], a few earlier
measurements have been reanalyzed, and updated lifetimes
are significantly shorter than the previous ones [62].

We adopt cosmological parameters reported from the
analysis of the Planck Collaboration [8]. Central values for
the base ACDM model (Planck + WP + highL + BAO)
determined from the Planck 2013 data are taken:
Hy =673+ 12 kms™' Mpc™!, Q) =0.6857 0018 Q =
0.3157001¢, and Q7% = 0.02205 + 0.00028 with h = H,/
(100 kms~! Mpc~!). The baryon-to-photon ratio is calcu-
lated using the most recent values of physical constants as
follows.

1. Baryon-to-photon ratio

The present number density of CMB is given by
E)
2

1,0 T3, (2.1)
where {(3) = 1.20205 is the Riemann zeta function, and
T, is the present CMB temperature. The present energy
density of baryons is related to cosmological parameters as
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3H}
=Q 0,
Pro b (87:GN>

where Gy is the gravitational constant. The present average
mass per baryon is given [66] by

1
My EZ—Z(O): {1— |:1 —Z<’:1H6>Yp:| }mH
H

= (1-0.007119Y,)my.

(2.2)

(2.3)

where ny, is the present number density of baryons; my =
1.67353 x 107! and my, = 6.64648 x 107! kg are the
atomic masses of 'H and “He, respectively [67]; and Y, b 18
the cosmological mass fraction of *He. In the above
equation, contributions from small abundances of D,
3He, Li, and heavier nuclides have been neglected.

Using the above three equations, the relation between the
baryon-to-photon ratio and the baryon density parameter is
given [66] by

N ny {3(100 kms_lMpc‘l)z] my

Qyh? 1y 8rGnmy Pro
~ 1 [3(100 kms~! Mpc™")?] my
- nyo SﬂGNmH My

GN -1
6.6738 x 10~ m3kg~'s72

=2.7378 x 10—8<

-3
_ 10 _
x <2'7255 K) [1+0.007131(Y, — 0.25)].

(2.4)
We adopt the CMB temperature [68]
T,y = 2.72548 £+ 0.00057 K

= 2.72548(1 £ 0.00021) K (10). (2.5)

The latest gravitational constant [62] is given by

Gy = (6.67384 4 0.00080) x 10~ m3kg=!s72
= 6.67384(1 £ 0.00012) x 107" m*kg~'s72 (10).
(2.6)
The square root of sum of squares of uncertainties from Gy

and T, is taken, and the precise relation between 7 and
Q. h? is derived, for Y, ~0.25, as

n = (6.037 £0.077) x 1071 (10). (2.7)

2. Parameters

It is assumed that energetic electrons and positrons are
generated at the decay of a long-lived massive particle
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(sterile neutrino) vy. The sterile neutrino vy has amass M,
and a mean lifetime 7, . Through the inverse Compton
scattering of cosmic background radiation (CBR), the
energetic electrons and positrons produce energetic primary
photons. The energies of the photons are related to the
energy of e* and temperature of the Universe.

The present model has three parameters regarding effects
of nonthermal nucleosynthesis: (1) (n,(,)H / n?) is the number
ratio of the decaying particle vy and the background photon
evaluated at a time between the cosmological electron-
positron pair annihilation and the v decay, (2) the vy mass
M, , and (3) the lifetime 7, . The total energy of = emitted
at one vy decay event E, _,, is derived as a function of
M,, . This quantity is equivalent to the energy injected in
the form of electromagnetic cascade showers. We adopt the
method of Ref. [48] to calculate the nonthermal nucleo-
synthesis, where thermonuclear reactions are simultane-
ously solved. We utilized updated reaction rates of “He
photodisintegration [Egs. (2) and (3) of Ref. [69]] based on
cross section data from measurements with laser-Compton
photons [70,71]. In this work, we found errors in cross
sections of reactions 'Be(y,a)*He and "Li(y, a)*H [44]
adopted in previous studies on the BBN model with the
long-lived decaying particle. The errors are corrected in this
calculation, as explained in Sec. VL.

B. Injection spectrum of photon

The injection spectrum of the nonthermal photon is
given by

1 [My,/2 dIT
py(Ey;T’MDH):f/ ! E(

Ey().max
X 0 PiC(EeaE;/O;T)

X py,EC(Ey’ Eo; T)dEyoﬂ

M, )dE,

(2.8)

where T is the photon temperature of the Universe, m, is
the electron mass, (1/I")dI'/dE,(M,, ) is the differential
decay rate as a function of energy of e* and M,
[cf. Eq. (A21)], Pic(E,.E,:T) is the energy spectrum
of the primary photon (E,,) produced at inverse Compton
scatterings of e® with energy E, at temperature 7,
Pyec(E,. E,; T) is the energy spectrum of the nonthermal
photon with energy E, which is produced in the electro-
magnetic cascade showers triggered by the primary photon
with energy E,o at T, and E, max (E,. T) is the maximum
value of £, [Eq. (2.14)].

C. Sterile neutrino decay

Throughout this paper, we concentrate on the Dirac
neutrino case. We denote the mass of the heaviest state of
neutrinos as M, and the active-sterile mixing angle as ©.

The energy spectrum of e*, i.e., d['/dE, is calculated
(Appendix) and input in Eq. (2.8). In this paper, we fix
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parameters of the sterile neutrino as one possible simple
example case as follows. The sterile neutrino couples to
charged and neutral currents of the electron flavor only. The
strengths of the vy coupling to the currents are given by ®
(for the electron) and O (for the muon and tauon).

We note that the investigation in this paper can be easily
extended to the Majorana case. The only difference between
the two cases is that decay rates of a Majorana sterile
neutrino are twice as large as those of a Dirac neutrino when
those neutrinos have the same parameter values of M, and
0. The relevant Lagrangian of the neutrino sector including
one Majorana sterile neutrino is given by

_ = M, _.
L = vyy,0'vy — FoL Huy — — U +Hece, (29)

where L, and H are lepton and Higgs doublets, respectively;
F, (for a = e, pu,7) is the Yukawa coupling constant; and
M, is the Majorana mass. After the breaking of EW
symmetry, the sterile neutrino is mixed with active neutrinos.
The degree of mixing is characterized by the active-sterile
mixing denoted as © = F,(H)/M,,,, where (H) denotes the
vacuum expectation value of the Higgs field.

The sterile neutrino can decay through this mixing into
3vorvt T, where £ is a charged lepton species. Inversely,
if the sterile neutrino is relatively light, it can be produced
by the decay of light mesons. For instance when M, < m,
(pion mass) is satisfied, the pion decay can produce the
sterile neutrino. In this case, we can find a signal of the
sterile neutrino as a new peak in the energy spectrum of
active neutrinos.

D. Primary photon spectrum

We assume that energetic electrons and positrons, et’s,
are injected at the vy decay. Energetic photons, y’s, are then
produced via the inverse-Compton scattering between the
e*’s and CBR (e* + y,, — ¢ + ), where the subscript
“bg” means background. The inverse-Compton process
plays an important role in developments of electromagnetic
cascade shower. It distributes the energy of e* generated at
the decay to multiple particles, i.e., y’s and e*’s in the
thermal bath. We assume that the e* in the initial state with
energy E, reacts with CBR with energy E,, and a scattered
photon in the final state has energy E,. The number of
collisions for an e* particle per unit time dt and unit energy
interval of photon in the final state dE, is then approx-
imately given [41,72] [73] by

d*N  2zrim?
didE,  E,E?

F(E}/()?Ee;E}/b)’ (210)

where r, = a/m, is the classical radius of the electron
with the fine structure constant «, and the function
F(E,. E,;E,,) is defined by

083519-4



EFFECTS OF LONG-LIVED 10 MEV-SCALE STERILE ...

F(EyO’Ee;Eyb) = {

0
where parameters are introduced as
4ELE, E
yp=—00  g=— (2.12)
me 7E(Ee - E;'O)

The energy spectrum of CBR in the early Universe is
almost completely described by a Planck distribution,

Eﬁb 1

fyb(Eyb) :?W (213)

The energy of the photon in the final state has an upper
limit [72],

4EybE§
mg(l + 4E;’bEe/mg)

E}'O < EyO,max = (214)

When the maximum photon energy is between the thresh-
old energies for the photodisintegration of "Be (1.59 MeV)
and that of D (2.22 MeV), an effective destruction of Be is

F(EyOv Ee; Eyb)

2qIng + (1 +2g)(1 —q) +

PHYSICAL REVIEW D 90, 083519 (2014)

2
(req) (1 _ q)

2(1+ygq)

forO0<g<1,
orv=a= (2.11)

otherwise,

possible without destructions of other light nuclides [35].
The maximum energy should, therefore, be in this energy
range, 1.e., E,mix~2 MeV. Here we approximately
take the average energy of CBR, E,, = 2.701T, as the
CBR energy. The et energy required for the generation

of a nonthermal photon with E,, ~2 MeV is then esti-

mated to be
E y0,max
E

(for t = 10° s).

1
EeZ_

D) (Eyo,max +m,

~17.5 MeV (2.15)
Generally, at inverse Compton scatterings of low energy
CBRs by energetic e* in the early Universe, small fractions
of energies of e* are transferred to those of CBRs at
respective scatterings, i.e., E,g < E,. The energy spectrum
of the primary photon produced at the inverse Compton
scattering is, therefore, approximately proportional to the
differential scattering rate as a function of E,. The
spectrum of the primary photon is then given by

F<EyOv Ee; Eyb)

PiC(Ee’EyO;T) =

TE

where Li,(—x) is the dilogarithm. The dilogarithm is
calculated in our code using the published Algorithm
490 [74].

E. Electromagnetic cascade

The energetic primary photons interact with the CBR,
and electromagnetic cascade showers composed of ener-
getic photons and e®’s develop (e.g., [37,41]). One
energetic photon can produce multiple particles of lower
energies by continuous reactions of pair production at a
collision with CBR (y + y,, = e™ + ¢7) and the inverse
Compton scattering of ef at a collision with CBR
(et + Ybg = e* + y). The nonthermal photons then obtain
a quasistatic equilibrium spectrum [41,75].

When the energy of the primary photon E, is much
larger than the threshold energy for photodisintegration of
light nuclides, i.e., E,, > 1 MeV, the steady state energy
spectrum of the nonthermal photons is approximately given
(e.g., [44,48,76]) by

[F(Eq.E;;Ep)dE,y  E.

: (2.16)

8-+9y p+7> 16+18yp+77
{72?5 EIn (1 +yg) = =gyt

4(1+yg) + 2L12(_},E)i|

K(Ex/E,)*? for E, < Ey,
K(Ex/E,)*  for Ex <E, < Ec,
0 for Ec < E,,

Py EC (E},, EyO; ) =
(2.17)

where Ey ~m2/(80T) and E-~m2/(22T) [41] are the
energy corresponding to a break in the power law and a
cutoff energy, respectively; and K = E,o/{E%[2 + In(E¢c/
Ey)]} is the normalization constant which conserves the
energy of the primary photon. If nonthermal photons have
energies larger than E, they are quickly destroyed via the
electron-positron pair production.

The maximum energy of the nonthermal photon E,,
however, can be of the order of O(1 MeV) depending on
the mass M, and the temperature T [Eq. (2.14)]. In this
case, the generalized photon spectrum is given [35] as
follows:
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(1) For E,, < Ey, the spectrum is given by
py,ECl (Eyv EyO; T)

B {K1 (Ex/E,)*? for E, < Ey,

(2.18)
0 for £,y < E,,

where K| = E%z/(ZE;/z).
(2) For Ex < E,, < E¢, the spectrum is given by

Prec2(Ey, Eyos T)
K,(Ex/E,)** for E, < Ey,

= Ky(Ex/E,)* for Ex <E, <E,,
0 for E, < E,,
(2.19)
where K, = E,o/{E%[2 + In(E,o/Ex)]}.

(3) For E¢ < E,, the spectrum p,pc3(E,,E,.T) is
given by Eq. (2.17).

F. Steady state spectrum

Rates of electromagnetic interactions are faster than the
cosmic expansion rate. The injection spectrum p,(E,, T,
M, ) is then quickly modified to a new quasistatic
equilibrium spectrum given by

NPHEST M, 7, e

_ nuH(T MI/H’ vy’ Z:DH—w)py(E T M H)
I (E T MI/H vy’ é‘yHQE)TvH

(2.20)

where

Ny, (T MuH’ Tuy» é‘uH—w)

- n (1 +Z) exp(_t(T;MuWTqu CbHae)/TL/H) (221)

is the number density of the decaying particles vy at a
redshift z, and ¢, _, = (n) /nY)E, _, is a parameter
describing the amount of electromagnetic energy injection,
with n) and n? the comoving number densities of vy and
CBR, respectively, estimated at a time between the cos-
mological e* annihilation and the vy decay. Here, the
cosmic time is described as t(T; M, 7,, . {,, ) taking the
inverse function of the temperature evolution 7'(t; M, . 7,,

PHYSICAL REVIEW D 90, 083519 (2014)

{1y—e)- The quantity I, is the energy degradation rate of the
nonthermal photons through three relatively slow proc-
esses: Compton scattering (y+eb — y +e%), Bethe-
Heitler ordinary pair creation in nuclel (7 + Npg = 7+
e~ + N), and double photon scattering (y + ypg = ¥ + 7).
where N is a nucleon in the nucleus. Since the energy
degradation rate depends not only on the photon temper-
ature but also on the baryon and electron densities [41], it is
a function of the baryon-to-photon ratio n. We fix the 7
value after the vy decay to the observed value from the
Planck CBR measurement. The entropy production asso-
ciated with the vy decay changes the # value as a function
of time. Therefore, the time evolution of the baryon-to-
photon ratio depends on the parameters, i.e., n = n(T; M,
7,2 Cuy—e)- We use this steady state approximation for the
nonthermal photon spectrum.

G. Nonthermal nucleosynthesis

If the injection of nonthermal photons occurs at a cosmic
time ¢ 10* s, the nonthermal photons can disintegrate
background nuclei, and nuclear abundances can be changed
[36-48,77].

1. Photodisintegration

The equation describing a time evolution of nuclear
abundance by primary reactions, i.e., photodisintegration,
is given by

dYA ZNAC Pyl,

Z[AHPYA,

P

(2.22)

where Y; = n;/nyp is the mole fraction of a nuclear species i
with n; and np number densities of nuclide i and total
baryon, respectively [78], and we define the reaction rate

']t/H<T Mz/H vy’ CDH—w) vy—e

TDH

X G[IPV]A (T’ M”H’ TDH’ CDH—M)»

[Pyly =
(2.23)

where 1, = n,, /n, is the vy-to-photon number ratio with
n, the number density of CBR, and the nuclear transfer
function and the normalized spectrum of nonthermal
photons are defined as

Gl (1Mt ) = [ BT E ST My 0y G )00 (), (2.24)
and
TEF (BT, My, 0 ) = oy (T) NEE(E T, M, 7y Loye)
Epoty (T: My 7y Gy )
_ p,(E,. T.M,,) (2.25)

B Et/H—>e {Fy/ny] (Ey; T, MuH’ Tuy» CuH—w) ‘
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The first and second terms on the right-hand side (rhs) in
Eq. (2.22) correspond to the production (y + P — A + C)
and destruction (y + A — P + D), respectively, for nuclide
A. The cross section of the process y +P - A+ C is
denoted by 6, p_,(E,). In addition, we use Nc as the
number of identical nuclear species in a production process:
N c = 2 when particles A and C are identical and Ny = 1
when they are not. For example, in the process “He(y, d)D,
Npp = 2 since two deuterons are produced at one reaction.

2. Secondary process

Nonthermal nuclei produced in the primary reaction
can in general experience secondary nonthermal nuclear
reactions. We, however, focus on an injection of photons
with relatively small energies generated by a light sterile
neutrino of M, <20 MeV. In this case, “He photodisin-
tegration is impossible, and most of the important
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secondary reactions do not occur. In this calculation,
only the secondary reactions ’Li(y,n)°Li(p,a)’He and
"Be(y, p)°Li(p, @)*He are operative. The equation describ-
ing the secondary production and destruction is given by

ay Nax N
o= D YeYp R [P(A)P
b AP XX Nar
— (destruction term), (2.26)

where the reaction rate for a secondary reaction
P(y.X,)A(P',X,)S with any combination of particles
X, A, and X, is given by

nuH(T MuH’ vy’ CUH—>€) vy—e

Tuy

X G%P(A)P/]S (Tv M),Hv T}/H7 CI/H—>E)’

[P(A)P]s =

(2.27)

OA+P' =S (EA )ﬁA (EA)

G[P( AP (T5 My, 705 Cuyyse) :A dEA[

bA/nh] (EA; Tv MUH s TUH ) gvﬂ—w)

BTN T M,y G )0y (E)
A

EA(Ey)
X exXp [—/ m dE,’ - ,
E, bA(EA ;T7 MU].[?TDH’ é’vH—w)

where f, is the velocity of the nuclide produced in a
primary reaction, i.e., primary nuclide, A; by = —dE,/dtis
the energy loss rate of the primary nuclide mainly from
Coulomb scattering of electrons; and I'4 is the destruction
rate of the primary nuclide. Stable nuclides have I'y = 0,
while unstable nuclides have nonzero values given by the
p-decay rates. The quantity £4(E,) is the energy of the
nuclide A produced at the reaction y + P — A of a non-
thermal photon with energy E,, and £;'(E,) is the energy
of the nonthermal photon which produces the primary
nuclide A with energy E,.

The transfer functions G[lpm (T;M,,. 7.8, —e) and
G[QP( e, (TiM,, 7.8, ) should be derived as a func-
tion of T for a fixed parameter set of (M, , 7,,, {y,—¢)-
Time evolutions of the temperature 7(¢), the baryon-to-
photon ratio #(¢), and the vy-to-photon ratio 7, (f) =
n, /n, are different for different parameter sets. In
Eq. (2.24), the parameter dependence of the transfer
function comes from the steady state nonthermal photon
spectrum p,(E,,T,M,, ) and the energy loss rate per
background photon [I,/n]J(E;T.M,,.7,,.¢, ). In
Eq. (2.28), bs/n, is independent of the baryon-to-photon
ratio 7 at the time since the energy loss rate of the energetic
nuclide, by, is proportional to the baryon density [79].
However, it depends on the 7 value at BBN through the “*He

T4(Ey)

(2.28)

|

abundance (or the electron abundance). Then, the quantity
b, /ny, the photon spectrum T,?SE, and the energy loss rate
b, in the exponential term depend on the parameter set

(MI/H’ Toyo CyH—m)-

3. Approximation

In this study, we calculate the transfer functions neglect-
ing the entropy production by the sterile neutrino decay.
Then, the 7 value is constant and set to be consistent with
the central value determined by Planck. Also, the vy-to-
photon ratio is exactly described as #,, = (n) /n)
exp(—t/7,,) [cf. Eq. (2.21)]. In this case, the transfer
functions depend on the temperature 7" and the mass M,
only. The reaction rates [Egs. (2.23) and (2.27)] then
reduce to

P = 5 exp(1/2,,)Glyy, (T: M), (2.29)

Yy

_ Cuy—e

vy

[P(A)P]s = = exp(~1/2,,,) Gy . (T: M,y). - (2.30)

We calculate nonthermal nucleosynthesis triggered by the
nonthermal photons taking 7, , {,, ., and M, as param-
eters. By using these simplified transfer functions, a
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parameter search can be performed with same transfer
functions for respective M, values in realistic computa-
tion time.

We can safely use the simplified transfer functions
without missing a parameter region in which the primordial
Li abundance is reduced for the following reason. In this
model, the entropy production by the vy decay always
reduces the baryon-to-photon ratio as a function of time
(Sec. IV). The ratio in the BBN epoch is, therefore, larger
than that in the cosmological recombination epoch mea-
sured by Planck. Then, one can place a lower limit on the
BBN 7 value taking the Planck value. On the other hand,
deuterium is only destroyed by photodisintegration, and is
never produced in the nonthermal nucleosynthesis by the
vy decay. The abundance of deuterium produced at the
BBN, therefore, cannot be significantly smaller than
the observational constraint on the primordial abundance.
This requirement gives an upper limit on the BBN # value
since primordial D abundance decreases as a function of 7.
These limits are satisfied in a very narrow region of the
BBN 7 value, only O(1)% wide, which is around the
Planck value (see Fig. 1 of Ref. [80] or Fig. 1 of Ref. [3]).
Then, maximum allowed changes of the 7 value between
the BBN and the recombination epochs is O(1)%. Also the
1y, value in the case with an entropy production can change
from that in the case without it by only O(1)%. The neglect
of the entropy production effect in Eqgs. (2.29) and (2.30),
therefore, does not introduce a large error in final nuclear
abundances. In the following calculation, the final  value is
fixed to the Planck value. When the entropy production
changes the 7 and 7,,, values by more than ~10%, present

L B S B B
15 . P - "Be(y.0)°He TTe—ll -
KTA87
5 S i NACRE99 |
g 1+ P -=-=- CDO8
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ol TLi(pe)®H T T - --— - _ __ " TC T
-0.5 [ PR SN SN SN NS SRS SN RS S ‘1 PR R
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FIG. 1 (color online). ~Cross sections of reactions "Be(y, a)*He
and "Li(y,@)*H as a function of the photon energy. They are
estimated from the detailed balance relation with the forward
radiative capture cross sections. Solid lines correspond to poly-
nomial fits to theoretical calculations in the low energy regions
[82]. Dashed lines correspond to constant S factors in the high
energy regions [83]. The dot-dashed line is from a fit to
experimental data on 3He(y, a)’Be [92]. Dotted lines show fitted
functions of Ref. [44].
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results of the nonthermal nucleosynthesis calculation are
not precise. However, such a large entropy production is
accompanied by a large BBN # value and is therefore
excluded by underproduction of deuterium definitely.

III. PHOTODISINTEGRATION CROSS
SECTIONS OF "Be AND "Li

We correct significant errors in cross sections of reac-
tions "Be(y, @)*He and "Li(y, a)’H [44] adopted in pre-
vious studies on the BBN model including a decaying
particle (e.g., [35,48,69,77]).

The detailed balance relation between cross sections of a
forward reaction A(B, y)C and its inverse reaction C(y, B)A
is described [81] as

_9a8s HE
Gc+y—(17 -2 |0A+B:

3.1
+6ap)9c \E; S

where 64, and o, are the forward and inverse reaction
cross sections, respectively; g; = 21; + 1 is the statistical
degrees of freedom (d.o.f.’s) with spin /; of species i; 6,5 is
the Kronecker delta for avoiding the double counting of
identical particles; y and E are the reduced mass and the
center of mass (CM) energy, respectively, of the A+ B
system; and E, = E + Q is the radiation energy with Q the
reaction Q value: Q = 1.586627 MeV [for *He(a,y) Be]
and Q = 2.467032 MeV [for *H(a, y)Li], respectively.

The forward reaction rate is described using the astro-
physical S factor as

S Eg
0A+B:EGXP \VE)

where Eg = (2u)(nZ,Zga)? is the Gamow energy with Z;
the proton number of species i and @ = 1/137.04 the fine
structure constant. Inserting this equation in Eq. (3.1), we
obtain a relation between the cross section of the inverse
(photodisintegration) reaction and the § factor of the
forward (radiative capture) reaction:

949 U Eg
=222 (Ls —/=). 3.3
7 T 1+ bap)gc (E%) eXp( E) (33)

Firstly, S factors of the two reactions are taken from
Ref. [82]. When we take fitted functions [their Eqs. (6) and
(7)] with theoretical values of S(0) =0.511 keV b for
"Be(y,@)*He and S(0) = 0.1003 keVb for "Li(y, @)*H,
the photodisintegration cross sections are given by

(3.2)

409 mb (

5.19
—_ —0.548E
Eg,MeV E\> ) exp( Mev)

MeV
x (1 —0.4285E%.y + 0.5340E3, —0.1150E},.y)

(for O<E,<Q+2.1MeV), (3.4)

OTBet+y —
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where E, \jey = E,/MeV and Eyjy = E/MeV are defined,
and

80.3 mb 2.60
G7Li+}/ = mex <— %) eXp(—2056EMev)

X (14 2.2875E%y — 1.1798E3,.y +2.5279E3 v
(for Q <E, < Q+ 1 MeV). (3.5)

It is found that both cross sections are smaller than the
published values [44] by a factor of about 3 although the
values were based on the same reference [82]. It is expected
that this error originates from the wrong treatment of the
statistical d.o.f.

Another error stems from the use of the fitted functions
[82] which can be reasonably applied only to the low
energy region of E, — Q < O(1) MeV. The functions have
been derived from fitting to measured data in a relatively
low energy region. These functions then provide erroneous
values in a large E, region. In particular, the function for
"Be(y,a)’He outputs large negative values at E,
5.4 MeV. Since this error affects the final nuclear abun-
dances calculated in the model with a decaying particle,
it must be fixed. For example, we may assume constant
S factors: §=0.31keVb at E, > Q+2.1 MeV for
"Be(y.a)’He and S =0.06 keVb at E, > Q+1 MeV
for "Li(y, @)*H (cf. Ref. [83]). The cross sections are then
given by

248 mb 5.19
Orery = %exp (- 1—/2> for 0 +2.1 MeV < E,,
r-MeV MeV
(3.6)
48.1 mb 2.60
ity = g ——i for O +1 MeV < E,.
y,MeV MeV

(3.7)

Recently, three independent groups have measured the
cross section of the reaction *He(a, 7)’Be at high energies
(E Z 1.5 MeV) with relatively small errors [84—87]. There
is only one earlier publication for the cross section
measured in this energy region, and the measured data
included large errors [88]. The new measurements indi-
cated a possible increase of the cross section at E 2
1.5 MeV which was not seen in the earlier work.
Theoretically, this increase can be understood as a con-
tribution of the electric dipole capture from the scattering
d-wave which gradually becomes more important at higher
energies [89,90]. When we consider these experimental
results, it may be better to take into account the d-wave
behavior in an estimation of the cross section at high
energies rather than to assume a constant S factor. We note,
however, that a precise estimation needs more measure-
ments at high energy of E >3 MeV. The only
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experimental data in the high energy region are from
measurements for the 3He incident energy FE;=
19-26 MeV at the angle 90° [91]. The measured data
typically give only upper limits on the differential cross
section, do/dQ(90°) <1 ub/sr, at the corresponding CM
energy E ~ 12-17 MeV.

An analytical function has been fitted to cross sections
measured between 2004 and 2007 in the energy range of
0.04 < E <1.2MeV [92]. Although this fitting did not
take into account experimental data at higher energies,
dominant contributions of s- and d-waves are included in
the analytical function. We then adopt this cross section
function with six parameters in this paper. The photodis-
integration cross section is given by

801 mb 5.19 0;
———exp | —
p < /2 ) Z E+ 0,

2
Ey,MeV MeV/ i=0,1

E
X [Sol'(l + a;Eyey)* + 52 <1 + 4n? —>

Eg
E
1+ 1672 —
X( o EG)]

where i = 0 and 1 indicate capture cross sections to the
ground and the first excited states of ’Be, respectively, and
Qo =0 and Q; = 1.1570 MeV are the Q values for the
two final states. The six fitted parameters are sy, = 0.406,
$o9 = 0.007, ag = —0.207, s9; = 0.163, s5,; = 0.004, and
a; = —0.134.

Figure 1 shows cross sections of reactions "Be(y, a)*He
and "Li(y, a)’H as a function of the photon energy. The
cross sections are derived by applying the detailed balance
relation to the forward radiative capture cross sections.
Solid and dashed lines correspond to polynomial fits to
theoretical calculations in low energy regions [82] and
constant S factors in high energy regions [83], respectively.
The dot-dashed line corresponds to a fit to experimental
data on *He(y,@)"Be [92]. For comparison, dotted lines
show fitted functions of Ref. [44]. We adopt the dot-dashed
line [Eq. (3.8)] for "Be(y,@)*He, and the solid and the
dashed lines [Egs. (3.5) and (3.7)] for "Li(y, @)*H in the
following calculations.

67Be+y =

(3.8)

IV. EFFECTS ON COSMIC PHOTON AND
NEUTRINO BACKGROUND

The decay of sterile neutrinos has two effects on the
resulting effective neutrino number in the Universe, i.e.,
N Firstly, since the decay generates energetic neutrinos,
the total energy density of neutrinos increases with respect
to the case of no neutrino injection [93,94]. Secondly, since
the decay also generates energetic electrons and positrons,
the energy density of background photons increases
[93-95]. The ratio between energy densities of neutrinos
and photons is reduced, and as a result, the effective
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neutrino number is reduced compared to the case of no
photon injection. The baryon-to-photon ratio is simulta-
neously reduced by this photon heating effect. In this study,
we assume that the lifetime of the sterile neutrino is much
longer than the time scale of the decoupling of the active
neutrino in the early Universe, i.e., 7,, > 1 s. The ener-
getic neutrino generated at the decay cannot interact
effectively with background particles mainly constituted
of weakly interacting neutrinos and weakly noninteracting
photons. The energetic neutrino is then never thermalized
and propagates in the Universe without collisions.

A. Cosmic thermal history

The total energy density in the Universe is given [93] by

p=py+ (P +Pet) + Poan + Po + Py + Py (41)
where p; is the energy density of particle species i =y
(photon), e~ (electron), e™ (positron), v,th (thermal neu-
trino), b (baryon), vy (sterile neutrino), and v,nt (nonthermal
neutrino produced at the vy decay). The last two terms
are not present unless the decaying sterile neutrino exists.
The sterile neutrino energy density is given [93] by

Puy = MI/HnI/H
= ManBH(l =+ Z)3 eXp <_t/TI/H>

n
= MI./Hnl/H,i <n—b) exp (_Z/TDH)’

b.i

(4.2)

where n; is the energy density of particle i, and n;; is the
energy density of i at time # (f;, > 1 MeV). The initial
number density of vy is related as

11 ny.ingﬁe
n, ; =-——""—"—. 4.3
vyl 4 EI_/H—>e ( )
The factor (11/4) originates from the entropy transfer from
e*’s to photons at the cosmological e* annihilation.
When the lifetime of the sterile neutrino is equal to or
longer than the BBN time scale, the cosmic expansion rate
can be affected by the energy density of the sterile neutrino.
Since such a change in expansion rate changes resultant
elemental abundances, it is constrained from observed light
element abundances. For example, the energy density of
exotic relativistic species in the BBN epoch has been
constrained [96,97]. The sterile neutrino with a mass of
O(10) MeV is nonrelativistic during BBN. The energy
density of a nonrelativistic particle redshifts as =3, while
that of a relativistic particle redshifts as a=*. Therefore, the
former increases relative to the latter as the Universe
expands. The effect of the nonrelativistic sterile neutrino
is thus different from that of the exotic relativistic particle.
The change in the expansion rate during BBN is rigorously
taken into account by using Eq. (4.1).

PHYSICAL REVIEW D 90, 083519 (2014)
The nonthermal neutrino energy density is solved by

time integration [93] of

dpy,nt —
dt

EI/H—>1/ Puy

M, 1,

gy "y

_4Hpv.nt + (44)

where E,, _,, is the average total energy of active neutrinos
and antineutrinos emitted per one vy decay event, and the
cosmic expansion rate is given by

a (SnGN >1/2
H:7: p s
a 3

(4.5)

where a is the scale factor of the Universe. The integral
form of Eq. (4.4) is given by

’;
pyH.iai Euu—w 1 /t Na—t'/T /
1) = — a(r)e v dt
pl/,m( ) a(t)4 ]‘411H TyH N ( )

11 E, .E, ., a [t ’
- <I>”y,i N . 4/ a(t)e™" "t
2 vy—e a(t) 5

) (4.6)

where p, ;i ® M, n, ; is the initial energy density of vy,
and g; is the scale factor at time #;. We used Eq. (4.3) at the
second equality.

The ratio of the average total energy emitted in the form
of electrons and positrons at the vy decay to the mass M,

is given by

E, e 1
A =
M 1+R(v,e)’

(4.7)

Vy

where R(v, e) is the ratio of average total energies injected
in the forms of v (including all flavors and antineutrinos)
and e* at the vy decay. In the present model, the sterile
neutrino has only two decay modes, i.e., vy — v,ete™ and
UH = D p—euVeUpvp. The ratio of the decay rates for the
two modes is defined with Egs. (A15) and (A27) as

I(vy = veete)
C(vy = 2 pvelpvp)

Rdec = (48)

Through the two decay modes, energetic neutrinos, elec-
trons, and positrons are generated. The ratio of average total
energies of v and e* emitted through the two decay modes
is given by

I+ RdecfE(l/e)
Racclfe(e™) + fele®)]

where f(i) = E;/M,, is the ratio of the average energy
of species i to the sterile neutrino mass in the decay mode
of vy = v.ete”, and the equation, fp(v,)+ fr(e™) +
fe(e™) =1 is satisfied. There is a trivial relation between
parameters:

R(v,e) =

(4.9)
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v,e), (4.10)

CuH—w

where ¢, ., = (n) /n?)E, _, is defined.

Figure 2 shows the ratio of the decay rates Rgy.. as a
function of x,, = m,/M,, . When the sterile neutrino mass
is much larger than the electron mass, i.e., x,, < 0.5, the
rate for the decay into v,e*e™ is comparable to that into
three neutrinos. The ratio monotonically decreases with
increasing x,,,. When the sterile neutrino mass is nearly one
half of the electron mass, i.e., x, & 0.5, this ratio becomes
very small and the decay into three neutrinos dominates.

Figure 3 shows the ratio of average total energies of
neutrinos and e®’s injected at the sterile neutrino decay
R(v, e) as a function of x,. In the large limit of the sterile
neutrino mass, x,, < 1, the ratio approaches to ~10°° =
3.16. The ratio monotonically increases with increasing x,,.
The ratio diverges in the small mass limit, x,, — 0.5.

Equation of the energy conservation is given [Eq. (D.26)
of Ref. [58]] by

dp,
dr T,

+
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FIG. 3. The ratio of average total energies of neutrinos and e*’s

injected at the sterile neutrino decay R(v,e) [Eq. (4.9)] as a
function of x,, = m,/M,,.

dec
= O’

Ty

3 4P

me , d(@*py,)
dt

d 3 d 3
@) +p(a’) +a . 7

(4.11)

where p is the total pressure of the Universe, and the
third and fourth terms in the left-hand side correspond to
the energy changes by nucleosynthesis and the electro-
magnetic energy injection at the sterile neutrino decay,
respectively. The term of the electromagnetic energy
injection is given by

A @) _ @y Eue (4.12)

dt g, T, M

H Uy

The equation of the energy conservation is then transformed
to

dTy

where r = In(a?) is defined; dr/dt = 3H; and p, = p,- +
pe+ and p, = p, + p,+ are the total energy density and
pressure, respectively, of electrons and positrons. This is a
varied form of the temperature evolution as a function of
time, dTq/dt [cf. Eq. (22) of Ref. [93][, and is used in
Kawano’s BBN code. The last term in the brackets in the
denominator of the rhs is absent unless the entropy production
is induced by the vy decay [cf. Eq. (D.28) of Ref. [58]].

py+py+pe+pe+pb+

dpe | dpy
dT dT
. 2 Z , (4.13)
1 (% nuc erpe nuc _ Puy »Hae)
dr/dt \ dt Ty dt 1Ty Ty Moy

B. Effective neutrino number
The effective neutrino number is defined by
Pu

Neww = 72 (B)43T4
120 M1

(4.14)

where p, = p, i, + p, . is the total neutrino energy density.
The thermal neutrinos interact with thermal bath until the
temperature decreases to 7 ~ 1 MeV. Then, they decouple
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from background photons at 7 ~ 1 MeV and have temper-
ature T,, which can be different from the photon temper-
ature 7. The energy density of the thermal neutrinos is
given by

T2
_ 4
Puth = Negii T,

120 (4.15)

where N; = 3 is the effective neutrino number at the
initial time M, > t; > O(1) MeV before the cosmologi-
cal e* annihilation.

The nonthermal neutrinos are assumed to originate only
from the vy decay. Since we assume that the decay occurs
much later than the BBN epoch, nonthermal neutrinos from
the decay cannot be thermalized typically. The nonthermal
neutrinos, therefore, need to be treated separately from the
thermal ones. The photon number density is given by

6

n
14 7[2

(1), (4.16)

Using Egs. (4.6), (4.14), (4.15), and (4.16), the effective
neutrino number is transformed to

N E 4/3 5 4N +240é‘(3) E 7/3
eff — 4 T eff i 7”4 4

)3 43 ' ,
X Z“"’/H—W T(tl) 4a; 4/ a(t’)e_’ I dt.
T T a(t) t

(4.17)

vy

We use T(t;) =T,(t;) and a(r)T,(t) = constant. The
effective neutrino number can then be described as

11N\43 /T \4 240£(3) /11
o (87 () 2422 (2)

Tnt 4
! Z:DH—)/D e_t,/T"H d_t/:| .
4 Tl/(t) T

(4.18)

Yy

The factor (11/4)*3(T,/T)* in the rhs results from the
entropy production by the injection of nonthermal electrons
and positrons at the vy decay. The number and energy
densities of thermal neutrinos for a fixed photon temper-
ature T are decreased compared to the case of no entropy
production. The second term in the square brackets
corresponds to an increase of the neutrino energy density
contributed by the nonthermal active neutrino injection.

The time derivative of the effective neutrino number can
be derived from this equation as

dNe dInT, dInT
dt — eff dt dt
. ﬂ 7/3 5 4 %CUH—»D e/ L
4 T Trt T, Ty

(4.19)
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Then, we solve the time evolution of the effective neutrino
number simultaneously with those of a(¢) [Eq. (4.5)], T(t)
[Eq. (4.13)], and T,(¢) < a(t)~".

C. Baryon-to-photon ratio

An injection of energetic e* at the vy decay produces
nonthermal photons via electromagnetic cascade showers,
and enhances the comoving photon entropy in the
Universe. Since the baryon-to-photon ratio # is inversely
proportional to the comoving photon entropy, the ratio is
reduced as a function of time during the nonthermal photon
injection [95,98]. In this case, the 7 value in the BBN epoch
is larger than that in the epoch of the CBR last scattering.
We adopt the baryon-to-photon ratio inferred from Planck
measurement of CBR as the value after the vy decay.
The initial  value is then determined as a function of 7,
and ¢, .. such that it results in the final # value consistent
with the Planck data. Here we define the following
variables: The time #,.; is between the cosmological e*
annihilation epoch and the vy decay, while the time #,4 is
after the decay. The quantities S, o and S, .4 are the
comoving photon entropies at times f.; and 7.y, respec-
tively, while .. and #,; are baryon-to-photon ratios at
times f,,.; and .5, respectively.

The comoving entropy density is given [99] by

S = g.5a°T?, (4.20)

where ¢,g is the relativistic d.o.f. in terms of entropy. Since
we consider the vy decay after the neutrino decoupling at
T ~ 1 MeV, the photon is the only relativistic component
in the thermal bath. Therefore, this d.o.f. is the same as the
statistical d.o.f. of the photon, i.e., g,s = g, = 2. The scale
factor of the Universe is inversely proportional to the
neutrino temperature. The ratio of the comoving photon
entropies S, /S, per = Mvet/N 18, therefore, given by

S, (Tu,bef>3<T)3

S bef * \ Ther T,
B 4 T\3
-() ()

where T, ¢ is the neutrino temperature before the vy
decay, and we used the relation T, pe/Ther = (4/11)1/5.

The Planck measurement has obtained the Q,h? value
from the combined data of Planck + WP + highLL + BAO:
Q,h% = 0.02214 + 0.00024 (68% C.L.) [8]. Therefore, the
error in the baryon-to-photon ratio [Eq. (2.4)] or the
comoving entropy at the CBR last scattering is lower than
2.2% (20).

(4.21)

D. Approximate formulas

1. Baryon-to-photon ratio

When the comoving photon entropy changes by a small
fraction, i.e., < 100% in the epoch of the vy decay, the
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ratio S, /S, et = NMbef/Mafe 1S approximately — given
[98] by

Span _ _[45%¢(3) (¢") ' Epmertly  [Toy }

S} bet /4 glﬁifs n]wa Mp |’

(4.22)

where ¢, = 3.36 and 9§ = g, =2 are the relativistic
d.o.f’s in terms of energy and entropy, respectively, after
the BBN epoch; nf¢ and nb*" are number densities of the
decaying particle and photon, reszpectively, evaluated at
the same time fyer; and Mp = Gx'/7 = 1.22 x 10'° GeV is
the Planck mass. The g},’ig value is the same as the statistical
d.o.f. of the photon [100]. For a small fractional change of
entropy, this value is given [98] by

A% ~ In
Sy y.bef

gl/ —e TV 1/2
— 214 x 1074 —>us n )
x (10—9 Gev> (106 s>

(4.23)

Sy,aft

The ratio of the baryon-to-photon ratios #.s/fper =
S, bef/ Sy afc can be estimated using this formula.

2. Neutrino number

The energy density of nonthermal active neutrinos is
generated by the vy decay, and an approximate formula can
be derived as in the case of a nonthermal photon injection
in the late Universe [101]. It is assumed that the sterile
neutrino does not contribute to the total energy density so
much that the cosmic expansion rate is not affected much.
The standard radiation dominated Universe then holds. We
define the second term in the square brackets of Eq. (4.18)
as Negpnei- This term then approximately becomes

N 2400(3) <11) Conimss
et g 4 ) T, (tesr)

N 240(3) (1143 Conov

~ 1 <Z> T(tegr)

(4.24)

where the effective time is defined as 7. = [[(1 +
B)]"/Pz,, for the Universe with the time-temperature rela-
tion of T o t# with I'(x) the gamma function of argument
x [102]. For the radiation dominated Universe considered
here, f = 1/2 and to = (7/4)7,, are satisfied.

If the nonthermal neutrino injection is not accompanied
by the nonthermal photon injection, the photon heating
never occurs and the effective neutrino number after the
decay is Negr = Negri + Negrngi- On the other hand, when
nonthermal electrons and positrons are injected at the vy
decay, the entropy of the Universe is increased. The number
and energy densities of neutrinos for a fixed photon
temperature 7' are then decreased compared to the case
of no entropy production. The effective number after the
decay is given [94] by
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11\4/3 T, 4
Negr = T T (Nefi + Nefnii)

S aff —4/3
= <y—t> (Negri + Negroni)-

4.25
Sy,bef ( )

An approximate solution of Ny is then derived with
Eqgs. (4.23), (4.24), and (4.25).

V. OBSERVATIONAL CONSTRAINTS

We constrain the model of the decaying sterile neutrino
by comparing calculated results and observational con-
straints on elemental abundances, the effective neutrino
number, and the CMB energy spectrum.

A. Light element abundances

In this model, "Be is disintegrated by nonthermal
photons originating from the vy decay. Since a primordial
abundance of "Li is mainly contributed from that of Be
produced during the BBN epoch, the destruction of "Be
reduces the final ’Li abundance. However, the energies of
nonthermal photons should be small since energetic pho-
tons can disintegrate other nuclei and result in an incon-
sistency with observed abundances. In the case of low
energy photons, abundances of only D, "Li, and "Be can be
significantly affected because of their small threshold
energies for photodisintegration [35]. If the photon energy
is larger (4 MeV< E, <20 MeV), the photodisintegra-
tion of °Li, *He, and *H, and the production of °Li via
"Be(y, p)°Li and "Li(y, n)°Li are also possible. In addition,
the time evolution of the baryon-to-photon ratio induced
by the vy decay changes light element abundances from
the values in SBBN. Therefore, we adopt the following
constraints for respective light nuclides. It is noted that only
the constraints on D and Li abundances are important
while other constraints are not in deriving constraints in the
parameter plane of this model with the decaying sterile
neutrino of M, ~ 10-20 MeV (Sec. VIB).

We use the primordial D abundance determined from
observations of quasistellar object (QSO) absorption sys-
tems. As conservative constraints, the 26 and 4¢ ranges
estimated with the mean value of ten Lyman-a absorption
systems, log(D/H) = —4.58 + 0.02 (1) [103], are adopted.

SHe abundances are measured in Galactic H 1 regions
through the *He™ 8.665 GHz hyperfine transition line,
*He/H = (1.9 £ 0.6) x 1075 (1o) [104]. Since this is an
abundance at high metallicity, and Galactic chemical
evolution of *He is largely uncertain, this abundance is
not used as a constraint on the primordial abundance in this
study. In this model, however, the 3He abundance is never
changed significantly. Therefore, the *He abundance can-
not be constrained from observations anyway.

Primordial “He abundance has been derived by
two different observations of metal-poor extragalactic
H 1 regions: Y, =0.2565+0.0051 (lo) [105] and
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Y, = 0.2561 + 0.0108 (15) [106]. We take 2o limits from
the latter conservative result with a large error bar.

Primordial Li abundance is taken from a determination
by spectroscopic observations of MPSs. The observed
abundances are about three times smaller than theoretical
values in the SBBN model. We adopt the observational
limit, log("Li/H) = —12 + (2.199 £ 0.086) (1o) derived
in a 3D nonlocal thermal equilibrium model [18]. We
should consider the possibility that 'Li abundances in
surfaces of MPSs are depleted by a factor of <2 as
suggested by calculations of a stellar model with a turbulent
mixing [32-34]. Below we find that the Li abundance in
this model cannot be consistent with the observational 2¢
limit. When the "Li depletion occurs in the stellar surfaces,
however, some degree of "Li reduction in this model can
explain the observation.

®Li abundances are measured in observations of MPSs.
A recent analysis, however, does not indicate any detection
of this isotope [107]. Since °Li nuclei can be reasonably
produced and destroyed after BBN, its primordial abun-
dance is chosen conservatively. We use the least stringent
2¢ upper limit among those for all stars reported in
Ref. [107]: SLi/H = (0.9 £4.3) x 107! (lo) for the
G64-12 (nonlocal thermal equilibrium model with five
free parameters).

B. Effective neutrino number

The effective neutrino number has been constrained from
CMB observations. We adopt the latest limit derived from
the combined data of Planck + WP + highL + BAO for
the one-parameter extension to the base ACDM model:
Negr = 3.30f8‘55f (95% C.L.) [8]. This one-parameter exten-
sion model is different from the present model of the
decaying sterile neutrino in terms of cosmic expansion rates
and the time evolutions of N values. In the former model,
relativistic particles are added to the standard ACDM
model, while in the latter, the nonrelativistic vy and its
decay are assumed. The above limit, therefore, cannot be
applied to the present model as it is. This limit, however,
mainly comes from effects of the radiation energy density
around the matter-radiation equal time. Since the equal time
is much later than the decay lifetime of the sterile neutrino
Ty S 10° s (see Sec. III) considered in this paper, the above
limit approximately gives a limit on the final N.g value in
this decaying vy model.

C. CMB energy spectrum

An injection of nonthermal photons to the thermal bath
triggers a deformation of the CBR spectrum from the
blackbody spectrum [101]. Such a deformation is severely
constrained by observations which indicate a nearly com-
plete Planck spectrum [108]. We adopt the most stringent
limits on the chemical potential and the Compton y
parameter from the analysis of the data from the Far-
Infrared Absolute Spectrophotometer on board the Cosmic
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Background Explorer, |u| <9x107> and [y| <1.5x 1072,
respectively [108].

VI. RESULTS

A. Nonthermal photon spectra

Figure 4 shows normalized energy spectra of electrons
[Eq. (A10)] and positrons [Eq. (A11)] generated at the vy
decay, and the total spectrum (multiplied by 1/2) as a
function of x, = 2E, /M, , with E, the energies of electron
and positron. For all figures in this subsection, we assume
that the mass of the sterile neutrino is M,,, = 14 MeV since
we find that this mass is included in the most important
mass region for 'Be photodisintegration in the present
model (see Sec. VIB). Functions f(x,), f.(x.), and
f3(x,) [cf. Egs. (A12)-(A14)] are also shown. Because
of these extended energy spectra of e®’s, nonthermal
photons produced via inverse Compton scattering of
CBR by the generated e®’s also have extended energy
spectra.

Figure 5 shows energy spectra of the primary photon
produced via the inverse Compton scattering of electrons
and positrons which are generated at the decay for the
cosmic photon temperature of 7 =1, 10, and 100 keV,
respectively. The primary photon spectra are given by

o | [My/2 dT
Py (E}/O;T7MDH) == —(MI/H)PiC<Ee’E}/0;T)dE6'
r), dE,

(6.1)

When the energy injection with given spectra (Fig. 4)
occurs at lower temperatures, the inverse Compton scatter-
ing produces softer spectra of nonthermal primary photon,
and cutoff energies are lower [cf. Eq. (2.14); positions of

04 T T T T T T T T T T
L MV =14 MeV N e~
[ H e
o 0.3 L total(x1/2) ]
) L |
~ L
—~
5 L
g 0z f 1
S f 2\
g L — |
o -
8 [ e
01r 1, (x100) ]
L -
L -
0 I —— 1 . 1 . 1 .
0 0.2 0.4 0.6 0.8 1
x,=2E,/M,_

FIG. 4 (color online). Normalized energy spectra of electrons
[Eq. (A10)] and positrons [Eq. (A11)] generated at the vy decay,
and the total spectrum. Functions f;(x,), f2(x.), and f3(x,)
[cf. Egs. (A12)-(A14)] are also shown. The mass of the sterile
neutrino is assumed to be M, = 14 MeV.
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FIG. 5 (color online). Energy spectra of the primary photon
produced via the inverse Compton scattering of electrons and
positrons which are generated at the decay for the cosmic photon
temperature of 7 = 1, 10, and 100 keV, respectively. The mass of
the sterile neutrino is assumed to be M, = 14 MeV.

cutoff are not seen in this figure]. These results reflect the
differential inverse Compton scattering rate [Eq. (2.16)].
Figure 6 shows injection spectra of nonthermal photons
formed through the electromagnetic cascade calculated
with Eq. (2.8) for T =1, 3, and 10 keV, respectively. As
the temperature decreases, the primary photon spectrum
Py becomes softer so that fewer photons have high enough
energies to disintegrate 'Be. The spectrum of photons
secondarily induced by the primary photons, however, has
an upper cutoff at Ec ~ m2/(22T) [41], which scales as an
inverse of the temperature. Therefore, the cutoff energy is
larger at lower temperature. The cutoff can be seen at E, ~
1.15 MeV for T = 10 keV. Because of the combination of
the softness of the primary photon spectrum and the cutoff
energy in an electromagnetic cascade shower, there is a best
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FIG. 6 (color online). Injection spectra of the nonthermal
photon formed through the electromagnetic cascade for 7' = 1,
3, and 10 keV, respectively. The mass of the sterile neutrino is
assumed to be M, = 14 MeV.
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temperature of the energy injection where relatively large
abundances of energetic photons are produced with
E, > 1.59 MeV, which can destroy "Be. One can find that
the best temperature is 3 keV among the three temperatures
shown in this figure.

B. Light element abundances, N ., and CMB
energy spectrum

Figure 7 shows contours for calculated abundances of D
and "Li in the (7, ¢,,.) plane for M, = 14 MeV. The
two curved diagonal solid lines marked as “D low (2¢)” and
“(40)” correspond to the observational 26 and 4¢ limits,
respectively, on the D abundance. The regions above the
lines are excluded by D underproduction. Solid sharp
curves at 7, ~ 10° s are contours for the reduction ratio
of "Li abundance defined as

arti = (L/H) = CLi/H)gp

(7L1/H) SBBN

where (Li/H) is the abundance calculated in this model,
and ("Li/H)ggpy = 5.07 x 1071% is the SBBN value.

(6.2)
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FIG. 7 (color online). Contours for calculated abundances of D
and ’Li in the parameter plane of (74> Cuyoe) for My, = 14 MeV.
The regions above the curved diagonal solid lines marked as “D
low (20)” and “(40)” are excluded by D underproduction
compared to the observational constraints at 2¢ and 4¢ levels,
respectively. The calculated "Li abundance is smaller than the
SBBN value above solid sharp curves at 7, ~ 10° s by percent-
ages shown near the curves, while it is larger above the dashed
curves. The dotted lines show the 26 and 40 upper limits on the
effective neutrino number at the cosmological recombination
epoch from the CMB power spectrum. The right region from the
nearly vertical solid line labeled as “CMB” is excluded from the
limits from the CMB energy spectrum. The shaded region
corresponds to thermal freeze-out vy abundances with a possible
vy dilution by a factor of 100 taken into account (see Secs. VII A
and VIIB).
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FIG. 8 (color online). Contours of the ratio between the baryon-
to-photon ratios in the BBN epoch and the cosmological
recombination epoch (solid lines), and contours of the N value
in the cosmological recombination epoch after the sterile neutrino
decay in the parameter plane of (z,,, {,, ) for M, = 14 MeV.

Dashed curves are, on the other hand, contours for the
calculated abundances ("Li/H). Inside the solid curves for
L4, the calculated "Li abundance is smaller than the SBBN
value because of the "Be photodisintegration. The "Li
abundance is larger above the dashed curves than the
SBBN value because of the larger n value during the
BBN epoch.

The dotted lines show the 2¢ and 46 upper limits on the
effective neutrino number at the cosmological recombina-
tion epoch from the CMB power spectrum. The nearly
vertical solid line labeled as “CMB” corresponds to the
limits on the CMB energy spectrum. The right region from
this line (long lifetime 7, > 10° s) is excluded from a large
deformation in the energy spectrum. We note that in the
parameter region shown in Fig. 7, this model is constrained
exclusively from the limit on the CMB u parameter.

Figure 8 shows contours of the ratio between the baryon-
to-photon ratios in the BBN epoch and the cosmological
recombination epoch (solid lines), and contours of the N
value in the cosmological recombination epoch after the
sterile neutrino decay in the parameter plane of (z,,, {,,,..)
for M, = 14 MeV.

The parameter region for small ’Li abundance is found at
7, ~10*-10° sand ¢, _, ~ 107°-107" GeV. In the epoch
between the BBN and the matter radiation equality,
the photon temperature in the Universe 7' is related to
the cosmic age t as T = 1.15 keV (¢/10° s)~!/2 unless the
cosmic expansion rate is significantly affected by the sterile
neutrino. If the vy decay occurs at T = O (1 keV), the "Li
abundance is reduced most effectively although some
amount of D destruction always occurs simultaneously.
The shapes of contours of D and ’Li are explained as
follows. At short lifetimes of 7, < 10* s, the upper cutoff
of the nonthermal photon spectrum E. ~ m2/(22T) [41] is
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FIG. 9 (color online). ~ Same as in Fig. 7 but for M, = 12 MeV.

smaller than threshold energies for photodisintegration of
light nuclides E, 4, ~ O(1 — 10) MeV. Effects of nonther-
mal photons on elemental abundances are, therefore,
negligibly small. At longer lifetimes of 7, 2 10° s, on
the other hand, primary photons produced via the inverse
Compton scattering have softer energy spectra and lower
cutoff energy originating from the maximum energy of the
scattered photon [Eq. (2.14)]. This fact results in smaller
abundances of nonthermal photons which are energetic
enough to destroy D and Li. As a result, effects of nuclear
photodisintegration are less efficient in the long lifetime
region also.

The lower solid line of D is located between the solid
curves of A’Li = —5% and —10% in the interesting
parameter region. It means that in this region, the 'Be
photodisintegration can slightly reduce the primordial "Li
abundance down to nearly the observational 2¢ upper limit
multiplied by the stellar depletion factor of 2. The D
abundance, however, simultaneously decreases down to the
observational 2¢ lower limit. We then find that there is no
parameter region in which primordial ’Li abundance can be
consistent with the MPS value without assuming a stellar
depletion. This model, however, provides a mechanism of
"Li reduction by some small factor with its signatures
imprinted in the primordial D abundance and the effective
neutrino number (Sec. VID).

Figures 9 and 10 show contours for calculated abun-
dances of D and "Li, the effective neutrino number, and the
CMB p parameter as in Fig. 7, but for M, =12 and
17 MeV, respectively. As seen in Figs. 7,9, and 10, regions
of D and "Li destruction at Ty ™~ 10° s are located at lower
positions for larger masses. This is because the sterile
neutrinos with smaller masses can generate smaller num-
bers of energetic e*’s which trigger D and ’Li destruction.
Since the energy fraction of energetic photons capable of
destroying "Be to total nonthermal photons is smaller, we
need a larger total energy generated at the v decay. Such a
large energy injection is, however, constrained from BBN

083519-16



EFFECTS OF LONG-LIVED 10 MEV-SCALE STERILE ...

5 "Li/H x10'°=610
10 . e
/s
DS !
|
\
L \
freeze S
1078 L (x10 £ \\t
2 i ]
N ]
&) \
~ X
? R
& 4 55
A ‘~_.
1077 E \ V[ (40) 4
; bS “A-D low ]
(o)
M, =17 MeV —
10—5 Ll PR R A L L
1000 10* 10° 108 107
oy (sec)
FIG. 10 (color online). Same as in Fig. 7 but for

M, =17 MeV.

Yu

results taking into account the change of the baryon-to-
photon ratio from the CMB-inferred value (Sec. IV C).
Therefore, for M, < 14 MeV the photodisintegration is
less effective than the change of the baryon-to-photon ratio,
and no parameter region for "Li reduction is found. The
mass of M, 2 14 MeV is thus the best case for 'Be
reduction that is a partial solution to the Li problem.

The parameter region for the small primordial “Li
abundance is about to be excluded from observational
constraint on D abundance. In this parameter region, the
change of D abundance partially originates from the change
of the baryon-to-photon ratio. In the case of smaller M,
values, the change of the baryon-to-photon ratio is more
significant. In the interesting parameter region, the effective
neutrino number is also affected. Therefore, this model for
the 7Li reduction will be tested through observational
determinations of the effective neutrino number (Sec. IV
B) in the near future.

C. Impact of revised cross sections

We compare results of nonthermal nucleosynthesis
calculated with the new and old cross sections of
"Be(y,a)*He and Li(y,a)*H. Old cross sections have
been adopted from the fitted functions in Ref. [44]. For the
reaction 'Be(y, @)*He, the cross section is set to be zero for
5.41 MeV < E, since the function gives negative values.

Figure 11 shows the transfer functions GIP}, (T;14MeV)
[Eq. (2.29)] calculated with the new (thicL knes) and old
(thin lines) cross sections as a function of T9. The new
transfer function of "Be(y, a)*He is 2.3 times smaller than
the old one, while that of "Li(y, @)*H is 2.5 times smaller
than the old one at their peak positions. These changes are
caused mainly by the fact that the new cross sections at low
energies near the photodisintegration threshold energies are
about one third of the old ones (Fig. 1).
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FIG. 11 (color online). Transfer functions G'P“(T; 14 MeV)
[Eq. (2.29)] calculated with the new (thick lines) and old (thin
lines) cross sections of "Be(y,a)*He and ’Li(y,a)’H as a
function of Ty.

Figure 12 shows the same contours for calculated
abundances of D and "Li, the effective neutrino number,
and the CMB p parameter as in Fig. 7 for M, = 14 MeV,
but for results calculated with old cross sections. Solid lines
for 7Li are located in the lower positions than those in
Fig. 7. This is because the adopted cross sections of
"Be(y, @)*He and "Li(y, a)*H are smaller, and as a result,
the photodisintegration rates are smaller (Fig. 11). We note
that when old cross sections are used carelessly, one finds a
fake parameter region in which ’Li abundance can be
significantly reduced without a large efficiency of D
photodisintegration, as shown in this figure. It is, therefore,
necessary to adopt the precise cross sections of the
reactions "Be(y, @)’He and "Li(y, @)*H.

Figure 13 shows contours of the ratio between the "Li/H
abundances calculated with the new and old cross sections
of "Be(y, @)*He and "Li(y, @)*H in the parameter plane of
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FIG. 12 (color online). Same as in Fig. 7 for M,,, = 14 MeV,
but the old cross sections of "Be(y, @)*He and "Li(y, a)’H [44]
are used in the calculation.
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FIG. 13. Ratio between the 7Li/H abundances calculated with
the new and old cross sections of "Be(y, a)*He and "Li(y, @)*H in
the parameter plane of (7, , ,,-..) for M, = 14 MeV.

(Tyy» Cupy—e) for M, = 14 MeV. In the parameter region at
7,, ~ 107 s, the photodisintegration of ’Be and 'Li is
efficient. Since the photodisintegration rates from the
new cross sections are smaller than those from the old
ones, larger abundances of "Be and ’Li survive the
photodisintegration. The final abundance of ’Li, given
by the sum of the "Be and ’Li abundances, is, therefore,
larger in the case of the new cross sections.

D. Parameter region for "Be destruction

We take a parameter set for the "Be destruction:
(Ty Coye) = (4% 10* 5,3 x 1077 GeV) in the case of
M, =14 MeV.

Figure 14 shows calculated nuclear abundances (the top
panel), the baryon-to-photon ratio (the middle panel), and
the effective neutrino number [Eq. (4.14)] (the bottom
panel) as a function of Ty. The solid and dotted lines
correspond to results of the present model with the
decaying sterile neutrino and the SBBN, respectively. In
the top panel, X,, and Y, are the mass fractions of 'H and
“He, respectively, while other curves are number densities
of other nuclides relative to that of hydrogen.

In the top panel, effects of photodisintegration can
be observed as differences of solid and dotted lines
at Ty <0.06. The "Be nuclei are disintegrated via
"Be(y, a)*He, and the "Be abundance slightly decreases.
The deuterons are also disintegrated via *H(y, n)'H, and
the D abundance decreases and the neutron abundance
increases. When the photodisintegration occurs, the tem-
perature is already enough low that thermal nuclear
reactions between charged nuclei are no longer operative.
However, nonradiative neutron capture reactions are oper-
ative since no Coulomb repulsion exists in reactions with
neutrons. The generated neutrons are, therefore, partially
captured by 3He [via 3He(n,p)’H] and "Be [via
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FIG. 14 (color online). Nuclear abundances (the top panel), the
baryon-to-photon ratio (the middle panel), and the effective
neutrino number [Eq. (4.14)] (the bottom panel) as a function
of Ty. The solid and dotted lines show results of this model with
the decaying sterile neutrino and the SBBN, respectively. In the
top panel, X, and Y, are the mass fractions of 'H and “He,
respectively, while abundances of other nuclides are given by
ratios of number densities of nuclides and hydrogen. The mass,
lifetime, and abundance of the sterile neutrino are set to be
M, =14MeV, 7, =4x10*s, and £, ., =3 x 1077 GeV,
respectively.

"Be(n, p)’Li]. As a result, abundances of *H and ’Li
slightly increase.

In the middle panel, the baryon-to-photon ratio #
decreases at Ty < 0.1 because of an electromagnetic energy
injection at the vy decay. Since the final # value is fixed to
the Planck value, the baryon-to-photon ratio in the vy
model is higher than that in SBBN at Ty = 0.1. Although
this difference of the # value slightly changes BBN,
differences in nuclear abundances during the BBN epoch
(T9 < 1) are so small that they cannot be seen well. The
downturns of the solid and dotted lines at Ty 2 1 are caused
by an entropy transfer from e* to photon at the cosmo-
logical e* annihilation. The 7 values before the e*
annihilation are 1.68 x 10~ in the vy model and 1.66 x
10~ in the SBBN model, respectively.

In the bottom panel, the solid and dashed lines descend at
Ty > 1 by the entropy transfer from e* to photon. The N
value is then increased at 79 < 0.1 by the nonthermal
neutrino injection at the vy decay. The final Ny values
after the vy decay are 3.19 in the v model and 3 in the
SBBN model, respectively.

We check the validity of the approximate formula for
the final N value. The present lifetime corresponds to
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tegr = (m/4)7,,, = 3.14 x 10* s (Sec. IV D 2) and T (tgr) =
6.48 keV. The present mass corresponds to parameters of
Xm = 0.0365 and L = —13.236 [Eq. (A18)]. The ratio of
decay rates is Ry.. = 0.575 [Eq. (4.8)]. The ratios of the
average energies to the sterile neutrino mass in the decay
mode vy — v,ete” are fg(v,) =0.348, fr(e”) = 0.308,
and fg(e™) =0.345. The ratio of injected energies of
neutrinos and e*’s is then derived as R(v,e) = 3.20
[Eq. (4.9)]. The corresponding ratio of entropy densities
before and after the vy decay is S, .4/S, per = 1.0129
[Eq. (4.23)]. The effective neutrino number contributed
from nonthermal neutrinos without the entropy production
effect is derived as Ny = 0.241 [Egs. (4.10) and
(4.24)]. Taking account of the dilution associated with
the entropy production, the final effective number is N =
3.19 [Eq. (4.25)]. We note that a slight change in the cosmic
expansion rate through a change in the g, value by the vy
was neglected in this estimation. It is thus found that this
approximate estimation successfully gives the final Ny
value derived in our precise numerical calculation.

VII. DISCUSSIONS

A. Relic abundance of sterile neutrino

It is assumed that the sterile neutrino has a mass M,
after the EW phase transition. Depending on the mixing
angle, the sterile neutrinos react with standard model
particles mainly via the following weak reactions:

vatve = f+] (7.1)
wtfovetf (7.2)
wt+f v+ f (7.3)
vptet=é," "+, (7.4)
vy +et — u,,+2/3 +d, 3 (7.5)
vypte, > e v, (7.6)

vy +0, >e +é," (7.7)
vt iy > e dy (7.8)
vy +dy'? e‘—l—u;zﬁ, (7.9)

where f is any fermion, i.e., charged leptons ¢,, [e™ (n = 1),
U~ (n=2), and 7= (n = 3)], neutrinos v, and up-type
quarks u, [u (n=1), ¢ (n=2), and ¢ (n =3)], and
down-type quarks d, [d (n=1), s (n=2), and b
(n = 3)]. In the charged current reactions, probabilities of
producing respective flavors (i, <> d,;) are described by the
Cabibbo-Kobayashi-Maskawa matrix [109,110].
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When the weak interaction rate becomes smaller than the
Hubble expansion rate, the abundance of the sterile
neutrino freezes out from equilibrium. Thereafter, the ratio
between the vy number density and the entropy density
Y,, =n,, /s does not change [111]. Weak interaction rates
of sterile neutrinos, vy’s, with weakly interacting standard
model particles after the EW phase transition scale [56] as

I ~ G2@2T5, (7.10)
where Gr. is the Fermi constant, and ® < 1 is the mixing
angle. The ratio between the rates and cosmic expansion
rate, H, is then given [94] by

1/2 -1
L Grerrs <2n3/2 g TZ)

H 3v/5 Mp
3V/5 MpGEO*T?
= 2732 gi/z

0 \2/ g \-2 T 3
—9.69x 107 [ ) (=L S
x (10—3> (106.75> (100 GeV>

2 —
-10(ios) (i) (oraw)
1073 63.75 0.2 GeV

In the last line of this equation, the statistical d.o.f. of the
sterile neutrino, i.e., Ag, = 2 x 7/8, was added to the value
of g. = 61.75 at T = 200 MeV in the standard model. A
sterile neutrino with mixing angle ® ~ 10~ would thus
freeze out from equilibrium at temperature 7' ~ 200 MeV.
The relic abundance of vy is, therefore, given by the
abundance fixed at 7 ~ 200 MeV.

The lifetime of the sterile neutrinos is roughly given
[cf. Egs. (A15) and (A27)] by

(7.11)

GO M>
F(I/H — decay) ~ W
e \2/ M 5
=1.87x107 57! oL .
S <10—3) <14 Mev>

(7.12)

Therefore, if a sterile neutrino with a mass M, 2 14 MeV
decays ~10*-10° s after the big bang and reduces the
primordial Li abundance, the mixing angle would
be ® ~ 1073,

The time evolution of the vy abundance has been
calculated [56,93,95]. In Refs. [93,95], however, the
maximal mixing angle ® = O(1) is implicitly assumed,
and the dependence on the mixing angle ® is not consid-
ered. In addition, the authors took into account only the
annihilation vy + vy [112], which is negligibly weaker
than the reactions Egs. (7.1)-(7.9) when © < 1. In
Ref. [56], on the other hand, a dedicated calculation has
been performed. However, the authors only focused on
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shorter vy lifetimes of 7,, = O(0.1) s, which correspond to
relatively large values of the mixing angle ® > O(1073)
compared with those considered in this paper. Depending
on the mixing angle, the weak reaction freeze-out of the
sterile neutrino occurs in various epochs with different
values of g,. Perhaps the sterile neutrino never experiences
the weak reaction equilibrium after the EW phase tran-
sition. In general, the vy relic abundance can sensitively
depend on the evolution of sterile neutrino mass during the
EW phase transition, which differs in different models of
the sterile neutrino. Precise calculations of the vy relic
abundance should be performed in detail. However, they
are beyond the scope of this paper.

We estimate the freeze-out abundance of the sterile
neutrino as a function of M, and 7, as follows. For a
given set of (M, , 7,,,), a corresponding © value is derived
with Eq. (7.12). The temperature satisfying Eq. (7.11) is
then derived with the ® value. This temperature is defined
as the freeze-out temperature 7r. An approximate value of
the freeze-out abundance of vy is given by the equilibrium
abundance at Tg. For the Tg(M,, . 7,,,) value, the freeze-out
abundance is given by the equilibrium abundance
Y, 5o(M,,. Tr) using the following equations.

The equilibrium number density of a fermion is given
[99] by

9iT3
2 h(mi/T)v

> (7.13)

nipo(m;, T) =

where m; and g¢; are the mass and statistical d.o.f,,
respectively, of the fermion i/, and h(x) is a function
given by

h(x) = /w(ez_mde. (7.14)

exp(e) + 1

In the nonrelativistic limit, the function % has the limit value
of h = 3{(3)/2. The entropy density is given [99] by

272

= (7.15)

S(T) g*ST3'
From Egs. (7.13) and (7.14), the abundance ratio is
given by

we =TT T Ay

h(m/T).  (7.16)

Figure 15 shows massless d.o.f.’s in terms of energy and
entropy, i.e., g. and g,g, respectively, as a function of
photon temperature 7. Solid lines for massless d.o.f’s
correspond to the standard model plus a sterile neutrino of
mass M, = 14 MeV and statistical d.o.f. of g,,, = 2, while
dashed lines correspond to the standard model. Also shown
is the equilibrium abundance ratio of a sterile neutrino
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FIG. 15 (color online). Massless d.o.f.’s in terms of energy and
entropy, i.e., g, and g,g, respectively, as a function of photon
temperature 7. Solid lines for massless d.o.f.’s correspond to the
standard model plus a sterile neutrino of mass M, = 14 MeV
and statistical d.o.f. of g, = 2, while dashed lines correspond to
the standard model. Also shown is the equilibrium abundance
ratio of a sterile neutrino Y, o in the model with the sterile
neutrino.

Y, o in the model with the sterile neutrino. The massless
d.o.f.’s are calculated as in Ref. [99] based on the latest data
on particle mass [62]. It is assumed that the quark hadron
transition occurs suddenly at temperature 7c = 150 MeV.
Above the temperature, quarks are taken into account in the
d.o.f’s. Below the temperature, on the other hand, con-
tributions of only hadrons are included and those of quarks
are neglected. We only take into account d.o.f.’s of charged
and neutral pions at T < T'¢ since they are only relativistic
hadrons.

The massless d.o.f.’s in the model with vy are larger than
those in the model without vy by about 2 because of the
statistical d.o.f. of the sterile neutrino. As the temperature
decreases, weak bosons, heavy quarks, and leptons become
nonrelativistic, and the d.o.f.’s become small. At the quark
hadron transition temperature 7 = T, d.o.f.’s of quarks
and gluons disappear, and the d.o.f.’s drastically decrease.
The equilibrium abundance Y, gq increases as the temper-
ature decreases since it is inversely proportional to the
9.s(T) value. At T, the abundance significantly increases.
At the lowest temperature of 7 <20 MeV, the sterile
neutrino starts to be nonrelativistic. The equilibrium abun-
dance then decreases from this temperature.

If a light sterile neutrino with the mass M, =
O(10) MeV survives during the BBN epoch, its number
density must have diluted between its weak freeze-out [T~
O(100) MeV] and the BBN epoch [T~ O(0.1) MeV] in
order to avoid a large change of the baryon-to-photon ratio
associated with the vy decay (see Sec. VII B). For example,
we consider the case of M, =14 MeV and ¢, ., =
3 x 1077 GeV. This assumption corresponds to the energy
ratio £, /¢, —, = 0.313 [Egs. (4.9) and (4.10)], and the
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total  energy injection of ¢, =, ..+, =
1.26 x 107 GeV. This energy injection is realized by
the decay of sterile neutrinos with the mass M, =
14 MeV and the number ratio ¥, = 1.28 x 107, where
we used a relation,
£, ="my — 704y, M,

s n,

(7.17)

H®

where the ratio s/n, = 7.04 should be measured after the
cosmological e® annihilation. However, the freeze-out
abundance is Y, = 6.56 x 107(g,s/63.5)7". Therefore,
the sterile neutrino needs to be diluted by a factor of several
hundreds.

B. Dilution of sterile neutrino

It is shown that the decays of heavier sterile neutrinos
into standard model particles can realize a dilution of the
light sterile neutrino (M,,, ~ 14 MeV) although our naive
estimate [113] suggests that a decay of a heavier sterile
neutrino would result in a dilution factor smaller than
required for the appropriate abundance by some factor at
least. We assume that one of the heavier sterile neutrinos,
i.e., Vo, predominantly contributes to the dilution or
entropy production. In addition, it is assumed that the
heavy neutrino dominates in terms of energy density in its
decay epoch. Supposing that vy, decays into relativistic
leptons and quarks which are thermalized rapidly with
respect to the cosmic expansion time scale, the energy
density of relativistic species after the decay is
PR = %g* T4RH, where TRy is the reheating temperature.
This energy density is equal to the energy density of vy,
before the decay. The ratio of the entropy per comoving
volume at the epoch long after the decay (aft) to that long
before the decay (bef) is given [99] by

h _ g*S(Taft)aiﬂTgft

Stet B 9ss (Tbef)agethS)ef

1/3 m, Yzz Tll/l{lf
21.83<g* >3/4 H2 ~ VH2

1/2
My

() ([ my
— 825 x 10!
x < 104774 ) 100 Gev

Y T 1/2
X VH2 Yu2
(4.00 X 10‘3> (10‘2 s) '

where a; and T; (for j = bef and aft) are the scale factor
and the photon temperature of the Universe at time j, and
we supposed g, = g,s and that the g, and g,g values do
not change between the temperatures of T'.; and 7T,;. We
note that a large dilution factor is realized only for
M, , <100 GeV. If the mass is much larger than the
energy scale of the EW phase transition, the freeze-out vy,

(7.18)

PHYSICAL REVIEW D 90, 083519 (2014)

abundance is small because of the Boltzmann suppression
factor. Furthermore, the lifetime should not be longer than
O(1072) s since BBN is significantly affected by non-
thermal reactions of hadronic particles generated at the vy,
decay if the lifetime is longer [45]. From this equation, we
find that the dilution factor, which equals the entropy
enhancement factor, is about a factor of 100 at maximum.
This maximum factor is ~3 times smaller than the
necessary factor of 300. Some other mechanism of the
dilution is, therefore, needed for the light sterile neutrino to
destroy some moderate fraction of primordial "Be success-
fully. Possible mechanisms include dilutions by massive
particles other than vy, decaying into active neutrinos, ¢p —
vu [114] or photons ¢p — ny (n > 2) [115].

In Figs. 7,9,10, and 12, parameter regions of thermal
freeze-out vy abundances are shown by shaded regions. A
possible dilution of the sterile neutrino by a factor of 100 is
taken into account. The freeze-out abundances without
dilutions are higher than the figure domains, and therefore
not seen. The lower boundaries of these regions correspond
to the abundances diluted by a factor of 100. Sudden
drops of the boundaries at 7,, = 10*~10° s result from the
decrease in the massless d.o.f. in terms of entropy (Fig. 15).
It is clear that the parameter regions for the primordial "Li
reduction are lower than the regions of freeze-out abun-
dances. Therefore, a dilution of the sterile neutrino is
necessary for the ’Li reduction to work.

C. Mixing with muon and tauon neutrinos

If either a muon or tauon neutrino predominantly couples
to vy and couplings of other charged leptons are negligible
as an extreme case opposite to the case studied in this paper,
effects of the sterile neutrino decay are changed. For
example, we take the case of M, = 14 MeV. The ratio
of energy injections in the forms of e* and v is R(v, e) =
3.20 for the coupling to v,, while itis R(v, ¢) = 13.0 for the
coupling to v, (@ =u or 7) [Eq. (4.10)]. The muon- or
tauon-type mixings, therefore, result in a large energy
fraction of the neutrino emitted at the decay. An e
injection decreases the 5 and N values and induces
nonthermal nucleosynthesis, while a neutrino injection
increases the N value. Therefore, a sterile neutrino that
mixes only with v, has small effects on the primordial light
element abundances and the # value relative to that on N .

D. Constraint from pion decay

We assume that the sterile neutrino has a mass ~14 MeV
and a lifetime ~10° s (parameter value for the "Li reduc-
tion), and that mixing angles of muon and tauon types, ©,
and O,, respectively, can be neglected. The active-sterile
mixing angle is then determined to be ® = O(107%)
[Egs. (7.12) and (A 15)]. If the muon-type mixing is sizable,
we should take into account another constraint from low
energy phenomena: the sterile neutrino can be produced
by the decay of charged pions, e.g., 77 — u* + vy or

083519-21



HIROYUKI ISHIDA, MOTOHIKO KUSAKABE, AND HIROSHI OKADA

zt — e’ 4 vy. This channel has been searched for for a
long time and many experiments gave constraints on the
active-sterile mixing angle. From Ref. [116], @,% should be
smaller than 107>, If the precision of those experiments can
be improved by a few orders of magnitude, therefore, we
may see a signal from pion decays, or exclude the
possibility of primordial ’Li reduction by vy suggested
in this paper. Furthermore, if the muon-type mixing is
of the order of ©, ~ 107, the sterile neutrino might be
detected by Super Kamiokande in the future [117]. It is
worth mentioning that a constraint from the supernova
SN1987A observation is rather strong [56,57]; that is,
roughly > < O(1078) for any flavors.

VIII. SUMMARY

The primordial lithium abundance determined from
spectroscopic observations of MPSs is smaller than the
theoretical prediction of the SBBN model by a factor of ~3.
It has been suggested that a BBN model with a long-lived
radiatively decaying exotic particle possibly provides a
solution to the Li problem. In that model nonthermal
photons with energies ~2 MeV generated by the particle
decay disintegrate 'Be. The primordial ’Li abundance,
which is the sum of abundances of ’Li and "Be produced
during BBN, is then reduced. In this paper, we studied the
possibility of O(10) MeV sterile neutrino vy. If it decays
after BBN, and electron and positron e*’s are emitted,
the energetic e®’s can produce energetic photons via the
inverse Compton scattering of CBR. The solution to the Li
problem is, therefore, also expected in this model. Then, we
investigated cosmological effects of the sterile neutrino
decay on primordial light element abundances, the baryon-
to-photon ratio, and the effective neutrino number.

The sterile neutrino was assumed to live longer than
the BBN time scale, i.e., >O(100) s. This long lifetime
satisfies a recent constraint from neutrino oscillation
experiments: the lifetime of a sterile neutrino lighter than
the pion cannot be shorter than ~0.1 s. We constructed a
numerical code for consistent calculations of the cosmic
expansion history, BBN, and nonthermal nucleosynthesis
triggered by the vy decaying after BBN. The updated
relation between the baryon-to-photon ratio and the baryon
density of the Universe is used (Sec. Il A 1). The initial
abundance, mass, and lifetime of the sterile neutrino were
taken as free parameters. Then we formulated the injection
spectrum of nonthermal photons induced by the vy decay
(Sec. II). We introduced an active-sterile mixing angle and
calculated the energy spectra of e*’s and active neutrinos
generated at the vy decay. Taking into account the primary
photon production via the inverse Compton scattering of
CBR by energetic e®’s, and electromagnetic cascade
showers induced by the primary photons, the steady state
injection spectrum was derived as a function of the sterile
neutrino mass and the photon temperature. Nonthermal
nucleosynthesis triggered by the energetic photons is then
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calculated. In this paper, we corrected errors in photodis-
integration cross sections of "Be(y, @)*He and "Li(y, a)*H
adopted in previous studies. We gave functions for the
cross sections in light of recent nuclear experimental
results (Sec. III). Furthermore, effects of the vy decay
on the cosmic thermal history and evolutions of effective
neutrino number and the baryon-to-photon ratio are for-
mulated exactly (Sec. 1V).

Results of our calculations are summarized as follows.

First, we calculated injection spectra of nonthermal
photons as a function of the mass M, and photon
temperature 7. We took into account the energy spectra
of e*’s emitted at the decay, inverse Compton scattering of
CBR by the energetic e*’s producing primary energetic
photons, and electromagnetic cascade showers induced
by the primary photons. The energy spectra of e*’s are
broadly extended independent of the temperature. The
energy spectra of the primary photons, on the other hand,
depend significantly on the temperature, and spectra are
softer at lower temperatures in the later Universe. The final
injection spectra of nonthermal photons also depend on the
temperature significantly. Abundances of energetic photons
capable of disintegrating "Be are determined by the hard-
ness of the primary photon spectra and the upper cutoff in
the nonthermal photon spectra due to the double photon
pair annihilation. We found that an effective "Be destruc-
tion can occur only if the sterile neutrino decays at 7' =
O(1) keV (Sec. VIA).

Second, we simultaneously solved nonthermal nucleo-
synthesis induced by the nonthermal photons, and evolu-
tions of the baryon-to-photon ratio # and the cosmological
effective neutrino number N. At the vy decay, energetic
active neutrinos, electrons, and positrons are generated.
The energies of the neutrinos are never thermalized since
the weak interaction has been long since decoupled in the
Universe. The nonthermal neutrinos, therefore, contribute
to only the radiation energy density or the N value. The
energies of the e®’s are, on the other hand, quickly
thermalized through interactions with CBR, and eventually
transferred to CBR. The comoving photon entropy is then
increased. Using formulas relevant to the sterile neutrino
decay (Appendix), we quantitatively solved changes of 7
and N caused by the vy decay. The final # value is fixed
to the Planck value at the cosmological recombination.
Calculated results are compared with observational con-
straints. As a result, amounts of energy injection in the form
of e*’s at the vy decay are constrained from limits on
primordial nuclear abundances (D and "Li), the effective
neutrino number, and the CMB energy spectrum. We found
a parameter region of the lifetime 7, and the amount of
energy injection ¢, _,,, in which "Be is photodisintegrated
and the Li problem is partially solved: (7,,.,,—.) =
(10*-10° 5,1075-1077 GeV). We also found that the
sterile neutrino mass is required to be M, 2 14 MeV. A
lighter neutrino cannot destroy any significant fraction of
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"Be via photodisintegration without violating the con-
straints on the D abundance or the effective neutrino
number. The best parameter region is narrow even in the
case of M, 2 14 MeV. In this parameter region, the "Be
destruction by more than a factor of 3 cannot be realized
since the constraint on the D abundance excludes this
possibility (Sec. VIB).

Third, it was found that in the best parameter region, the
vy decay not only decreases the 5 value slightly but also
increases the N value by a factor of AN < 1. For the
moment, the 26 ranges of the D abundance from QSO
observations and the N value from CMB observations do
not indicate any effect by the sterile neutrino decay as
considered in this paper. The # value at the cosmological
recombination is consistent with the value at the BBN
epoch inferred from measurements of primordial light
element abundances, and the effective neutrino number
is consistent with the case of only three active neutrinos,
i.e., N = 3. Since error bars on the # and N values are
getting smaller, this model for the Li reduction can be tested
by future observations of the parameters n and Ny
(Sec. VIB).

Fourth, we compared results of the vy decay with
the new and old cross sections of ’Be(y,a)*He and
"Li(y,a)’H. The new rates for the former and latter
reactions are 2.3 and 2.5 times, respectively, larger than
the corresponding old rates. The corrected cross sections
thus resulted in significantly smaller efficiencies of "Be and
"Li photodisintegration. Therefore, one should adopt the
precise cross sections in calculations of nonthermal nucleo-
synthesis (Sec. VIC).

Fifth, the thermal freeze-out abundance of the sterile
neutrino was estimated and compared with the best
parameter region for the ’Li reduction. The freeze-out
abundance is much larger than the value required for the "Li
reduction. Therefore, the relic sterile neutrino must be
diluted before the BBN epoch by some mechanism. A
sufficiently large dilution is, however, not realized by a
decay of another sterile neutrino with a mass smaller than
the EW scale of ~100 GeV. For example, therefore, other
particles decaying before the BBN epoch are required for a
successful Be destruction associated with the vy decay
studied in this paper (Sec. VII).
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APPENDIX: FORMULAS OF STERILE
NEUTRINO DECAY

We derive the total decay rate of sterile neutrinos and
energy spectra and average energies of electrons and
positrons generated in the decay. The overall amplitude
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of the matrix element squared for the decay of vy; —
v, + e  + et is given by

|M|* =32GEO[A(p: - p3)(p2- pa) +B(p1 - pa)(p2- p3)
+Cmz(p1-pa). (A1)

where Gr. is the Fermi constant; ® < 1 is the mixing angle;
p; is the four-momentum of particle i; the subscript i
identifies the particle species as i = 1 for vy, 2 for v, 3 for
e, and 4 for e*; and constant parameters A, B, and C are
defined as

A= (cy+ep), (A2)
B = (CV - CA)2 + 4560 =+ 4<CV + CA)(sew (A3)
C= (C%/ - sza) + 2(CV - CA)5€(I’ (A4)

where ¢y = —1/2 + 2sin’fy and c, = —1/2 are the
constants for vector and axial couplings of charged leptons
to the Z° weak boson with sin’6@y = 0.23 [62] the
weak angle. The A term and the first terms of B and C
correspond to the Z° exchange, while the second term of B
corresponds to the W* exchange. The third term of B and
the second term of C correspond to the interference
contribution. When a = e is satisfied, parameter values
are A = 0.2916, B =2.052, and C = 0.6716.

The differential decay rate as a function of energies of
e” and e, i.e., E5 and E,, is then given by

&IT Gio*M;
dxydx, — 64r°
+202(2 x5y - x)],

HAx3 (1= x3) + Bxy(1 — xy)

(AS)
where new dimensionless variables were defined as
follows: x,, = m,/M,,, and x; = 2E;/M,, [118].

The differential decay rates as a function of x5 and x, are
given [119] [120] by

ar  Gie*M; 2 i
SN 1+ ()

dxy,  64n3 2 3
2, Xf3, 4
1202, {(2 — X)X — x—;] } : (A6)
X3 =X13,—
dar G%@ZMSH 32, X
S TFT T A (CR ) L By (] —
dxy 647 { ( 2 3 Bl = xa)xiy
x2 Xf4,+
+ 2Cx, {(2 = X4) X4 — %] } , (A7)
X4 =Xg4,—

where x;; is the variable integrated in deriving Eqs. (A6)
and (A7) from Eq. (AS) (x;3 = x4 and xgy = x3); X¢; _ and
Xg; 4 are its minimum and maximum values, respectively;
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and the terms in braces are evaluated as differences between L ] -
values for xg; 4, i.e., {F(xg) vty = F(xgi) — F(xgi_). = s
These rates are derived by integration of Eq. (AS) over xy; > i e )
in the range of x; _ < x; < x; . On the other hand, the G et
ranges of x3 and x4 in Eqs. (A6) and (A7), respectively, are Zo06F .
2xm < x; < 1. The values xg; 4 are given [119] by &
§ o4l Ve ]
(2 = x;) (1 +2x2 — x;) & (1 — x;)\/x7 — 4x2, S
xfi.i = 5 . =
2(1+ x5 — x;) £ o2t .
(A8)
O n 1 n 1 n 1 n 1
We define dimensionless spectra as 0 0.1 0.2 0.3 0.4
Xm:me/MuH
dI’  (Gg@*M; \~'dr
E = T E . (A9) FIG. 16 (color online).  Average energies of electrons, positrons,
! 7 ! and neutrinos generated at the vy decay as a function of the mass
Then, the following expressions are found, ratio of electron and sterile neutrino.
dr‘/
— =Af(x3) + Bf>(x3) + Cf3(x3), A10 X2 —x2 X3 —x3
dx3 fl( 3) fz( 3) f3( 3) ( ) fz(xi) _ i+ fi—  Mit fi,— (A13)
2 3
dr‘l
—— = Afy(x4) + Bfi(x4) + Cf5(xs), (All X% — X2 _

dx, 2( 4) 1( 4) %( 4) ( ) f3<xi) _ 2x12n |:(2 _ xi)(xfi,+ _ xfi,—) _ % .
where (Al14)
fi(x) = x;(1 - xi)(xfi,+ - Xgi-) (A12) The total decay rate is given [119,121] by

|
G:O’M;
D(vy = vpete) = W{C1 [(1— 14x2, — 2x% — 12x8)1 /1 — 4x2, — 12x4 (1 — x4 L]
zr
+4C, x4 (2 + 10x2, — 12x%)1/1 = 4xZ + 6x4 (1 — 22, + 2x} L]}, (A15)
I
where 1dr
P+ =——. A20
o) = o (A20)
C = AtE Al6
1=y ( ) The total spectra of electrons and positrons are given by
C P,(x) =P, P,
¢ € a1 Pl =P + P
4 1 Gi@’M; X2 ox
: s TTE “Tae TPty
1-3x;—(1—- 1-4
P i el Gt Tnl o (A18) .

x2(1+ /1 —4x2)

The adopted weak angle of sin? @y, = 0.23 [62] corre-
sponds to the values of C; = 0.5858 and C, = 0.1679 for
the neutrino flavor of the final state a = e.

The number spectra of the electrons and positrons
emitted at the decay are given by

1 dI’
Pe'(x3) =F

__a Al19
Fd.X3 ( )

+2Cx2xp (4 — 2x — xf)} (A21)

Xp=X¢ _

The average energies of electrons (E5) and positrons (E,)
are given by

_ 1/1 dFd
X3 == X3 ——dx
’ I' Jox, 3dx3 }

1 G2O*M;
= (A B, Coxy),

—__T "t A22
I 64r° ( )
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1 /1 dar
f4:—\A )C4—dX4

[ Jo, dxy
- %4@%2;1\342,{ fe(B.A,C.xp). (A23)
where we defined a function:
fe(A,B,C.x,) = A{61—0 \/ 1 —4x2(3 —29x2, + 48x} — 70x5, — 60x3))

—xm[(1+x5)(1 = xm)Ly + (3 — xf, + xm, +x6m)L2]}
- B{% /1 —4x%(9 = 52x2 + 14xd, + 80x5, + 120x3)
+xh[(1=xh —2x8)Ly + (3 +xh + 2x?n)L2]}
+ C{éxﬁﬂ/ 1 —4x2 (5 — 12x2 + 10x3, — 12x5)
2 (1 = x2)(1 =¥ )Ly + (1 + 2 + —x?n)LZ]}
+ (B - 2er2n){214 \/1—4x2,(5—38x2 + 6x} +36x5)
—%xfn(l + 3L, - Lz)}, (A24)

where parameters L, and L, are defined as

Lo—1 [1 —3x2 — (1 =x2)/1 —4x2,
1= 1n

VTSI gy

(A26)

1++/1—-4x%
Lzzln 2— s
X,

m

and L, — L, = L is satisfied.

Figure 16 shows average energies of electrons, positrons,
and neutrinos generated at the vy decay as a function of x,,
calculated with Eqs. (A22) and (A23) and a trivial relation
of X, =2 — (&3 +x4). In the small x, region, average
energies of all three particles in the final state are close to
one third of the sterile neutrino mass M, , i.e., ¥; ~2/3. In

the large x,,(<1/2) region, on the other hand, masses of
electrons and positrons are significant fractions of the
sterile neutrino mass. Most of the energy in the final state
is, therefore, taken for the mass energy, and the average
energy of v, is small.

Finally, the decay rate for the mode of vy; — 3 sVeVplp
is given [121] by

GEO’ M3,

19273 (A27)

F(vH - Zl/el/_ﬁl//3> =
B

We note that the decay into the final state of v, + s + 14
for @ = u and 7 does not occur in the assumption adopted in
this paper (see Sec. 11 C).
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