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From a theoretical point of view, there is a strong motivation to consider an MeV-scale
reheating temperature induced by long-lived massive particles with masses around the weak
scale, decaying only through gravitational interaction. In this study, we investigate lower
limits on the reheating temperature imposed by big-bang nucleosynthesis assuming both
radiative and hadronic decays of such massive particles. For the first time, effects of neu-
trino self-interactions and oscillations are taken into account in the neutrino thermaliza-
tion calculations. By requiring consistency between theoretical and observational values of
light element abundances, we find that the reheating temperature should conservatively be
Tru 2 1.8 MeV in the case of the 100% radiative decay, and Try = 4 — 5 MeV in the case
of the 100% hadronic decays for particle masses in the range of 10 GeV to 100 TeV.
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I. INTRODUCTION

In the standard big-bang cosmology it is normally assumed that radiation components (photons,
electrons/positrons, and neutrinos) were perfectly thermalized, and energy of radiation dominated
the total energy density of the Universe well before the beginning of big-bang nucleosynthesis
(BBN). In a modern picture of the early Universe, this radiation-dominated epoch is expected to
be realized after a decay of a massive particle such as the inflaton, the particle associated with the
inflaton field driving inflation, or another massive particle such as the curvaton. If such massive
particles abundantly existed in the early Universe, their non-relativistic energy could dominate
the total energy, and then an early matter-dominated epoch should have been realized before the
radiation-dominated epoch. Therefore, particle production caused by their decays and subsequent
entropy production (called reheating) dramatically modify the thermal history of the Universe.
The Universe could experience the reheating more than once after inflation depending on the
fundamental theory of particle physics. Since many theoretical models have been proposed as a
theory beyond the standard model of particle physics, it is required to have some ways to find the
true theory of nature. The one of the approaches is to investigate the possible value of “reheating
temperature” which is defined by the cosmic temperature when the radiation-dominated epoch
just started. This is because the reheating temperature is related to the property of the massive
particles, and we can constrain the theories through the observational bound on the reheating

temperature.

As for a candidate of inflaton field or curvaton field, a lot of unstable massive scalar fields, e.g.,
moduli, dilaton fields, are predicted in particle physics theories beyond the standard model such as
supergravity or superstring theory. They tend to dominate the total energy of the Universe during
their oscillation epochs. It is notable that they typically have masses at or above the weak scale and
decay only through gravitational interaction. This means that they have long lifetimes of O(0.1) sec
— O(10) sec, and the reheating temperature after their decay is expected to be O(1) MeV. Since
neutrinos decoupled from the thermal plasma at around the cosmic temperature 7'~ O(1) MeV,
they would have suffered imperfect thermalization due to the late-time entropy production caused
by their decay. Thus, we have a strong motivation to observationally test this kind of cosmological

scenarios with decaying particles which induce the MeV-scale reheating temperature.

The theory of BBN based on the standard big-bang cosmology, i.e., standard BBN, successfully
explains observational light element abundances (see e.g., Ref. E,] and references therein), and the

theory say that the light elements are synthesized at around 7" ~ O0(0.01) MeV — O(0.1) MeV.



As we shall see in Sec.[[Vl BBN is highly sensitive to the neutrino abundances. Therefore, we can
examine the MeV-scale reheating scenarios by using BBN as a probe.

In Ref. B], lower bounds on reheating temperature have been studied in terms of BBN for
the first time. They have shown that an incomplete thermalization of neutrinos gives the most
significant effect on BBN assuming that the 100% of the long-lived massive particles decay into
electromagnetic radiations such as photons or charged leptons. Because of a competition between
decreases and increases of the produced amount of *He by the imperfect thermalization of the neu-
trinos, we can constrain the reheating temperature. As a result, they have obtained a conservative
lower bound on the reheating temperature Try > 0.5 MeV — 0.7 MeV (95% C.L.).

Afterwards, in Ref. B], they discussed hadronic decays of massive particles, i.e., direct decays
into quarks and/or gluons which immediately fragment into hadrons such as pions, kaons, or nu-
cleons. The thermalization of radiations proceed in exactly the same way as in the case where
the 100% of the massive particles decay into electromagnetic radiations. This is because almost
all of the kinetic energy of hadrons are transferred into radiation through Coulomb scattering
with background electrons/positrons or inverse-Compton like scattering with background photons,

Y immediately decays into two photons. In the case of the hadronic decay,

and a neutral pion
interconverting reactions between ambient protons and neutrons induced by emitted hadrons are
extraordinarily important because they increase the neutron to proton ratio which is a key param-
eter of resultant abundances of light elements. As a result, they obtained a lower bound Try > 2.5
—4 MeV (95% C.L.) depending on the mass of the long-lived massive particles and their branching
ratio into hadrons.

Subsequently, two- and three-flavor neutrino oscillations were respectively considered in the
thermalization process of neutrinos in Refs. [4] and B] where they obtained a lower bound Tryg >
2 MeV (95% C.L.) and Tgru > 4.1 MeV (95% C.L.) assuming radiative decay of the massive
particles.

Some other cosmological probes other than BBN are also sensitive to neutrino abundances.
Here we briefly refer to the recent papers which focused on this topic. In Ref. B], they discussed
possible effects of an incomplete thermalization of neutrinos on a temperature anisotropy and
polarization of Cosmic Microwave Background (CMB) and a galaxy power spectrum of Large Scale
Structure (LSS). Ref. B] obtained a combined constraint Try > 4 MeV (95% C.L.) by considering
BBN, CMB (WMAP) and LSS (2dF Galaxy Redshift Survey).

After that, authors in Ref. ‘j] have updated the CMB and LSS data by using WMAP three-

year data and SDSS luminous red galaxies data, and they obtained Try > 2 MeV (95% C.L.).
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Similar analysis have been done in Ref. E] by using WMAP five-year data and SDSS luminous red
galaxies data where they obtained Try > 2 MeV (95% C.L.) from CMB only and Try > 3.2 MeV
(95% C.L.) from CMB by including external priors from SDSS red luminous galaxy survey and
the constraint from the comic age. In addition, authors in Ref. [5] have reported a new constraint
Tru > 4.3 MeV (95% C.L.) from CMB by using Planck 2015 data.

In this paper, we extend the study of Ref. E] by considering neutrino oscillation and neutrino
self-interaction in the calculation of the neutrino thermalization. We assume both radiative and
hadronic decays of the massive particles and give an updated bound on the reheating temperature
set by BBN. This is the first study that consider effects of neutrino self-interactions on the neutrino
thermalization to constrain the reheating temperature.

The structure of this paper is as follows. In Sec. [, we introduce the formalism of the neutrino
thermalization assuming the MeV-scale reheating temperature. In Sec. [T, we show the results of
neutrino thermalization in the reheating process, and describe how neutrino oscillation and neutrino
self-interaction affect the thermalization process. The results of BBN are shown in Sec. [Vl where

we discuss effects of both radiative and hadronic decays on light element abundances. Finally, we

draw our conclusion in Sec. V.



II. REHEATING PROCESS AND NEUTRINO THERMALIZATION

In this section, we describe the neutrino thermalization in the low-reheating-temperature Uni-
verse and introduce the key equations.

As described in the previous section, there are some candidate particles in theories going be-
yond the Standard Model of particle physics which are weakly interacting and decay at around
BBN. Here, we call the long-lived massive particles just “massive particles” and label them X.
We assume the energy density of the massive particles dominates those of other particles at an
initial time and the Universe is completely matter-dominated before the massive particles start to
decay. In this setting, the entropy production caused by the decay of X induces particle production
via electromagnetic, weak, and strong interactions. As a result, photons and charged leptons are
rapidly thermalized in the reheating via electromagnetic interactions, whereas the weakly inter-
acting neutrinos are slowly created in the thermal bath of photons and charged leptons. Ij Since
neutrinos decouple from the thermal bath at around a temperature of O(1) MeV, neutrinos should
not be fully thermalized if Tryg ~ O(1) MeV. A degree of thermalization of neutrinos affects the
light element abundances [2]. For this reason, it is especially important to accurately calculate the
thermalization of neutrinos in the reheating for Tryy ~ O(1) MeV. Therefore, next we look into
the dynamics of neutrino thermalization in the thermal plasma.

In the Universe with a temperature of O(1) MeV, electrons and positrons are the only charged
leptons which are abundant in the system since the abundances of muons and tau leptons are
strongly suppressed by Boltzmann factors. Therefore, neutrinos are mainly produced in the anni-
hilation process of electrons and positrons, e~ + et — v, + U, where a = e, p, 7. Since electron
neutrino (v,) is not only produced by the neutral-current weak interaction but also by the charged-
current one, it tends to be produced more than p neutrinos (v,) and 7 neutrinos (v,) when all
neutrinos are not fully thermalized. Consequently, neutrino oscillations play a role in equilibrating
neutrino abundances in this case, and we have to simultaneously consider the neutrino production
by collisions and flavor oscillations.

Our treatment of neutrino oscillation is consistent with that of Ref. u] That is, we adopt
the effective two-flavor mixing scheme which is a good description to approximately include full
three-flavor mixings when the collision rates of v, and v, are identical, and one mixing angle is

! In the case where the massive particles decay intro quarks and/or gluons, they fragment into mesons and baryons
after the hadronization, and almost all the kinetic energy of hadrons are transferred into radiation due to the
reason mentioned before. Therefore, contributions of secondary neutrinos produced by the decay of hadrons can
be neglected. However, there is also another possibility that the massive particles directly decays into neutrinos,
e.g., X = Vo + Vo where aw = e, i, 7 [6]. In this case, electromagnetic plasma is produced only from neutrinos via
weak interaction, which gives totally different results of the neutrino thermalization and BBN. We do not consider

the possibility in this paper.
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predominantly important compared to others (see e.g., Ref. B] for more details on the effective
two-flavor mixing scheme). The former condition is well satisfied because of the absence of muons
and tau leptons in the system with a temperature of O(1) MeV. On the other hand, the latter
condition is only approximately satisfied since the reactor neutrino mixing 613 is known to be non-
negligible compared to other mixings, namely the solar neutrino mixing 612 and the atmospheric
neutrino mixing 93 |10]. In later sections, however, we show that the effect of 613 on BBN is
very small compared to that of 612 or neutrino self-interaction irrespective of the mass ordering
of neutrinos. Therefore, the effective two-flavor mixing scheme (with the solar neutrino mixing)
gives a good description of the full three-flavor mixings at least for the current purpose. In this
scheme, we label the degenerate state of v, and v; as x neutrinos (v,) and consider the flavor
mixing between v, and v,. Also, we label the other neutrino species which does not mix with other
flavors as spectator neutrino (vsp) in this two-flavor treatment.

In general, neutrino states can be described by a one-particle irreducible density matrix op =
o(p,t) where p = |p| is the absolute momentum.H Since we focus on the effective two-flavor mixing,
the density matrix is expressed in terms of a 2 x 2 Hermitian matrix, and we label each element of

the density matrix as

Pee  Pex
Op = . : (2.1)
Pex Pzx

The diagonal part of the matrix corresponds to the distribution function of mixed neutrinos (i.e., v,
and v,), that is, pee = fy, and py = fy,, while the off-diagonal elements represent the quantum
coherence among neutrinos with different flavors. In the current study, the chemical potentials
of neutrinos are set to be zero. Under this assumption, the density matrix of neutrinos is equal
to that of anti-neutrinos, i.e., op = 0p, and they have the same abundance. Therefore, it is not
necessary to follow the time evolution of anti-neutrinos separately from that of the corresponding
neutrinos.

We can obtain the time evolution of the neutrino density matrix by solving the momentum-

dependent Quantum Kinetic Equation B, B] which is formally written as

dop _ 00p 1y O0p

FTRT pap = —i[Hp, 0p] + C(op). (2.2)

In the above equation, the term including the Hubble parameter H corresponds to the effect of the

2 Since we focus on the Universe with a temperature of O(1) MeV, we can neglect tiny neutrino masses which are

known to be sub-eV scale H] In this case, energy of neutrinos E is equal to its absolute momentum, i.e., F = p.



expansion of the Universe, and C'(op) is the collision term of neutrinos expressed as

Rue _Dpex
Clop) = Dyt R ) (2.3)
—LPeqg Vg

where R, and R, are the production rates of v, and v, respectively. Also, D is the collisional-
damping rate which breaks the flavor coherence among different flavors of neutrinos. In this
paper, we adopt a simplified treatment of the damping effects discussed in Ref. |5] and neglect the
additional contributions such as “damping-like terms” which appear in Ref. [11]. In the current
study, we consider the collisional processes a(k) + b(p) — ¢(k’) + d(p’) shown in Table. I including
those of neutrino self-interaction. In this case, the expressions of the repopulation and the damping

terms are [13],
Rya (k) = 271'/de/de/de (5E(kp‘/€/p/)
x ZV2 va(k), Za(p)Ii(K"), i(p)] [fi( Ew ) fi( Ep) (1 = fuo (k)1 = f5, ()

= Jua () foa (0) (1 = [fi(E)) (1 = fi(Ep))]

+ Zv? Vak). 3(0)lva (k). 3 0] [fouK) £5(E) (1~ fo () (1~ £5(E,))
o) (B (L = Fun ()1 = 5(Ey)]
(2.4)
Dk)=m / Al dT1,,dIL, 5 (kp|E'p')
% 3 VR ), T () iK', 700 [ ) f: (B (1 = i, (9)
o ()L~ Fi(Ep)) (1~ fi(Er))] (2:5)

+ ZV2 va(k), () |va(k), i) [fva (K) Fi(Ey)(1 = f3(Ep))

+fj(Ep)(1 - fj(Ep’))(l - fVa(k,))] )
where a = e, z, and k,p, k' and p’ are absolute momenta of the particle a, b, ¢ and d, respectively.
Also, dIl, = 5’71)137 and 6 (kp|k'p) = 0W (B}, + E, — Ey — Ey) is the 1D Dirac delta function
corresponding to energy conservation for each process. The summation index ¢ runs over electrons
and all flavors of neutrinos other than v, (i.e., vg where § # «), while j runs in addition over

positrons, v, and all flavors of anti-neutrinos. The expression of V? is written as

V2a(p), b(k)|e(p"), d(K")] = (2m)°6®) (k+p, K +0/) NG N NE NG S| M (a(p), b(k)[c(p"), d(K)) . (2.6)



Process (a # f) S |M|?

25G2 [ (2sin” 0w £ 1)2(k - p')(p- k') + 4sin” Ow (k- k') (p - p)
+2m?2 sin? Oy (2sin? Oy &+ 1) (k- p) ]

2°GL[(2sin” 0w £ 1) (k- K)(p-p') + 4sin” Ow (k- p) (K - p)
—2m?2sin? Oy (2sin? Oy £ 1)(k - p') ]

25GZ[(2sin? Ow £ 1)%(k - p) (K - p') + 4sin Oy (k- K )(p - p')

I e 4+et svy+0,

I vo+em =y, +et

Ol va+e —vate” —2m?2sin? Oy (2sin? Oy + 1) (k- p') ]
IV. Vo +Vq— Vo + Va 20GZ (k-p)(K -p')
V. VUatrvg—va+urg 2°G% (k-p)(K -p)
VI. Vo +To = Va+7Ta 27GZ (k-p)(p- k)
VI v, + Vs — Vo +7p 25GE (k-p)(p- k)
VII. vy 47y — vg+7g 25GE (k-p)(p- k)

Table. I: Collision process a(p) + b(k) — ¢(p’) + d(k") which contributes to the thermalization of
neutrinos of each flavor v,,v3 (o, B = e, u, 7 where o # 3). The process I is the production
process of neutrinos due to electron annihilation, the processes Il - Il are the scattering processes
between neutrinos and electrons, and the processes IV - VIII are the self-interaction processes
among neutrinos. Here, 0y is the Weinberg angle, Gy is the Fermi-coupling constant, S is the
symmetry factor, and |M|? is the squared scattering matrix element. The positive sign in the
expression is for v, and the minus sign for v, or v; (i.e., for v, and vy,). The expressions of the

process I, I, IV and V are also applied to the corresponding anti-neutrinos.

where S|M|?(a(p),b(k)|c(p’),d(k")) is the squared scattering matrix element for the processes in
Table. I summed over initial and final spins, and symmetrized over identical particles in the initial
and the final state. Also, N; = \/1/2E; where E; is the energy of particle i (i = a, b, ¢, d) and
SO (k+p k' +p) = 0% (k+p— Kk —p') is the 3D Dirac delta function corresponding to the
momentum conservation. As for the processes in Table. I, we analytically reduce the dimension
of momentum integrals in the above expressions from nine to two and calculate the full collision
terms without any simplifying assumptions in the same way as in Ref. [13].

In the expression of Eq. ([22)), H, is neutrino Hamiltonian which is expressed as

M?  8V2Gyp [ E, E, .
Hp = Hp,vac + Hp,mat = w3 [% + m—zz} +V2Gp /de’(Qp/ —0y),  (27)

where Gy is the Fermi-coupling constant. Also, myy and myz are the masses of W and Z bosons,
respectively. In the above expression, the first term, Hp vac, is the contribution which induces the
vacuum oscillation where M is the mass matrix in flavor basis. The mass matrix M is related to the

one in mass basis M as M2 = UM?2UT where U is the PMNS matrix. In the effective two-flavor



mixing scheme,

5 m? 0 cosf sind
M? = U = , (2.8)

0 m3 —sin6 cosf

where 6m? = m3 — m? is the squared-mass difference and 6 is the mixing angle in vacuum between
ve and v,. Also, the second term in the Hamiltonian, Hy mat, corresponds to the matter potentials

which arise from coherent scatterings between neutrinos and charged-leptons. In the term, Ej

corresponds to the total energy density of charged leptons, while E, to that of neutrinos:

P O _x pl/e pVeac
El = ‘ s EI/ = /de’ pl (Qp/ + Qp/) = ) (2'9)
0 0 p;ex sz

where pe = pe- + pe+ is the total energy density of electrons and positrons, while p, and p,,
are those of v, and v,, respectively. Also, we have defined p,,, = [dILy P/ (pes + pi,) and pf, =
JdILy p' (pky + pex). In the expression of E;, we have neglected the existence of muons or tau
leptons due to their large masses. H The asymmetric part of Hy mat is often assumed to vanish
when p = p for neutrinos and the number density of electrons and positrons are identical. For the
diagonal part of the Hamiltonian this is true, however the off-diagonal part gets a contribution
from the neutrinos as shown in Eq. (Z7]) since 0p 7 Op-

As for the oscillation parameters

we use the best fit values of the mass-squared differences and

mixing angles reported in Ref. ]Q

omiy =7.55 x 107° eV? | sin®f1p =3.20 x 1071, (2.10)
dmis = 2.50 x 1073 eV? | sin®f3 = 2.160 x 1072 (NO), (2.11)
dmis = —2.42 x 107% eV? | sin®*@y3 =2.220 x 107* (10) , (2.12)

where “NO” (“IO”) means normal (inverted) mass ordering of neutrinos, respectively. For the

numerical calculation, we rewrite the 2 x 2 density matrix with polarization vectors (Fp, P):

pee p€$ o 1

5 [Fo(p) oo + P(p) - o], (2.13)

Op = .
Pex Pzz

where 09 = 1 is the identity matrix and o = (0,,0y,0.) are the Pauli matrices. With P =

(Py, Py, P,), distribution functions of mixed neutrinos can be written as
1 1
fVe :5(P0+Pz) 3 fVac :E(PO—PZ) (214)

3 In the effective two-flavor mixing scheme, we need to treat both v, and v, in the same way. Therefore, we do not

consider background muons or tau leptons whose contribution is very small compared to that of electrons.
4 The atmospheric neutrino mixing (023,5m§3) is irrelevant to the oscillation between v. and v, in the effective

two-flavor mixing scheme. Therefore, we do not use the value in this paper.
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In addition, we can rewrite the expression of Eq. (2.2) as follows:

=
P=HxP-D(P.x+P,y)+ (R, — R,)z, (2.15)
Py=R, +R,,, (2.16)
which leads to
P, =H, P~ Hy P +2R,,, (2.17)
P, =M, P, —H. P, +2R,, , (2.18)
o1
Py =My (P, — Py,) = Hz Py = D Py, (2.19)
: 1
Py=M.Pp— 5 Ho (P = B) = D Py, (2.20)

where x,y and z are unit vectors, and we defined P,, = Py + P, and P,, = Py — P,. Each

component of the neutrino potential H, i.e., H; = Tr (Hp 0;) where ¢ = z,y, 2, is written as

I o - 16\/52;”) /dr{p, pP,, (2.21)
2p 3m7,
H, = 2V2 G / Il P, (2.22)
5 2
1, = _2£ c08 20 + Hunat - (2.23)
p

The second term in H, is the matter contribution which is explicitly written as

8 e Ve
Hmat \/_GF |:77§2 + 2p :| ) (224)
w Z
_ _i / E
3w exp(E./Ty) +1
+ & / 55— fi)] (2.25)
mZ 0

where T is the photon temperature, and E. = /p? + m? is the energy of electrons. Also, go = 4
is statistical degree of freedom of electrons and g, = 2 is that of neutrinos of each flavor.

With the matter potential Hyat, the mass-squared difference and the mixing angle in vacuum

are modified in medium by MSW effect as follows , ]:

dm3, om2\? | 9 om? ’
T \/<%> sin” 260 + <—% cos 20 + %mat> ) (2.26)
2
(%) sin® 26
sin? 20, = (2.27)

sm? ) * in2 99 20 L
(T) sin —i—< ETS > cos —|—7—lmat>
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where 5m?\/[ and 0, are the in-medium mass-squared difference and the mixing angle, respectively.
We note here that in Eqgs. (226])-(Z27) we simplify the expressions by neglecting the small contri-
butions of the off-diagonal part of the matter potential Hp mat in Eq. (Z7) (see Ref. [9] for the exact
expressions of the MSW effect). As can be seen from Eqs. (226]) and (2Z27]), the matter potential
[Hmat| o< T2 dominates the vacuum one |[Hyac| = | — % cos 20| oc T, ice., [Humat| >> [Hyacl,
at high temperature such as 7, > O(10) MeV and 65; ~ 0 holds for most energy modes. I On
the other hand, the opposite hierarchy, i.e., [Hyac| >> |Hmat|, holds at low temperature and the
mixing parameters take the same values as those in vacuum: 6y; ~ 6, 5m?\/l ~ dm?. For neutrinos
with momentum p = (p) ~ 3.157, where (-) means a thermal average, the level crossing between

these potentials, i.e., [Hmat| ~ |Hvac|, occurs at the temperature Tt

om?2 1/6
3 MeV <2.5><10—1§ eV2)

T. ~ G;1/3(6m2 cos 20)1/6 ~ 2 1/6
5 MeV (5 imia )

(2.28)
7.5x1075 eV?

where, in the above evaluation, we have replaced p with (p) ~ 3.157, and approximated

(cos 29)1/ 6 ~ 1 which is well satisfied for 612 and 6;3. Therefore, neutrino oscillation becomes

effective at around a temperature of O(1) MeV for the solar neutrino mixing (612,dmi2) and

the reactor neutrino mixing (613, mq3), which is the reason for taking its effect on the neutrino

thermalization into account.

On the other hand, since v, decouple from flavor mixings of neutrinos, the time evolution of

this neutrino species is just given by the classical Boltzmann equation:

Bow Oy Ol
a ot L

= C(fup) (2.29)

where f,,, is the distribution function of vy, and C(f,,,) is the collision term whose expression is
equal to that of vy, i.e., C(fy,) = Ry, (see Eq. 24)).
In order to calculate the thermalization process of neutrinos in the expanding Universe, we also

need to compute the energy conservation equation:

d
d—‘t) = —3H(p+P), (2.30)

which can be expressed as the time evolution of the photon temperature 7T, :

dﬂ__—FXPX+4H(P“/+/)V)+3H(pe+Pe)+%%
dt

2.31)
5 o : (
a7 la) + 972 laco

5 We assume here that the neutrinos are thermalized with photons and have a temperature T, for simplicity.
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where a(t) is the scale factor at the cosmic time ¢, I'x is the decay rate of the massive particles,

whereas p and P are the total energy density and the total pressure, respectively:

P =Pyt pet py+px,

2
— 7'('_ 4 Je /12 Ee
1577 + 272 /0 pp exp(Ee/Ty) + 1
9v o
5.2 / dp' p®(fo. + fo. + fu,) + Px (2.32)
0
P=P,+P.+PF,,
457 672 ), E. exp(E./Ty) + 1
9v o
o3 / dp' p*(foe + fou + Frp) - (2.33)
T Jo

Here, py(Py), pe(Pe), py(P,) and px mean the energy density (pressure) of photons, electrons,
neutrinos and the massive particles, respectively. The total energy density and the total pressure
of neutrinos are a sum of three contributions: p, = py, + pu, + puy,, P» = Py, + B, + P,,,. In

addition, the Hubble parameter H is obtained by solving the Friedmann equation:

a 8tGp
- = . 2.34
a 3 (2.34)

H

In the above expression, we can obtain the time evolution of px by solving the Boltzmann equation

of the massive particles X:

d
% = Txpx — 3Hpy (2.35)

which can be integrated analytically for non-relativistic particles X:

px =px0e X, (2.36)

where px o is the initial energy density of X which is assumed to be much larger than those of
other particles, i.e., praq = py + pe + po. In addition, I'y is related to Try through the Hubble

parameter H as follows:
Ix = 3H(Thu) (2.37)

where TRy is the argument of the Hubble parameter. Since the Universe is in the radiation-
dominated epoch after most of the massive particles decayed and T, ~ Try is realized, we can

approximately write the Hubble parameter as

*7‘(‘2 T2
H(Tqy) = |/ 22— -R1 (2.38)

90 mp
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where mp) ~ 2.435 x 10" GeV is the reduced Planck mass, and ¢* = 10.75 is the relativistic degrees
of freedom in the Universe with a temperature of O(1) MeV. Hence, the relation between Ty and

the decay rate of X is approximately written as

r 1/2
TRH~0.7< X > MeV . (2.39)

sec™!

From the above expression, we can see that Tryy ~ O(1) MeV corresponds to the lifetime of the
massive particles 7x = F)_(l ~ O(1) sec.H In order to obtain the neutrino distribution functions and
a degree of the neutrino thermalization in the reheating, we simultaneously solve the Eqs. (ZI7),
X)), @19), @20), @29), (31), @34) and 36) from the initial time ¢ = 10™* sec to the
final time ¢ = 107 sec corresponding to the cosmic time well before and after BBN, respectively.
We find that the final results are independent of the choice of the initial time as long as the
initial temperature of electromagnetic particles is much higher than Tgry. To calculate neutrino
thermalization processes, we use a modified version of LASAGNA code M, | which is, in the
original version, a solver of ordinary differential equations for calculating sterile neutrino production
in the early Universe.

In the next section, we show our numerical results of the neutrino thermalization and BBN in

the low-reheating-temperature Universe.

6 Since the actual value of g* depends on the value of Tru, Eq. [237) just gives a rough estimate of when the

radiation dominant epoch is realized.
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III. NUMERICAL RESULTS: NEUTRINO THERMALIZATION IN THE REHEATING
PROCESS

In this section, we show our numerical results of neutrino thermalization. In order to express the
time evolution of the neutrino thermalization, we define the effective number of neutrino species

Negr:

Nest = Neff,ye + Neff,uz + ]Veff7 Vsp — Z pua/pua’std s (31)

a=e,,sp
where Ne 1, 1s the contribution for each neutrino species, and py, , is the energy density of each
neutrino species in the standard big-bang cosmology. Il The value of Neg is almost equal to the
actual number of neutrino species when all neutrinos are fully thermalized.

Figure [ shows the relation between Try and Neg for the cases with and without neutrino
self-interaction. As shown in Fig. [l the value of N.g increases as TRy becomes large, and the
value is almost equal to 3.046 above Try =~ 10 MeV which is the canonical value in the standard
big-bang cosmology with large Try , 19]. The above threshold value of Try arises from the
fact that weak reaction processes which are responsible for the neutrino thermalization decouple at
around a temperature Tyec given by I'yeax/H ~ G215, /(T3 /mp1) ~ 1, i.e., Tgec ~ (G%mpl)_% ~
O(1) MeV where I'yeax is the thermal reaction rate of weakly-interacting particles. Therefore, if
Try is larger than Tjy.., neutrinos have enough time to be fully thermalized before decoupling. In
addition, it can be seen from Fig. [ that both neutrino oscillation and neutrino self-interaction
increase the value of Ngg. This is because the production rate of v, is larger than that of v,
(Ry, > R,,), and thereby neutrino oscillation increases the total production rate of neutrinos
R, ot (= Ry, + Ry, ). To understand this effect more quantitatively, let us assume that all neutrino
species are almost thermalized. In this case, we can approximate the production rates of v, and

v, as [20]
Ry, ~ CeGZFTVS(feq = Jue) (3:2)
Rux ~ CxG%Tw?(feq - fux) ) (3'3)
where feq is the Fermi-Dirac distribution feq = 1/(1+exp(p/T5)), and f,, and f,, are distribution

functions of v, and v,, respectively. Also, C, ~ 1.27 is the collision coefficient for v, and C, ~ 0.92

is that for v, [21]. By denoting the effect of neutrino oscillation at a certain time by Af =

" The energy density of v, is slightly larger than those of v, and v, after electron annihilation due to the larger

reaction rate of v. with electrons. Therefore, we discriminate among p,, ., with different flavors.
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Fig. 1: Relations between Try and Neg. The top- and middle panels respectively show the effect
of neutrino oscillation in the case without and with neutrino self-interaction, while the bottom
one shows the effect of neutrino self-interaction in the case with (dm?2,, 612). The canonical value

Neg = 3.046 ] is also plotted with the black dotted horizontal line.

Jvlwithosci — fvlnoosei = —Afy, = Af,,, we can evaluate the effect of neutrino oscillation on the total
production rate of neutrinos ARV, tot = RV, tot ‘with osci RV, tot ‘no osci — (Rue ‘with osci + Rux ‘with osci) -

(Rue |no osci + Rl/z |no osci) = (Rue |With osci Rue |no osci) + (Ruz |With osci Ruz |no osci) = ARl/e + ARVI as
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Fig. 2: Time evolution of Ngg for each value of Try. The black solid line is for Ty = 10 MeV,
the blue long-dashed line is for Tryy = 5 MeV, the red middle-dashed line is for Tryy = 2 MeV,
and the green short-dashed line is for Tgg = 1 MeV. Neutrino oscillation with (5m%2, 012) and

neutrino self-interaction are considered in the calculation.

follows:

ARV, tot — ARue + ARVx )
~ G%TE(_CeAfVe —CAf,),
= G3T2(Ce — Cy)AS . (3.4)

As we can see from the expression, the quantity AR, ot is larger than zero when Af = f, — f,, > 0
which holds if the reheating temperature is sufficiently low for neutrinos to be fully thermalized and
thereby f,, > f,,. Consequently, we can see that neutrino oscillation increase the total production
rate of neutrinos unless all neutrinos are completely thermalized. Neutrino self-interaction plays
a role similar to neutrino oscillation. That is, they equilibrate abundances of neutrinos among
themselves and enhance the thermalization of neutrinos in the same way as neutrino oscillation.
We can also see from Fig. ] that the effect of #13 is much smaller than that of 615 or neutrino
self-interaction. This is true independent of the neutrino mass ordering. The relative differences of
effects among different mixings can be understood as follows. If the vacuum term (Hyac) dominates
other matter terms (Hpat) and neutrino oscillation occur adiabatically, the effective transition rate

of neutrinos from one flavor to another (i.e., v, — v3 where a # ) due to neutrino oscillation can
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be written as B}

1 .
Lirans = Z sin 20 I'con 5 (35)

where I'¢o is the collision rate of neutrinos. Therefore, the value of the mixing angle solely
determines how large oscillation happens in this case. As we can see from Eqgs. ([ZI0)-(212]), the
value of sin? ;5 is almost ten times larger than that of sin®#;5. That is the reason that the effect
of 612 on the neutrino thermalization is larger than #;3 in the case of normal mass ordering. In
the case of inverted mass ordering, neutrino oscillation proceeds via MSW resonance, and non-
adiabatic effects can be important. As for this point, authors in Ref. H] evaluated the adiabaticity
of the MSW resonance and concluded that the non-adiabatic effects are negligible. Therefore, an
efficient oscillation should occur when a large population of neutrinos go though the resonance
even if we adopt the reactor neutrino mixing 613. Since the MSW resonance happens at around a
temperature of T, ~ 5 MeV for neutrino with p = (p) ~ 3.157, we can expect larger oscillation
effects in the case of 613 (I0) at Try < T¢, which in fact can be seen in Fig. [Il

FigureBlshows the time evolution of Neg, and Fig.[Blis the same as Fig.[2, but for the contribution
for each neutrino species Neg ,, (@ = e, x, sp). Since the final abundance of neutrinos does not
depend on the condition before reheating, we assume that neutrinos have thermal spectra (i.e.,
Fermi-Dirac distributions) at the initial time. We can see from Fig. 2] that the value of Neg
decreases until Ty is realized. This is due to the entropy production from decays of the massive
particles. The value of Neg then increases at T, < Try until neutrinos are decoupled from other
particles at around a few MeV. This corresponds to the upturn behavior in the evolution of Ng.
In addition, we can see from the evolution of Neg ,, in Fig. [3] that neutrino oscillation becomes
effective at around a temperature of a few MeV, whereas neutrino self-interaction becomes effective
at higher temperature. The former is because, as we have discussed in the previous section, neutrino
oscillation with the solar neutrino mixing (dm?2,,#12) are effective when the photon temperature
is lower than T, ~ 3 MeV. The latter is due to the reason that the reaction rates of neutrino
self-interactions monotonically increase with the photon temperature.

The role of neutrino oscillation and neutrino self-interaction is shown in Fig. @l where we plot
final energy spectra of neutrinos for the cases with and without neutrino oscillation or neutrino self-
interaction. The energy spectra are evaluated at T, ~ 10=2 MeV which corresponds to the epoch
well after electron annihilation. In the case of Try = 2 MeV, both of these effects decrease the
difference in neutrino abundances. On the other hand, if TRy is large enough (e.g., Try = 10 MeV),

neutrinos are almost completely thermalized well before decoupling. Therefore, neutrino oscillation
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Fig. 3: Time evolution of Neg ., for Ty = 2 MeV. Neg,,, (top panel) is for ve, Neg ,, (middle
panel) is for v, and Nett, v (bottom panel) is for vgp. In the red long-dashed and green solid
lines, neutrino oscillation with (dm?,,612) is taken into account, and neutrino self-interaction is

considered in the blue middle-dashed and green solid lines. In the figure of Neg ,,,, the black

short-dashed (blue middle-dashed) and red long-dashed (green solid) lines are overlapping.

or neutrino self-interaction plays no role in the final abundance of neutrinos.
Figure [l shows the dependence of the mean energy of v, v, and vg,(i.e., py, /ny,) on Try. The

quantity Rgist on the vertical axis was introduced to measure the distortion in the final energy

spectrum of neutrinos in Ref. |3], and it is defined as
1 Pu
Ryist = ————, 3.6
T 315, ot 1 (3:6)

4m?

30 n,]'/3. As we can see from this

where T}, o is the effective temperature of neutrinos 7, og = |



19

5 /-x ‘ Equilibriufn —_ /-\ ‘ Equilibrilirn —_—
Fa S \ No osci (ve) —— i \ No self-int (ve) ——
> 4 %/ """"" L No osci (vg, vsp) - - - S / """"" L No self-int (vg) - - - |
[ 5 Do \ with osci (ve) Do \ No self-int (vgp) ------
R Tt SRR with osci (vg) = = - iy i S with self-int (ve)
E / 3 \ with osci (Vsp) .- / : \ with self-int (vg) = =
92 N 1 3 3 - ' N . with self-int (vgp) - = - - |
/ -~ : : :
< /7 N\ : ‘
L’\ : N\,
e 1
S¥
0
5 Equilibrium — - ; ‘ Equilibrium — -
cg\ No osci (ve) : No self-int (ve)
> 4o\ No osci (Vg, vsp) - - - Y A No self-int (vg) - - - |
) i i with osci (ve) No self-int (vgp) ------
E 3 S\ with osci (vg) = = e with self-int (ve)
with osci (VSP) ---- 3 with self-int (vg) = =
2 Lo N P N IR R S with self-int (vgp) === -]
N L s s s s
«2 Tru = 10 MeV | | Tru = 10 MeV
A L e . NG e S I B A S N NG c e .
O | | | | | |

0 2 4 6 8 10 0 2 4 6 8 10

Fig. 4: Final energy spectra of neutrinos. The horizontal axis is the neutrino energy p divided by
the photon temperature T',. The vertical axis is the differential energy spectrum of neutrinos. In
the figure, neutrino self-interaction is considered in the left column, whereas neutrino oscillation
with (0m?2,,612) is considered in the right column. We consider (0m?,,612) in the case with
neutrino oscillation in the left column. The thermal spectrum is plotted with the black
dot-dashed line. In the top-left panel, the thin red short-dashed and blue thick short-dashed lines
are overlapping, while the red thin long-dashed and blue thick long-bashed lines are overlapping

in the top-right panel. Also, all plots are almost overlapping in the case of Tgg = 10 MeV.

definition, Rgjst = 1 corresponds to the thermal spectrum, and Rgisy > 1 indicates a larger mean
energy. It can be seen from Fig. Bl that the value of Rgjs; increases as Try becomes smaller. This
is because neutrinos are only produced from the annihilation of electrons e~ + e — v, + U4, and
neutrinos in the final state therefore have an energy larger than twice the electron mass. Thus,
if neutrinos are mainly produced when the electron mass is not negligible, and the equilibration
process et + v, — e* + v, is not effective as in the case of Try < O(1) MeV, Rgist becomes

larger than unity. In addition, since v, scatter with electrons stronger than v, and vy, due to the
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Fig. 5: Dependence of the mean energy of v, (top panel), v, (middle panel) and v, (bottom
panel) on Try. The vertical axis is the distortion parameter Rgis; for each neutrino species. Rgist
= 1 corresponds to the thermal spectrum. In the middle panel, the blue long-dashed and green
solid lines are overlapping. Also, in the bottom panel, the black dot-dashed (red short-dashed)
and blue long-dashed (green solid) lines are overlapping. We consider (6m?,,612) in the case with

neutrino oscillation.

charged-current interaction, the energy distribution of v, is closer to the thermal spectrum. That is
the reason that the relation Ryist, v, < Rdist, v, Rdist, ve < Rdist, v, holds for a sufficiently small Try.
Furthermore, we can see from Fig. Bl that both neutrino oscillation and neutrino self-interaction
increase Rgist, ., While decrease Rgist, ,,. This is because neutrino oscillation and neutrino self-

interaction equilibrate the neutrino abundances of different flavors as shown in Fig. @ The reason
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is as follows: If the final distribution function of neutrinos is changed by a factor of  (i.e., f, — Kf,
where k < 1 for v, and k > 1 for v,) due to neutrino oscillation or neutrino self-interaction, then

the distortion parameter should be also modified by

—1
) R S
o _ 3.7
dlst/ dist 3,15(%1/3Ty7eﬂ") <3.15Tu,eﬂ> K ; ( )

where Edist and Rgist are distortion parameters for the cases with and without effects of neutrino
oscillation or neutrino self-interaction, respectively. Therefore, these effects increase Rgigt,,, and
decrease Rgjst, , as long as neutrino oscillation or neutrino self-interaction is effective. In addition,
since the reaction rate of neutrino self-interaction strongly depends on the number density of
neutrinos, its effect on Rgjsy becomes small more rapidly than neutrino oscillation as TRy decreases.
These effects on Rgis; can be estimated by comparing neutrino distribution functions in Fig. [ and
is consistent with the results in Fig. Bl On the other hand, since v, does not mix with other flavor
of neutrinos, they are only affected by neutrino self-interaction.

In the next section, we discuss the light element abundances created in the process of BBN

taking our computed neutrino thermalization into account.



22

IV. BIG BANG NUCLEOSYNTHESIS

As mentioned in Sec. [I incomplete thermalization of neutrinos affects the dynamics of the
standard BBN. In this section, we explain the role of neutrinos in the production process of light

elements and show our results of BBN obtained by assuming Try ~ O(1) MeV.

A. Formulation of BBN

We have seen in the previous section that the late-time entropy production due to decays of X
induces the incomplete thermalization of neutrinos before decoupling. Since neutrinos take part in

the weak reaction processes,

n<pte + o, (4.1)
et +nep+ e, (4.2)
Ve+n<rpt+e (4.3)

which interchange ambient neutrons and protons with each other, non-thermal spectra of neutrinos
significantly change the freeze-out value of the neutron-to-proton ratio (n/p)s = (nn/ny)r=1, Where
n, and n, are the number density of neutrons and protons, respectively, whereas T is the freeze-
out temperature of the processes ([{I)-(L3)). As described later in this section, the theoretical
values of light element abundances are very sensitive to the neutron-to-proton ratio before BBN.
Therefore, theoretical predictions of the standard BBN should be modified in the Universe with
small Try. Since the predictions of standard BBN is well consistent with the observational values,
we can constrain Try by requiring that the late-time entropy production does not spoil the current
success of the standard BBN.

In the case where the massive particles have a hadronic branching ratio, there are additional
neutron-proton interchanging processes other than (4I)-(£3) via strong interactions caused by
injected hadrons N + H <+ N’ + H' where N and N’ are nucleons, and H and H’ are mesons or
baryons. If the hadronic branching ratio is large enough, the hadronic processes dominantly affect
the neutron-to-proton ratio, which result in different light element abundances compared to the
case of the 100% radiative decays of the massive particles [3]. In the current study, we consider the
hadronic processes involving pions (ﬂ'i) and nucleons (n, n, p, p) which are injected from hadronic
decays of the massive particles. The energetic hadrons produced in the decay of the massive par-

ticles are instantaneously stopped by Coulomb scattering with background electrons/positrons or
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inverse-Compton like scattering with background photons BQ] Therefore, the hadrons affecting
neutron-proton inter-conversions are thermalized, and we can use thermal cross sections for the
calculation. As for the hadronic cross sections, we adopt those given in Table.1 of Ref. B] for the
mean values and assume 30% experimental error in each cross section for a conservative treatment
(see also Refs. B, E])

In order to follow the evolution of light element abundances, we solve the Boltzmann equations
of light elements using the Kawano code [27]. Since some of the nuclear reaction rates in the code
are already outdated, we replace them with the latest ones (see Ref. [28] for more information).
In addition, we rewrite some equations in the code to allow for the late-time entropy production
accompanied by the decays of X. Moreover, since the free neutron decay (i.e., the forward process
of (@) continues even after the other weak processes of ([{I)-([@3) decoupled at T, ~ T, the
value of the neutron-to-proton ratio just before BBN depends on the lifetime of neutrons (see

e.g., |129]). In the current study, we use the value of the neutron lifetime 7, reported in Ref. [1]]:
T = 880.2 £ 1.0 sec (68% C.L.) . (4.4)

As for the observational values of light elements, we adopt the primordial mass fraction of

helium “He, Y}, reported in Ref. [30]:
Y, = 0.2449 + 0.0040 (68% C.L.), (4.5)

whereas for the observational value of primordial abundance of deuterium D, we adopt the latest

value reported in Ref. [31]:

D/H = (2.545 4 0.025) x 1075 (68% C.L.). (4.6)

B. Results of BBN: Radiative decay

First we show the results of radiative decay, i.e., the hadronic branching ratio Br = 0. In this
case, photons and charged leptons emitted from the decay of X are instantaneously thermalized
via electromagnetic force, and results of neutrino thermalization and BBN are independent of the
mass of X, my. In Fig. B and Fig. [ the relation between Try and D/H and Y], are shown,
respectively. We assume the 100% radiative decays of the massive particles in these figures. The
baryon-to-photon ratio np is the only free parameter in the standard BBN. In the low-reheating-

temperature Universe, a baryon number is diluted by the entropy production due to the decays
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Fig. 6: Relations between Try and Y}, in the case of the 100% radiative decays of X. We adopt
ng = 6.13 x 1071% in the figure. The top- and middle panels show the effect of neutrino oscillation
for the cases without and with neutrino self-interaction, respectively. The black dot-dashed line is
for the case without neutrino oscillation, the red short-dashed line is for the case with 613 (NO),
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f12. The bottom panel shows the effect of neutrino self-interaction when we consider neutrino
oscillation with (dm?,,012). The black dashed- and solid lines are for the cases without and with
neutrino self-interaction, respectively. The gray-shaded region corresponds to the 20

observational bound.

of the massive particles, and hence np is decreased by many orders of magnitude. Therefore, we
set the large initial value of ng so that the final value of 7p is consistent with observations of light

elements. To plot Fig. [6l and Fig. [[, we fix the final value of ng to the median value reported by
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Fig. 7. Same as Fig. [6] but for D/H.

Planck collaboration B]
ng = 6.13 x 10719, (4.7)

Since almost all neutrons are processed into *He which is the most stable among light elements, the
primordial mass fraction of *He can be written as Yy, = page/pp ~ 2/{1+ (n/p)gpx} ~ 0.25, where
(n/p)seN = (n/p)fe /™ is the neutron-to-proton ratio just before deuterium bottleneck opens
(i.e., Ty ~ 0.08 MeV and t ~ 200 sec), and the last approximation holds in the standard big-bang
cosmology where (n/p)gan ~ 1/7 [29]. Therefore, the value of (n/p)ppn almost entirely determines
the final abundance of *He. As for the final abundance of D, the value of N.g is also important
because it is related to the Hubble parameter (see Eqs. ([232]), [234) and and determines
when each light element departs from the nuclear statistical equilibrium [33, 134]. @ In addition,

8 We can intuitively understand the dependence of the deuterium abundance on the expansion rate of the Universe

in the BBN epoch by comparing the binding energy of D and *He; i.e., Bp ~ 2.22 MeV and Bug, ~ 28.3 MeV.
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as we can see from Fig. [f and Fig. [[ the influences of neutrino oscillation and self-interaction on
light element abundances are similar, and both of these effects increase Y, and D/H. In order to
understand the numerical results on light element abundances, next we focus on the dynamics of
the freeze-out of the neutron-to-proton ratio.

Since nucleons are always non-relativistic, (n/p)¢ can be expressed with the freeze-out temper-
ature if Ty is MeV scale as (n/p)¢ ~ exp(—Q/Tt) where Q = m,, — m, ~ 1.3 MeV is the mass
difference of nucleons. We note that T} is determined by the relative values of the neutron-proton
inter-converting weak reaction rates I'y, and the Hubble parameter H and is roughly given by
Iyp(Ty)/H(T;) ~ 1. In the low-reheating-temperature Universe, the total energy density is smaller
than that in the standard big-bang cosmology under the same photon temperature due to the
incomplete thermalization of neutrinos. [] Therefore, the expansion rate of the Universe is also
small in the scenario, and this effect delays the decoupling of the processes ([AI])-(43]) and thereby
increases (n/p)s.

The influence is not only in the Hubble parameter H but also in the reaction rates I',,. Specif-

ically, the reaction rate of the processes (LI))-([3) can be written as |3]

Q_me /12
p
Thospe-s, = K /0 dp/ [v W' = QP =mQ =) oy (- fue(p’>)] :
e’} p/2
— / / 2 _ 2 / _ _ /
Fne+~>pl/e K Q+me dp [ (p Q) me(p Q) e(pUe—Q)/T’y + 1 (1 fl/e (p ))] )

2
pl
L e—spe- —K/ dp’ [ (1 + Q)2 —m2(p/ +Q)waue(p/)] )

Q—me 12
Lpe-pesn = K/o dp’ [ (0 —Q)* —mZ(Q —P,)e,(pye_z;)/n + 1fVe (p/)] )
/2
- —K/ ay [ W+ QP —mEQ+ 1) (1—fue<p’>)] ,
/ p/2 /
e [ W= QP —m2(Q 1) gy e P >] ’

where m, is the electron mass, and K ~ (1.6367,)"! is a normalization factor whose value is
determined by the neutron lifetime 7,. Of these reaction rates, some depend on f,, and others

Since Bup, is much larger than Bp, most of deuterium created in the process p+n — D+~ are processed into “He.
However, if the expansion rate is large, a process which is responsible for the *He production decouples earlier,
and there remains a large abundance of deuterium. That is the reason that a large expansion rate in the BBN

epoch leads to a large deuterium abundance and vice versa.
We recall the reader that 7%, determines when light element abundances are to be created since the reaction

process p+mn — D+ responsible for the deuterium production is the first step of BBN, and its backward reaction
rate depends on 7. For this reason, the values of I',,, and H should not be characterized by the cosmic time
but rather by 7,,. That is the reason that a larger value of Neg o p,/py leads to a larger expansion rate of the

Universe at the epoch of BBN.
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on 1 — f, . In the low-reheating-temperature Universe, the neutrino abundance of each flavor is
smaller than the case of the standard big-bang cosmology. Therefore, by denoting the reduction
of f,, due to the incomplete thermalization of neutrinos by Af, , the following relation holds for
sufficiently small Try (< Tgec ~ O(1) MeV):

Afy. Afy,
(1 - fVe) < fVe

As a result, with such a small value of Try, the total reaction rate I'ny =Ty pe—5, + et —pn, +

r

for f,, < 0.5. (4.8)

mve—spe— T Upe=5, + Upe——nue + Uppo—snet becomes smaller than that of the standard big-bang
cosmology as written in Ref. [3]. Therefore, this effect accelerates the decoupling of the pro-
cesses (LI)-(A3]) and thereby decreases (n/p)¢. Consequently, the relative magnitude of these two
opposite contributions determine the net effect of incomplete thermalization of neutrinos on (n/p)s.

As described in the previous section, neutrino oscillation and self-interaction slightly enhance
the neutrino thermalization and increase the total energy density of neutrinos and hence Ngg. As a
result, the Hubble expansion rate increases due to these effects. In addition, since the v, abundance
is decreased by the conversion v, — v, and only v, take part in the reaction processes ([@I])-(3]),
Iy, decreases by considering these effect. Therefore, neutrino oscillation and self-interaction always
play a role in delaying the freeze-out of neutron-to-proton ratio and increasing Tt and (n/p)¢, which
leads to larger values of Y}, and D/H.

As is the case for Neg (see Fig. [Il), we can also see from Fig. 6] and Fig. [7 that the impact
of the solar neutrino mixing (6m?,,612) is much larger than that of the reactor neutrino mixing
(6m25,6013) independent of the neutrino mass ordering. Therefore, the effective two-flavor mixing
with (6m?,,6012) gives a good approximation to the full three-flavor neutrino mixings. For this
reason, we hereafter only consider (§m2,,612) in the case with neutrino oscillation.

To obtain the observational constraint on Try, we perform a Monte-Carlo calculation of BBN
and x? analysis at each point on the grids of g and Ty assuming observational values for Y,
(Ref. [30]) and D/H (Ref. H]) In the Monte-Carlo calculation, we assume that the reaction
rates in the standard BBN, the hadronic reaction rates and the neutron lifetime follow Gaussian
distribution and propagate their reported errors to obtain theoretical uncertainties on the light
element abundances. Since an allowed region is defined by a parameter space where theoretical

10 As written in e.g., B, Q], it is technically incorrect to adopt the CMB bound 7g = (6.1340.04) x 10~'° reported
by the Planck collaboration [32] as a prior of BBN because the recombination process depends on the values of
Neg and Y), and there are correlations between 7 and these quantities. In other words, CMB is not independent
from the neutrino thermalization and BBN. In Ref. @], they adopt the canonical value Neg = 3.046 [18] and Y,
calculated by assuming the standard BBN, which are not necessarily realized in the low-reheating-temperature

Universe.
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abundances of light elements explain each observational value, we give the lower bound on Tgry

combining x? values of both D/H and Y

{(D/H),(n8, Tre) — (D/H) s} n {Yy th(78, Thi) — Yy, obs }>
U%,th(nB’ TRH) + U%,obs U%/p,th (nB’ TRH) + U%/p,obs

2 — 2 2
XD/H+Y, = XD/u Xy, = , (4.9)

where X2D JH and X%/p are x? values of D/H and Y, respectively. Also, o; ¢, and o; ops Where i =
D/H and Y, are respectively the theoretical and observational lo variance of each light element
abundance.

Figure [} shows the allowed region in the plane of g and Try in the case of the 100% radiative
decays. In the current study, we assume that X2D JH and X%/p follow Gaussian distribution. In this

case, we can find the lower bound at 95% C.L. on Try by requiring X2D/H+Yp (nB, Tru) < 5.991:
Try > 1.8 MeV, (4.10)

in the case with both neutrino oscillation and self-interaction. Also, we depict in Fig. @ the
comparison between cases with and without neutrino oscillation or neutrino self-interaction. As can
be seen from Fig. @ we find Tryy = 1.5 MeV in the case with neutrino oscillation and without self-
interaction, whereas Tryy 2 0.6 MeV in the case without neutrino oscillation and with neutrino self-
interaction. The BBN bound in the case with neutrino oscillation or self-interaction is tighter than
that in the case without them. This is because, as we can see from Fig. [{l neutrino oscillation and
self-interaction increase the value of Y),, and the discrepancy between theoretical and observational

values becomes large compared to the case without these effects.

C. Results of BBN: Hadronic decay

As described above, if the massive particles have a branching ratio into hadrons, the constraint
on Try imposed by BBN can be modified compared to when the decays of X are fully radiative
(i.e., Br = 0). The effects of hadronic decays on light element abundances are shown in Fig.
where we plot the dependence of D and “He abundances on Try for each value of my and Br.
The case of Br = 0 in the figure corresponds to the 100% radiative decays of X which is plotted
for reference. In the figure, we assume that the massive particles have a non-negligible branching

ratio into u @ quark pairs to calculate the number of hadrons produced in the decays of X with

' There remains a long-standing problem in the standard BBN that the theoretical prediction of the “Li abundance is
approximately three times larger than that of the observational value if we input the value of the baryon-to-photon
ratio from CMB into the calculation of BBN (see e.g., H]) Therefore, we refrain from using the “Li abundance to

constrain Try in the current study.
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Fig. 8 Allowed region in the (np, Tri) plane in the case of the 100% radiative decays of X. The
95% (68%) C.L. contour is plotted with the blue solid (red dashed) line. The top panel shows the
allowed region in terms of both Y, and D/H, whereas the bottom-left and bottom-right panels
show those of D/H and of Y, respectively. Neutrino oscillation and neutrino self-interaction are

considered in the calculation.

Pythia 8.2 code. Since the neutron-proton inter-converting processes caused by the injected

hadrons increase the neutron-to-proton ratio, both the *He and D abundances, which increase

12 We have checked that the BBN bound does not depends on the quark flavor emitted from the massive particles if
the mass of the massive particles is much larger than the total mass of emitted quarks (i.e., mx >> mg, where
Mg, is the quark mass of particular flavor «).

a
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Fig. 9: Comparison of allowed regions in the (ng, Tryu) plane in the cases with or without
neutrino oscillation and self-interaction. We assume the 100% radiative decays of X. The 95%
contour with the green solid line is for the case with both neutrino oscillation and self-interaction,
one with the red long-dashed line is for the case only with neutrino oscillation, and one with the

short-dashed line is for the case only with neutrino self-interaction.

with (n/p)s, get larger than those in the standard BBN case. In addition, we find that the effect
of hadronic decays is large for a large Br or a small mx. Comparing the cases of mx = 100 TeV,
Br = 0.001 (red thin dashed) and mx = 10 GeV, Br = 1 (blue thick solid) in Fig. [[0] we can see
that the discrepancy of D/H or Y, between these cases are of the same order or much larger than
that of the 20 observational error if TRy is a few MeV.

To understand the reason, we define the comoving variable for the initial abundance of the
massive particles Yy = nx /s where nx is the number density of the massive particles X, and s is
the total entropy density of the Universe. If we assume that X dominates the total energy at the
initial time and most of it is transferred to radiation components before the reheating process is

completed, we can write the initial value of Yy as follows:

7T2 *
vo = "X Go ¢ Taw)/mx 3 Tn (4.11)
X= g 2r2 i3 4dmyx '
15 9s 1RH

where g* and g} are relativistic degrees of freedom defined by energy and entropy density respec-

tively. In the standard big-bang cosmology, g* ~ g; holds before electron-positron annihilation
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Fig. 10: D/H and Y, as a function of Try in the case with hadronic decays of X. he blue thick
solid- and dashed lines are for the case of mx = 10 GeV, while the red thin solid- and dashed
lines are for the case of mx = 100 TeV. In addition, the blue- and red solid lines are for the case
of Br = 1, while the blue- and red dashed lines are for the case of Br = 0.001. For comparison, we
also plot the case of Br = 0 with the black dot-dashed line. In the figure, we consider both

neutrino oscillation and self-interaction.

sets in. As we can see from the above expression, Yx gets larger for smaller myx. In addition, the
number of hadrons emitted from the decays of X is almost proportional to m%* (see Ref. ]), and
therefore the total number of hadrons emitted from X is almost proportional to m}o'ﬁ. Since the
energetic hadrons instantaneously lose their energy and are thermalized with background particles
before inter-converting ambient neutrons and protons, the number of emitted hadrons determine
the magnitude of the hadronic-decay effect on BBN. Therefore, the influence of hadronic decays
on BBN should be stronger for smaller m x.

For the purpose of showing the effects of neutrino oscillation and self-interaction on the light
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Fig. 11: Effects of neutrino oscillation and self-interaction on D/H and Y}, in the case with
hadronic decays of X. We adopt ng = 6.13 x 107'? in the figure. The red solid- and blue
long-dashed lines are for the case with neutrino oscillation, while the green short-dashed and

black dot-dashed line are for the case with neutrino self-interaction.

element abundances in the case of hadronic decays, we plot in Fig. [[T] the dependence of Y, and
D/H on Try for (mx, Br) = (10 GeV, 1.0) and (100 TeV, 0.001) where we expect large and small
effects of hadronic decays, respectively. As we can see from Fig. [Il if Try is a few MeV, neutrino
oscillation and self-interaction affect light element abundances at the level of O(10)% for D/H and
O(1)% for Y, when mx = 10 GeV and Br = 1.0, whereas the correction is O(10)% for both cases
of D and Y, when mx = 100 TeV and Br = 0.001. Since we give the observational bound on Try
by summing up the x? values of D/H and Y}, the constraint on Ty should be changed by O(1)%
when mx = 10 GeV and Br = 1.0 and by O(10)% when mx = 100 TeV and Br = 0.001.

We show in Fig. 12 the allowed region in the same plane as Fig. Bl but in the case when hadronic
decays are included. In the figure, we show four representative cases of (mx, Br) = (10 GeV, 1.0),

(10 GeV, 0.001), (100 TeV, 1.0) and (100 TeV, 0.001).



TRH (MGV)

TRH (MGV)

1 LN OO U C 1 T ] 100
T o i -
,,,,,, i Ry
,,,,,, i N
T 95% C.L. — o - 10
T —— 68% C.L. = = R I
=10 GeV, Br = 1.0 « = 100 TeV, Br = 1.0
1 i
T C T — 100
; ,,,,,, B IS O
r] o o
mx = 10 GeV, Br = 0.001 mx = 100 TeV, Br = 0.001
1 | | | | | |
5.0 6.0 7.0 5.0 6.0 7.0
10 10
nB ( x 10 ) B ( %10 )

Fig. 12: Same as Fig. 8 but for the case of hadronic decays of the massive particles.
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A possible minimum value of the reheating temperature TRy, min in terms of BBN is shown in

Fig. 13 as a function of mx. We can see from the figure that the BBN bound is tighter in the case

of a small mx or a large Br. Consequently, we obtain the lower bound on Try at 95% C.L.:

Tru 2 4.1—4.9 MeV  for mx =10 GeV — 100 TeV ,

when the hadronic branching ratio Br = 1.0, whereas

when Br = 0.001 in the case with both neutrino oscillation and neutrino self-interaction.

Trg 2 2.1—3.7MeV for mx =10 GeV — 100 TeV ,

(4.12)

(4.13)

In

addition, we find neutrino oscillation and neutrino self-interaction can change the value of TRy, min

at the level of O(1)% for most of the range of mx in the case of hadronic decays.
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V. CONCLUSION

In this paper, we have investigated the possibility that the reheating temperature of the Universe
is O(1) MeV motivated by long-lived massive particles which often appear in the particle physics
theory beyond the standard model and induce a late-time entropy production by their decays. In
this scenario, neutrinos are not necessarily thermalized well before the beginning of BBN. Hence,
the expansion rate of the Universe and weak reaction processes are significantly altered, which
changes the freezeout value of the neutron to proton ratio. We have calculated the thermalization
process of neutrinos including effects of both neutrino oscillation and neutrino self-interaction
(Figs. IH3), and obtained a lower bound on the reheating temperature Tryy = 1.8 MeV (95% C.L.)
(Fig. @) in the case of the 100% radiative decay.

On the other hand, if the massive particles also decay into hadrons, there is an additional effect
on BBN via inter-conversion of ambient neutron and proton through the scatterings of the hadrons.
In this case, the constraint becomes tighter than that of the 100% radiative decay (Fig. [I0]). Then,
we obtained the lower bound Try 2 2 MeV — 5 MeV (95% C.L.) depending on the masses of the
massive particles (10 GeV — 100 TeV) and the hadronic branching ratio (Figs. 12 - 13).

In addition, we found that neutrino oscillation and neutrino self-interaction increase the effi-
ciency of neutrino thermalization (Figs. [land B]) and decrease the exchange rate between neutrons
and protons, thereby enhancing the theoretically expected abundances of helium, Y}, (Fig. [l), and
deuterium, D/H (Fig. [). These effects increase the minimum value of the reheating temperature
at the level of O(10)% in the case of the 100% radiative decays (Fig. B) and O(1)% in most cases
of hadronic decays (Fig. [T]).

Finally, let us comment on the future prospects of this study. This time, we only focused on
BBN to constrain Try. On the other hand, as described in Sec. [, CMB and LSS also depend on
the expansion rate in the Universe, and therefore have a sensitivity to the neutrino thermalization.
In addition, the recombination history depends on the *He abundance which is strongly affected by
the hadronic decay effects. Therefore, theoretical results of CMB and LSS should be different from
those in the case of radiative decay. We will discuss observational constraints on Try from CMB

and LSS in addition to BBN assuming hadronic decays of the massive particles in a forthcoming

paper [36].
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