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MeV-scale reheating temperature and thermalization of the neutrino background
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The late-time entropy production by massive particle decay induces various cosmological effects in the early
epoch and modifies the standard scenario. We investigate the thermalization process of the neutrinos after
entropy production by solving the Boltzmann equations numerically. We find that if the large entropy is
produced att;1 sec, the neutrinos are not thermalized very well and do not have the perfect Fermi-Dirac
distribution. Then the freeze-out value of the neutron to proton ratio is altered considerably and the produced
light elements, especially4He, are drastically changed. Comparing with the observational light element abun-
dances, we find thatTR&0.7 MeV is excluded at 95 % C.L. We also study the case in which the massive
particle has a decay mode into hadrons. Then we find thatTR should be a little higher, i.e.,TR*2.5–4 MeV,
for the hadronic branching ratioBh5102221. The possible influence of late-time entropy production on the
large scale structure formation and temperature anisotropies of cosmic microwave background is studied. It is
expected that the future satellite experiments~MAP and PLANCK! to measure anisotropies of cosmic micro-
wave background radiation temperature will be able to detect the vestige of the late-time entropy production as
a modification of the effective number of the neutrino speciesNn

eff .

PACS number~s!: 98.80.Cq, 98.70.Vc
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I. INTRODUCTION

In standard big bang cosmology it has been assumed
itly that the universe was dominated by thermal radiation
an early epoch. Even in the paradigm of modern cosmol
it is commonly believed that thermal radiation was produc
by the reheating process after primordial inflation and
dominated the energy of the universe at a sufficiently ea
epoch. Here we ask the following: ‘‘How early should th
universe be dominated by radiation in order for standard
bang cosmology to succeed?’’ We could say that the ene
of the universe should be dominated by the radiation at le
before the beginning of the big bang nucleosynthesis~BBN!
epoch. In this paper we answer the above question.

The various models of modern particle physics beyo
the standard model predict a number of unstable mas
particles which have long lifetimes and decay at about
BBN epoch. The energy density of the nonrelativistic p
ticles or the oscillation energy density of the scalar fie
~inflaton and so on! decreases asrNR(t)}a(t)23, wherea(t)
is a scale factor. On the other hand, since the radiation
ergy density decreases more rapidlyr(t)}a(t)24, if the en-
ergy density of the massive nonrelativistic particles or
oscillating scalar fields is large enough, it immediately dom
nates the universe as it expands, and the universe neces
becomes matter dominated until the cosmic time reac
their lifetime. When the particles decay into standard p
ticles ~e.g., photon and electron!, they produce the large en
tropy and the universe becomes radiation dominated aga
is expected that such a process would change the initial
dition for the standard big bang scenario. We call the proc
‘‘late-time entropy production.’’

Now we have some interesting candidates for late-ti
entropy production in models based on supersymm
0556-2821/2000/62~2!/023506~18!/$15.00 62 0235
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~SUSY!. It is known that gravitino and Polonyi fields whic
exist in local SUSY~i.e., supergravity! theories have masse
of ;O(100 GeV–10 TeV! @1#. In addition they have long
lifetimes because they interact with the other particle o
through gravity. For example, since the Polonyi field@2#
which has a heavy mass of;10 TeV cannot be diluted by
usual inflation, it immediately dominates the universe a
decays at the BBN epoch. Moreover it is also known tha
superstring theories there exist many light fields called d
tons and moduli which have similar properties to the Polo
field.

Recently Lyth and Stewart@3# considered mini-inflation
called ‘‘thermal inflation’’ which dilutes the above dange
ous scalar fields. In the thermal inflation scenario, howev
the flaton field which is responsible for the thermal inflati
decays at late times. In particular, if the Polonyi~moduli!
mass is less than;1 GeV which is predicted in the frame
work of gauge-mediated SUSY breaking models@4#, the suf-
ficient dilution requires that the flaton decays just befo
BBN @5#. Thus, in thermal inflation models, one should ta
care of the late-time entropy production.

To keep the success of BBN, any long-lived massive p
ticle or the coherent oscillation of any scalar field whi
dominates the universe at that time must finally decay i
the standard particles before the beginning of BBN. Mo
over the decay products would have to be quickly therm
zed through scattering, annihilation, pair creation, and f
ther decays and make the thermal bath of photons, electr
and neutrinos. Concerning photons and electrons which e
tromagnetically interact, the interaction rate is much mo
rapid than the Hubble expansion rate at that time. There
it is expected that the photons and electrons which are
duced in the decay and subsequent thermalization proce
are efficiently thermalized.
©2000 The American Physical Society06-1
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TABLE I. Matrix elements for electron neutrino interactions.GF is the Fermi coupling constant. Here w
takeCV5

1
2 12 sin2uW , CA5

1
2 and the weak mixing angle sin2uW.0.231.

Process SuM u2

ne1e2 → ne1e2 32GF
2@(CV1CA)2(p1p2)21(CV2CA)2(p1p4)2#

ne1e1 → ne1e1 32GF
2@(CV2CA)2(p1p2)21(CV1CA)2(p1p4)2#

ne1 n̄e
→ e11e2 32GF

2@(CV1CA)2(p1p4)21(CV2CA)2(p1p3)2#
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The problem is that neutrinos can interact only throu
the weak interaction. Since massive scalar particles suc
the modulus and the Polonyi field have small branching
tios into neutrinos due to the chirality flip and small neutri
masses, it is expected that neutrinos are produced
through annihilation of electrons and positrons. In the st
dard big bang cosmology the neutrinos usually decou
from the electromagnetic thermal bath at aboutT.2
23 MeV. Therefore it is approximately inferred that the
cannot be sufficiently thermalized at temperaturesT& a few
MeV. Namely, the reheating temperature after the entr
production process should be high enough to thermalize
neutrinos. Although people had always used rough c
straints on reheating temperatures between 1–10 MeV, in
previous paper@6# we pointed out that neutrino thermaliza
tion is the most crucial for successful BBN. In this paper
describe the method to obtain the neutrino spectrum and
formulations to integrate a set of Boltzmann equations
merically , and we study the constraint on the reheating te
perature using the obtained neutrino spectrum and the
BBN network calculations with revised observational lig
element abundances.

The above constraint is almost model independent
hence conservative because we only assume that the ma
particle decay produces the entropy. However, a more s
gent constraint can be obtained if we assume a decay m
into quarks or gluons. In this case some modifications
needed for the above description. When high-energy qu
antiquark pairs or gluons are emitted, they immediately fr
ment into a lot of hadrons~pions, kaons, protons, neutron
etc.!. It is expected that they significantly influence th
freeze-out value of the neutron to proton ratio at the beg
ning of BBN through the strong interaction with the ambie
protons and neutrons. In a previous paper@6# we did not
consider such hadron injection effects on BBN. Therefore
carefully treat the hadron injection effects in the present
per.

For another constraint, the late-time entropy product
may induce significant effects on the anisotropies of the c
mic microwave background radiation~CMB!. Lopez et al.
@7# pointed out that the CMB anisotropies are very sensit
to the equal time of matter and radiation. When the rehea
temperature is so low that neutrinos are not sufficiently th
malized, the radiation density which consists of photons
neutrinos becomes less than that in the standard big b
scenario. There may be distinguishable signals in the C
anisotropies, such as a modification of the effective num
of neutrino speciesNn

eff . With the present angular resolution
and sensitivities of Cosmic Background Explorer~COBE!
observation@8# it is impossible to set a constraint onNn

eff but
02350
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it is expected that future satellite experiments such as
Microwave Anisotropy Probe~MAP! @9# and Planck@10#
will gives us a useful information aboutNn

eff . In addition the
above effect may also induce signals in the observed po
spectrum of the density fluctuation for the large scale str
ture as a modification of the epoch of the matter-radiat
equality.

The paper is organized as follows. In Sec. II we introdu
the formulation of the basic equations and the physical
rameters. In Sec. III we briefly review the current status
the observational light element abundances. In Sec. IV
study the spectra of the electron neutrino and the mu~tau!
neutrino by numerically solving the Boltzmann equation
and the constraints from the BBN are obtained there. In S
V we investigate the additional effects in the hadron inje
tion by the massive particle decay. In Sec. VI we consi
the other constraints which come from observations for la
scale structures and anisotropies of CMB. Section VII is
voted to conclusions. In the Appendix we introduce t
method of the reduction for the nine-dimensional integr
into one dimension.

II. FORMULATION OF NEUTRINO THERMALIZATION

A. Reheating temperature

In order to discuss the late-time entropy production p
cess, we should formulate the equations which describe
physical process. Here the reheating temperatureTR is an
appropriate parameter to characterize late-time entropy
duction. We define the reheating temperatureTR by

G[3H~TR!, ~1!

whereG is the decay rate (5t21) andH(TR) is the Hubble
parameter at the decay epoch (t5t).1 The Hubble paramete
is expressed by

H5S g* p2

90 D 1/2 TR
2

MG
, ~2!

1Since the actual decay is not instantaneous, the matter-domin
universe smoothly changes into radiation-dominated one. Thus
rather difficult to clearly identify the reheating temperature by o
serving the evolution of the cosmic temperature. Instead we ‘‘
fine’’ the reheating temperature formally by Eq.~1!.
6-2
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TABLE II. Matrix elements for muon neutrino or tau neutrino interactions.GF is the Fermi coupling

constant. Here we takeC̃V5CV2152
1
2 12 sin2uW , C̃A5CA2152

1
2 and the weak mixing angle sin2uW

.0.231.

Process SuM u2

nm1e2 → nm1e2
32GF

2@(C̃V1C̃A)2(p1p2)21(C̃V2C̃A)2(p1p4)2#

nm1e1 → nm1e1
32GF

2@(C̃V2C̃A)2(p1p2)21(C̃V1C̃A)2(p1p4)2#

nm1 n̄m
→ e11e2

32GF
2@(C̃V1C̃A)2(p1p4)21(C̃V2C̃A)2(p1p3)2#
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whereg* is the statistical degrees of freedom for the ma
less particles andMG is the reduced Plank mass (52.4
31018 GeV). Then the reheating temperature is given b

TR50.554AGMG. ~3!

Here we have usedg* 543/4. From Eq.~3!, we can see tha
the reheating temperature has a one to one correspond
with the lifetime of the parent massive particle.

Here we define the effective number of neutrino spec
Nn

eff as a parameter which characterize the time evolution
the energy density of neutrinos. HereNn

eff is defined by

Nn
eff[

rne
1rnm

1rnt

r std
, ~4!

whererstd is the total neutrino energy density in the standa
big bang model~i.e., no late-time entropy production an
three neutrino species!.

B. Basic equations

When the massive particlef which is responsible for the
late-time entropy production decays, all emitted particles
cept neutrinos are quickly thermalized and make a ther
bath with temperature;TR . For the relatively low reheating
temperatureTR&10 MeV neutrinos are slowly thermalized
If the entropy production caused by the massive scalar
ticles such as moduli, Polonyi and flaton fields, the de
branching ratio into neutrinos is very small because the
cay is suppressed by the chirality flip and vanishes for sm
neutrino masses. Therefore we ignore the branching
neutrinos. Generally speaking, however, a fermion such
gravitino might be a candidate, instead of scalar particles
this case, it may have a net branching ratio into neutrin
However, in this paper, we assume that the branching r
into neutrinos is negligible and neutrinos are produced o
through annihilation of electrons and positrons, i.e.,e1

1e2→n i1 n̄ i( i 5e,m,t) in order to avoid discussing spe
cific models. The evolution of the distribution functionf i of
the neutrinon i is described by the momentum-depende
Boltzmann equation@11#

] f i~p,t !

]t
2H~ t !p

] f i~ p,t !

]p
5Ci ,coll , ~5!
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where the right-hand side is the total collision term.2 When
the reaction is two-body scattering 112→314, it is given
by the expression

Ci ,coll5
1

2E1
( E d3p2

2E2~2p!3

d3p3

2E3~2p!3

d3p4

2E4~2p!3

3~2p!4d (4)~p11p22p32p4!

3L~ f 1 , f 2 , f 3 , f 4!SuM u12→34
2 , ~6!

whereuM u2 is the scattering amplitude summed over spins
all particles,S is the symmetrization factor which is 1/2 fo
identical particles in initial and final states,L5 f 3f 4(1
2 f 1)(12 f 2)2 f 1f 2(12 f 3)(12 f 4) is the phase space facto
including Pauli blocking of the final states. Then the to
collision termCi ,coll is expressed by

Ci ,coll5Ci ,ann1Ci ,scat, ~7!

whereCi ,ann is the collision term for annihilation processe
and Ci ,scat is the collision term for elastic scattering pro
cesses. Here we consider the following processes:

n i1n i↔e11e2,

n i1e6↔n i1e6.

In this paper we have treated neutrinos as Majorana o
~i.e., n5 n̄). It should be noted that there are no differenc
between Majorana neutrinos and Dirac ones as long as
are massless, and since the temperature isO(MeV) at least
in this situation, we could have treated them as if they w

2The integrated Boltzmann equation@12# is not adequate in the
present problem. As we show in Sec. IV, the spectral shape of
momentum distribution obtained by our scheme is much differ
from the equilibrium one. It should be noticed that the integra
Boltzmann equation assumes that the shape of the momentum
tribution is the same as the equilibrium one. Thus we should so
the momentum dependent Boltzmann equation.
6-3
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massless particles. The relevant reactions are presente
Table I for ne and Table II fornm andnt .3

The collision terms are quite complicated and expres
by nine-dimensional integrations over momentum spa
However, if we neglect electron mass and assume that e
trons obey the Boltzmann distributione2p/T, the collision
terms are simplified to one-dimensional integration form4

ThenCi ,ann is given by@15,16#

Ci ,ann52
1

2p2E p8 i
2dpi8~sv ! i@ f i~pi ! f i~pi8!

2 f eq~pi ! f eq~pi8!#, ~8!

where f eq@51/(epi /T11)# is the equilibrium distribution
and (sv) i is the differential cross sections given by

~sv !e5
4GF

2

9p
~CV

21CA
2 !pp8, ~9!

~sv !m,t5
4GF

2

9p
~C̃V

21C̃A
2 !pp8, ~10!

where we take

CV5 1
2 12 sin2uW , CA5 1

2 ,
~11!

C̃V5CV21 ~C̃A5CA21!,

anduW is Weinberg angle (sin2uW.0.231) @27#.
As for elastic scattering processes,Ci ,scatis also simplified

to one dimensional integration~see the Appendix!, and it is
expressed as

3Here we neglect the neutrino self-interactions. This may lead
underestimate the kinetic equilibrium rate for high reheating te
peratures. However, we think that this effect does not change
results very much. The interactions between electrons and neut
are the most important because they transfer the energy of the
mal bath to neutrinos. The self-interactions of the neutrinos can
increase the energy density of neutrinos but mainly change t
momentum distribution. Furthermore, the neutrino number dens
are much smaller than the electron number density at low rehea
temperature with which we are concerned. Thus differences ca
by the neutrino self interactions are expected to be small.

4The errors due to neglecting the electron mass are small and
deviation is just a few percent. We list the reasons as follows.
difference between Fermi-Dirac and Maxwell-Boltzmann distrib
tion ‘‘ d f ’’ is less than 1 at mostd f,1.0. The week interaction rat
is almost expressed by^sv&ne /H(t), where^sv&;GF

2me
2 andne is

an electron number density. Then the error is at most estimate
^sWv&ne /H(t)3d f&1022 ~for T&0.5 MeV). Therefore the de
viation is a few percent and neglecting the electron mass does
change the results. The other methods of the approximation to
duce the integral from nine to two dimensions in which the elect
mass is not neglected are presented in Refs.@13,14#.
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Ci ,scat5
GF

2

2p3
~CV

21CA
2 !F2

f i

pi
2 S E

0

pi
dpi8F1~pi ,pi8!

3@12 f i~pi8!#1E
pi

`

dpi8F2~pi ,pi8!@12 f i~pi8!# D
1

12 f i~pi !

pi
2 S E

0

pi
dpi8B1~pi ,pi8! f i~pi8!

1E
pi

`

dpi8B2~pi ,pi8! f i~pi8! D G , ~12!

where (CV
21CA

2) should be replaced by (C̃V
21C̃A

2) for i
5m,t, and the functionsF1 ,F2 ,B1 ,B2 are given by

F1~p,p8!5D~p,p8!1E~p,p8!e2p8/T,

F2~p,p8!5D~p8,p!e(p2p8)/T1E~p,p8!e2p8/T,

B1~p,p8!5F2~p8,p!, B2~p,p8!5F1~p8,p!, ~13!

where

D~p,p8!52T4~p21p8212T~p2p8!14T2!,

E~p,p8!52T2@p2p8212pp8~p1p8!T12~p1p8!2T2

14~p1p8!T318T4#. ~14!

Together with the above Boltzmann equations, we sho
solve the energy-momentum conservation equation in the
panding universe:

dr~ t !

dt
523H~ t !@r~ t !1P~ t !#, ~15!

wherer(t)5rf1rg1re1rn is the total energy density o
f ’s, photons, electrons, and neutrinos and is given by

r~ t !5rf~ t !1
p2Tg

4

15
1

2

p2E dqq2Ee

exp~Ee /Tg!11

1
1

p2E dqq3f ne
~q!1

2

p2E dqq3f nm
~q!, ~16!

where Ee5Aq21me
2 is the electron energy.P(t)[Pg(t)

1Pe6(t)1Pn(t) is the total pressure,

P~ t !5
p2Tg

4

45
1

2

p2E dqq4

3Ee@exp~Ee /Tg!11#

1
1

3p2E dqq3f ne
~q!1

2

3p2E dqq3f nm
~q!.

~17!

H(t) is the Hubble parameter,
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H~ t !5
ȧ~ t !

a~ t !
5

1

A3MG

Ar~ t !. ~18!

The time evolution equation ofrf is given by
he
de
th
.
in

e
t

en

e
he
n

02350
drf

dt
52Grf23Hrf . ~19!

We solve the time evolution of the photon temperature
stead of Eq.~15!,
dTg

dt
52

2rf /tf14Hrg13H~re61Pe6!14Hrn1drn /dt

]rg /]Tgua(t)1]re6 /]Tgua(t)

, ~20!

together with Eqs.~5!, ~18!, and~19!.
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III. OBSERVATIONAL LIGHT ELEMENT ABUNDANCES

In this section we briefly show the current status of t
observational light element abundances. Concerning the
terium abundance, the primordial D/H is measured in
high redshift quasistellar orbject~QSO! absorption systems
For the most reliable D abundance, we adopt the follow
value which is obtained by the clouds atz53.572 towards
Q193721009 and atz52.504 towardsQ100912956 @17#,

D/H5~3.3960.25!31025. ~21!

On the other hand, recently the high deuterium abundanc
reported in relatively low redshift absorption systems az
50.701 towards Q171814807 @18#, D/H5(2.060.5)
31024. Another group also observes the clouds indep

FIG. 1. Time evolution of the cosmic temperature~a! for TR

510 MeV, and~b! for TR52 MeV. The dashed line denotes th
neutrino temperature which can be defined only when they are t
malized sufficiently and have the perfect Fermi-Dirac distributio
u-
e

g

is

-

dently @19#. However, because they do not have full spec
of the Lyman series, the analyses would be unreliable. M
recently Kirkmanet al. @20# observed the quasar absorptio
systems atz52.8 towardsQ013024021 and they obtain the
upper bound D/H&6.731025. Moreover Molaroet al. re-
ported D/H.1.531025 which was observed in the absorb
at z53.514 towards APM 0827915255 although it has the
large systematic errors in the hydrogen column density@21#.
Considering the current situation, we do not adopt the h
deuterium value in this paper.

The primordial 4He mass fractionYp is observed in the
low metalicity extragalactic HII regions. Since4He is pro-
duced with oxygen in the star, the primordial value is o
tained to regress to the zero metalicity O/H→0 for the ob-
servational data. Using the 62 blue compact galaxies~BCG!
observations, it was reported that the primordialY is rela-

r-
.

FIG. 2. Time evolution of the fraction of the energy density
ne ~solid curve! andnm ~dashed curve! to that of the standard big
bang scenario for~a! TR510 MeV and~b!TR52 MeV. Since the
interaction ofnt is as same asnm , the curve ofnm also represents
nt .
6-5
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tively ‘‘ low,’’ Yp.0.234 @22#. However, recently it is
claimed that HeI stellar absorption is an important eff
though it was not included in the previous analysis@23#
properly. They found the relatively ‘‘high’’ primordial value
Yp50.24560.004. More recently Fields and Olive@24# also
reanalyze the data including the HeI absorption effect
they obtain

Yp50.2386~0.002!stat6~0.005!syst, ~22!

where the first error is the statistical uncertainty and the s
ond error is the systematic one. We adopt the above valu
the observationalYp .

The primordial 7Li/H is observed in the Pop II old halo
stars. In general a halo star whose surface effective temp
ture is low~the mass is small!, has the deep convective zon
For such a low-temperature star, the primordial7Li is con-
siderably depleted in the warm interior of the star. On
other hand for the high-temperature stars (Teff*5500 K), it
is known that the primordial abundance is not changed
they have a ‘‘plateau’’of the7Li as a function of the effec-
tive temperature. In addition, though it is also known th
7Li/H decreases with decreasing Fe/H,7Li still levels off at
lower metalicity, @Fe/H#&21.5, in the plateau stars. W
adopt the recent measurements which are observed by B
facio and Molaro@25#. They observed 41 old halo sta
which have the plateau. We take the additional larger s
tematic error, because there may be underestimates in
stellar depletion and the production by the cosmic ray sp
lation. Then we obtain

log10~
7Li/ H !529.766~0.012!stat6~0.05!syst6~0.3!add.

~23!

IV. NEUTRINO THERMALIZATION AND BBN

A. Time evolution of neutrino spectrum

The evolution of the cosmic temperatureT is shown in
Fig. 1~a! for TR510 MeV and~b! for TR52 MeV. In Fig.
1~a!, it is seen that the temperature decreases slowly ast21/4,
i.e., a23/8 before the decay epoch,t.G21(.531022 sec)
which corresponds toTR510 MeV. This is because the ac
tual decay is not instantaneous andf decays into radiation
continuously at the rateG @26#. Then the universe is still in
matter dominated~MD!. After the decay epocht@G21, all
f particles decay and the temperature decreases asa21 and
t21/2. Then the universe becomes radiation-dominated ep
Since at the temperatureT&0.5 MeV (t*3 sec), electrons
and positrons annihilate into photonse1e2→2g, the tem-
perature is slightly heated. From Fig. 1~b! we can see that the
temperature decreases ast21/4 until the decay epoch (t
&0.1 sec) which corresponds toTR52 MeV. After the de-
cay epoch, the temperature decreases ast21/2 @radiation
dominated~RD!#. In the actual computation we take an in
tial condition that there exists the net radiation energy d
sity though the universe is in MD. This represents the sit
tion that the massive particle necessarily dominated
universe as it expands. On the other hand, even if there a
first no radiationrR.0, i.e.,T.0 which corresponds to th
02350
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initial condition of the oscillation epoch after the primordi
inflation or thermal inflation, the cosmic temperature imm
diately tracks the same curvet21/4 and then their decay es
tablish the radiation dominated universeT}t21/2. Therefore
our treatment is quite a general picture for each entropy p
duction scenario and it does not depend on whether the
initial radiation energy exists or not, only if once the unstab
nonrelativistic particles dominate the energy density of
universe.

In Fig. 2 we show the evolutions ofrne
and rnm

(5rnt
) ~a! for TR510 MeV and~b! 2 MeV. From Fig. 2~a!

we can see that ifTR510 MeV, cosmic energy density is a
same as the case of standard big bang cosmology. As sh
in Fig. 2~b!, however, the energy density of each neutri
species forTR52 MeV is smaller than the case of standa
scenario. Since the electron neutrinos interact with electr
and positrons through both charged and neutral currents,
are more effectively produced from the thermal bath than
other neutrinos which have only neutral current interactio
The final distribution functionsf e and f m(5 f t) are shown in
Fig. 3 ~a! for TR510 MeV and ~b! 2 MeV. For TR
510 MeV, each neutrino is thermalized well and the perf
Fermi-Dirac distribution is established. ForTR52 MeV,
however, the distributions are not thermal equilibriu
forms.5

In Fig. 4 we can see the change of the effective numbe
neutrino speciesNn

eff as a function of the reheating temper
ture TR . If TR*7 MeV, Nn

eff is almost equal to 3 and

5As we noted in Sec. II, we must not use the integrated Boltzm
equation instead of the momentum-dependent Boltzmann equa
in the present problem because the former assumes the equilib
distribution. To see this, let us define the ratioRE for a neutrino

species byRE5(rn /nn)/(3.151T̃n), wherern is the neutrino en-

ergy density,nn is the neutrino number density,T̃n is the effective
neutrino temperature which is defined by the neutrino number d

sity asT̃n[$2p2/@3z(3)#nn%
1/3. Here bothrn andnn are computed

by integrating the neutrino distribution function which is obtain
by solving the momentum-dependent Boltzmann equation.RE ap-
proximately represents the ratio of the mean energy per neutrin
the thermal equilibrium one. If the neutrino is in thermal equili
rium, RE is unity. In the case of the integrated Boltzmann equati
because it is assumed that the shape of the neutrino distributio
the same as the equilibrium one at any time,RE is necessarily unity.
On the other hand, in the case of our scheme, i.e., the momen
dependent Boltzmann equation,RE cannot be unity. We have com
puted the ratioRE in some representative reheating temperatures
electron neutrinos and have found that they deviated from u
more at the lower reheating temperatures,RE51.00, 1.03, and 1.50
~for TR510, 3, and 1 MeV!. Moreover at reheating temperature
lower than 1 MeV, the deviation is much larger. This result tells
that the neutrino distribution deviates from the thermal equilibriu
shape considerably at low reheating temperatures and we sh
solve the momentum-dependent Boltzmann equation.RE has the
tendency to increase as the reheating temperature decreases. T
because neutrinos are produced by the annihilation of elect
positron pairs whose mean energy per particle is larger than tha
neutrinos.
6-6
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neutrinos are thermalized very well. We can assume th
corresponds to the initial condition which has always be
used for standard big bang cosmology. On the other han
TR&7 MeV, Nn

eff becomes smaller than 3.

B. Neutrino thermalization and neutron to proton ratio

If the neutrinos are not thermalized sufficiently and do n
have the perfect Fermi-Dirac distribution, i.e., in this ca
there is the deficit of the neutrino distribution due to the lo
reheating temperature, it considerably influences the p
duced light element abundances. In particular, the abund
of the primordial 4He is drastically changed. The change
the neutrino distribution function influences the neutrino e
ergy density and the weak interaction rates between pro
and neutrons. At the beginning of BBN (T;1 –0.1 MeV! the
competition between the Hubble expansion rateH and the
weak interaction ratesGn↔p determines the freeze-out valu
of neutron to proton ration/p. After the freeze-out time
neutrons can change into protons only through the free de
with the lifetimetn . Since 4He is the most stable light ele
ment and the almost all neutrons are synthesized into4He,
the abundance of the primordial4He is sensitive to the
freeze-out value of neutron to proton ratio.

If the neutrino energy density gets smaller than that of
standard BBN~SBBN!, Hubble expansion rate which is pro
portional to the square of the total energy density is a
decreased. Then the freeze out time becomes later and tb
equilibrium between neutrons and protons continues
longer time. As a result less neutrons are left. In this case
predicted4He is less than the prediction of SBBN. The e
fect due to the speed-down expansion is approximately e
mated by

DY.20.1~2Dr tot /r tot!, ~24!

where Y is the mass fraction of4He andr tot is the total
energy density of the universe.

FIG. 3. Distribution function ofne ~solid curve! andnm ~dashed
curve! ~a!for TR510 MeV and ~b!for TR52 MeV. The dotted
curve is the Fermi-Dirac distribution function. Since the interact
of nt is as same asnm , the curve ofnm also representsnt .
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Moreover, when the electron neutrino is not thermaliz
there is an interesting effect by which more4He are pro-
duced. The weak reaction rates are computed by integra
neutrino distribution functions which are obtained by solvi
Boltzmann equations numerically. Using the neutrino dis
bution functions, the six weak interaction rates between n
trons and protons are represented by

Gn→pe2n̄e
5KE

0

Q2me
dpne

FA~pne
2Q!22me

2

3~Q2pne
!

pne

2

11e(pne
2Q)/Tg

@12 f ne
~pne

!#G ,

~25!

Gne1→pn̄e
5KE

Q1me

`

dpne
FA~pne

2Q!22me
2

3~pne
2Q!

pne

2

e(pne2Q)/Tg11
@12 f ne

~pne
!#G ,

~26!

Gnne→pe25KE
0

`

dpne
FA~pne

1Q!22me
2

3~pne
1Q!

pne

2

11e2(pne
1Q)/Tg

f ne
~pne

!G ,

~27!

FIG. 4. Effective number of neutrino speciesNn
eff as a function

of reheating temperatureTR . The top horizontal axis denotes th
lifetime which corresponds toTR .
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Gpe2n̄e→n5KE
0

Q2me
dpne

FA~pne
2Q!22me

2

3~Q2pne
!

pne

2

e2(pne2Q)/Tg11
f ne

~pne
!G ,

~28!

Gpe2→nne
5KE

0

`

dpne
FA~pne

1Q!22me
2

3~Q1pne
!

pne

2

e(pne1Q)/Tg11
@12 f ne

~pne
!#G ,

~29!

Gpn̄e→ne15KE
Q1me

`

dpne
FA~pne

2Q!22me
2

3~Q2pne
!

pne

2

11e2(pne2Q)/Tg
f ne

~pne
!G ,

~30!

where Q5mn2mp51.29 MeV andK is a normalization
factor which is determined by the neutron life timetn asK
.(1.636tn)21 and tn is obtained by the experiments@27#.
From the above equations we can see that if neutrino
antineutrino distribution functions are decreased, bothb de-
cay rates Gn→p5Gn→pe2n̄e

1Gne1→pn̄e
1Gnne→pe2 and

Gp→n5Gpe2n̄e→n1Gpe2→nne
1Gpn̄e→ne1 are simultaneously

decreased by the following reasons. The dominant effect
the deficit of the distribution functions are to decrease
rates Gnne→pe2, Gpe2n̄e→n and Gpn̄e→ne1 which have the
neutrino or anti-neutrino in the initial state. On the oth
hand, though the other ratesGn→pe2n̄e

, Gne1→pn̄e
, and

Gpe2→nne
which have the neutrino or anti-neutrino in th

final state are slightly increased due to Fermi-blocking fac
(12 f n), the ratio of the differenceD f n to (12 f n) is much
smaller than that ofD f n to f n , i.e.,

uD f n /~12 f n!u!uD f n / f nu for f n!1. ~31!

Therefore, the enhancement is small and the latter effe
not important. In total, both weak interaction ratesGn→p and
Gp→n decrease and become smaller than those of SBBN
Fig. 5 the weak interaction ratesGn→p andGp→n are plotted.
The solid lines denote the case ofTR510 MeV which cor-
responds to the standard big bang scenario. The dotted
denote the case ofTR51 MeV. In the plot we can see tha
the insufficient thermalization of the neutrino distributio
derives the changes of the weak interaction rates.

The decrease of weak interaction rates gives signific
effects on the abundance of4He. When the weak interactio
rate Gn↔p decreases, the Hubble expansion rate beco
more rapid than that of the weak interaction rate earl
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Namely, the freeze-out time becomes earlier. Then
freeze-out value of neutron to proton ratio becomes lar
than in SBBN and it is expected that the predicted4He abun-
dance becomes larger. The above effect is approximately
timated by

DY.10.19~2DGn↔p /Gn↔p!. ~32!

In Fig. 6 we plot the time evolution of the neutron t
proton ratio. In Fig. 6~a! we change only the number of neu
trino species in SBBN. The dotted line denoten/p for Nn

eff

51.37 which corresponds to the effective number of ne
trino species in the case ofTR52 MeV in the late-time
entropy production scenario. Then we find that the predic
n/p curve is lower than that ofNn

eff53 due to only the speed
down effects or the later decoupling. In Fig. 6~b! we plot the
time evolution ofn/p when we change the reheating tem
perature in the late-time entropy production scenario. T
dotted line denotes the case ofTR52 MeV. Comparing to

FIG. 5. Weak interaction rates (sec21) between neutron and
proton. The upper curves areGn→p . The lower curves areGp→n .
The solid lines denote the case ofTR510 MeV which corresponds
to the standard big bang scenario. The dotted lines denote the
of TR51 MeV in the late-time entropy production scenario. Noti
that Gn→p

21 reachestn5887 sec at low temperature.

FIG. 6. Evolution of neutron to proton ratio as a function of t
temperature,~a! when we change only the number of neutrino sp
cies in the standard big bang scenario and~b! when we change the
reheating temperature in the late-time entropy production scen
The dashed line is the thermal equilibrium curve (5e2Q/T).
6-8
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the case ofNn
eff51.37 in Fig. 6~a!, the n/p ratio becomes

larger. It is because the weak interaction rates are decre
by the deficit of the distribution function. Moreover in th
case ofTR51 MeV then/p ratio becomes much larger.

C. Neutrino thermalization and light element abundances

Next we perform Monte Carlo simulation and the ma
mum likelihood analysis@28# to discuss how the theoretica
predictions with the low reheating temperature scena
agree with the observational light element abundances
Fig. 7 we plot the4He mass fractionY as a function ofTR at
h55310210 ~solid line!. The dashed line denotes the virtu
4He mass fraction computed by including only the spe
down effect due to the change of the effective number
neutrino species which is shown in Fig. 4. The dotted l
denotes the predicted value ofY in SBBN ath55310210.
For TR*7 MeV, the solid line and dashed line are qu
equal to the value in SBBN. AsTR decreases, both the soli
and dashed lines gradually decrease because of the s
down effect due to the change ofNn

eff . The dashed line con
tinues to decrease as the reheating temperature decreas

On the other hand, forTR&2 MeV the effect that the
weak interaction rates are weakened due to the deficit of
neutrino distribution function begins to become importa
and the predicted value ofY begins to increase asTR de-
creases. ForTR&1 MeV, since it is too late to produc
enough electrons whose mass is aboutme50.511 MeV, the
weak interaction rates are still more weakened andY steeply
increases asTR decreases.

In Fig. 8 we plot the contours of the confidence level
the h-TR plane. The solid line denotes 95% C.L. and t
dotted line denotes 68% C.L. The filled square is the bes
point between the observation and theoretical predictio
The observational data are consistent with the high baryo

FIG. 7. 4He mass fractionYp as a function ofTR ~solid line! at
h55310210. The dashed line denotes the virtual4He mass frac-
tion computed by including only the speed down effect due to
change of the effective number of neutrino species which is sh
in Fig. 4. The dotted line denotes the value predicted in SBBN
h55310210. The long-dashed line denotes the observationals
upper bound,Yobs;0.252 which is obtained by summing the erro
in quadrature. The top horizontal axis represents the lifetime wh
corresponds toTR .
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photon ratioh;(326)310210. From Fig. 8 we find that
TR&0.7 MeV is excluded at 95 % C.L. In other wardsTR as
low as 0.7 MeV is consistent with BBN. ThenNn

eff can be as
small as 0.1 and it definitely influences the formation of t
large scale structure and CMB anisotropy as is seen in S
VI.

V. HADRON INJECTION BY MASSIVE PARTICLE
DECAY

A. Hadron jets and e¿eÀ collider experiments

In the previous section we discussed only the case
which the parent massive particlef decays into photons o
the other electro-magnetic particles. In this section we c
sider the entropy production process along with the had
injection, i.e., the case in which the massive particle h
some decay modes into quarks or gluons. Then the em
quark-antiquark pairs or gluons immediately fragment in
hadron jets and as a result a lot of mesons and baryons,
pions, kaons, nucleons~protons and neutrons! are emitted
into the electromagnetic thermal bath which is constituted
photons, electrons, and nucleons.

For example, if the gravitinocm is the parent particle
which produces the large entropy, it could have a hadro

decay mode~e.g., cm→g̃qq̄) with the branching ratioBh

.O (a) at least even if the main decay mode is onlycm

→g̃g (g̃: photino) @29#. Then about 0.6–3 hadrons a
produced for mf.12100 TeV. In addition the emitted
high-energy photons whose energy is aboutmf/2 scatter off
the background photons and could also produce the qu
antiquark pairs through the electromagnetic interaction.
the cosmic temperature.O(MeV), the energy in the cente
of mass frame isAs.2220 GeV for mf.12100 TeV.
Then the number of the produced hadrons is about 2
which effectively corresponds to the hadron branching ra
Bh;1022 if we assume that the hadron fragmentation
similar to the results ofe1e2 collider experiments. Thus
Bh should not become less than about 1022 for gravitino

e
n
t

h

FIG. 8. Contours of the confidence level in (h,TR) plane. The
inner ~outer! curve is 68%~95%! C.L. The filled square denotes th
best fit point. The right vertical axis denotes the lifetime whi
corresponds toTR .
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M. KAWASAKI, K. KOHRI, AND NAOSHI SUGIYAMA PHYSICAL REVIEW D 62 023506
decay.6 For the other candidate, if the ‘‘flaton’’ is the pare
particle as in thermal inflation model, it would also have
hadronic decay mode (f→gg) @3# if the flaton mass is
larger than 1 GeV.

If once such hadrons are emitted to the electromagn
thermal bath in the beginning of the BBN epoch~at
T.10–0.1 MeV!, they quickly transfer all the kinetic energ
into the thermal bath through the electromagnetic interac
or the strong interaction. Through such thermalization p
cesses the emitted high-energy hadrons scatter off the b
ground particles, and then they induce some effects on B
Especially, the emitted hadrons extraordinarily interconv
the ambient protons and neutrons through the strong inte
tion even after the freeze-out time of the neutron to pro
ratio n/p. For the relatively short lifetime (tf.1022–
102 sec) in which we are interested, the above effect
duces the significant change in the previous discuss
Namely, protons which are more abundant than neutrons
changed into neutrons by the hadron-proton collisions
the ration/p increases extremely. Because4He is the most
sensitive to the freeze out value ofn/p, the late-time hadron
injection scenario tends to increaseYp .

Reno and Seckel@30# investigated the influences of th
hadron injection on the early stage of BBN. They co
strained the lifetime of the parent particle and the num
density comparing the theoretical prediction of the light e
ment abundances with the observational data. Here we b
cally follow their treatment and apply it to the scenario
late-time entropy production with hadron injections.

The emitted hadrons do not scatter off the backgrou
nucleons directly. At first hadrons scatter off the backgrou
photons and electrons because they are much more abu
than nucleons. Fort&200 sec, the emitted high-energy ha
rons are immediately thermalized through the electrom
netic scattering and they reach kinetic equilibrium befo
they interact with the ambient protons and neutrons. Then
use the threshold cross section^sv&N→N8

Hi for the strong in-
teraction processN1Hi→N81••• between hadronHi and
the ambient nucleonN, whereN denotes protonp or neutron
n. The strong interaction rate is estimated by

G
N→N8

Hi 5nN^sv&N→N8

Hi .108 sec21f N

3S h

1029D S ^sv&N→N8

Hi

10 mb
D S T

2 MeVD 3

, ~33!

where nN is the number density of the nucleon spec
N, h is the baryon to photon ratio (5nB /ng), nB de-
notes the baryon number density (5np1nn), and f N is the
nucleon fraction ([nN /nB). This equation shows that ever
hadron whose lifetime is longer thanO(1028) sec contrib-
utes to the interconverting interaction between neutron
proton at the beginning of BBN. Hereafter we will consid

6If the decay modecm→g̃g(g̃: gluino) is kinematically al-
lowed, the hadronic branching ratio becomes close to 1.
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only the following long-lived hadrons~mesons,p6, K6, and
KL and baryonsp, p̄, n, and n̄). For the relevant proces
(N1p6→N8••• andN1K2→N8•••, etc.!, we can obtain
the cross sections in Refs.@30,31#. Here we ignore theK1

interaction becausen1K1→p1K0 is the endothermic reac
tion which hasQ52.8 MeV.

We estimate the average number of emitted hadron s
ciesHi per onef decay as

NHi5BhNjetf Hi

^Nch&
2

, ~34!

where ^Nch& is the averaged charged-particle multiplici
which represents the total number of the charged parti
emitted per two hadron jets,f Hi

is the number fraction of the

hadron speciesHi to all the emitted charged particles,Bh is
the branching ratio of the hadronic decay mode, andNjet is
the number of the produced jets per onef decay.

Here it is reasonable to assume that the averaged cha
particle multiplicity ^Nch& is independent of the the sourc
because the physical mechanism which governs the pro
tion of hadron jets is quite similar and does not depend
the detail of the origin only if the high-energy quark
antiquark pairs or gluons are emitted. We adopt the d
which are obtained by thee1e2 collider experiments. The
CERNe1e2 collider LEPII experiments~Aleph, Delphi, L3,
and OPAL! recently gave us the useful data fo
As5130–172 GeV@27#. We adopt the following fitting
function for As51.4–172 GeV@31#:

^Nch&51.7310.268 exp~1.42Aln~s/L2!!, ~35!

whereAs denotes the center of mass energy, the functio
shape is motivated by the next-to-leading order perturba
QCD calculations,L is the cutoff parameter in the perturba
tive calculations and we takeL51 GeV. In Fig. 9 we plot
the charged particle multiplicity for As51 GeV
2100 TeV. The error of the fitting is about 10%. Using th
available data@27,31,32#, we obtain the emitted hadron frac
tion f Hi

[nHi/^Nch&,

FIG. 9. Plot of the charged particle multiplicitŷNch& for the
center of mass energyAs51 GeV2100 TeV.
6-10
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f p150.64, f p250.64,

f K150.076, f K250.076, f KL
50.054 ~36!

f p5 f p̄50.035, f n5 f n̄50.034,

wherenHi is the number of the emitted hadron speciesHi
which is defined as the value after bothKS and L0 had
completely finished to decay.7 As we find easily, almost al
the emitted particles are pions which are the lightest mes
To apply the data of thee1e2 collider experiments, we take
As52Ejet in ^Nch& where Ejet denotes the energy of on
hadron jet because the^Nch& is obtained by the result for two
hadron jets.

B. Formulation in hadron injection scenario

In this section we formulate the time evolution equatio
in the late-time hadron injection scenario. As we mention
in the previous section, the hadron injection at the beginn
of BBN enhances the interconverting interactions betw
neutron and proton equally and the freeze out value ofn/p
can be extremely increased. Then the time evolution eq
tions for the number density of a nucleonN(5p,n) is rep-
resented by

dnN

dt
13H~ t !nN5FdnN

dt G
weak

2Gfnf~KN→N82KN8→N!,

~37!

whereH(t) is Hubble expansion rate,@dnN /dt#weak denotes
the contribution from the weak interaction rates which a
obtained by integrating the neutrino distribution functions
discussed in Sec. IV, see Eqs.~25!–~30!, nf5rf /mf is the
number density off, KN→N8 denotes the average numb
of the transitionN→N8 per onef decay.

The average number of the transitionN→N8 is expressed
by

KN→N85(
Hi

NHiR
N→N8

Hi , ~38!

whereHi runs the hadron species which are relevant to
nucleon interconverting reactions,NHi denotes the averag
number of the emitted hadron speciesHi per onef decay
which is given by Eq.~34!, andR

N→N8

Hi denotes the probabil
ity that a hadron speciesHi induces the nucleon transitio
N→N8,

7The summation off Hi
is obviously more than 1 because th

experimental fitting of̂ Nch& is defined as a value beforeKS andL0

decay@32#. Here we assume thatf Hi
does not change significantl

in the energy rangeAs.10 GeV–100 TeV. Since we do not hav
any experimental data for the high-energy region more than a
200 GeV, we extrapolatêNch& to the higher-energy regions and w
take f Hi

as a constant.
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N→N8

Hi 5
G

N→N8

Hi

Gdec
Hi 1Gabs

Hi
, ~39!

where Gdec
Hi 5tHi

21 is the decay rate of the hadronHi and

Gabs
Hi [G

N→N8

Hi 1G
N8→N

Hi 1GN→N
Hi 1G

N8→N8

Hi is the total absorp-
tion rate ofHi .

C. Hadron injection and BBN

In this subsection we compare the theoretical predict
of the light element abundances in the hadron injection s
nario to the observational light element abundances. In
computations we assume that the massive particle de
into three bodies (Ejet5mf/3) and two jets are produced a
the parton level (Njet52).8 In the computing we take the
branching ratio of the hadronic decay modeBh5O(1022

21).
As we noted in the previous subsections, it is a rema

able feature that the predictedYp tends to increase in the
hadron injection scenario because4He is the most sensitive
to the freeze-out value of the neutron to proton ratio. Sin
protons which are more abundant than neutrons are cha
into neutrons through the strong interactions rapidly,
freeze out value ofn/p increase extremely if once the ne
hadrons are emitted. In Fig. 10 we plot the predicted4He
mass fractionYp as a function ofTR for ~a! mf5100 TeV
and~b! mf510 GeV. The solid curve denotes the predict
Yp . Here we take the branching ratio of the hadronic dec
mode asBh51 ~right one! andBh50.01~left one!. The dot-
dashed line denotesBh50. The dashed line denotes the vi
tual value ofYp computed by including only the speed dow
effect due to the change of the effective number of neutr
species. The dotted line denotes the prediction in SBBN

As we mentioned in the previous section, the speed do
effect due to deficit of the electron neutrino distribution fun
tion are not important forTR*7 MeV. In addition since it is
high enough to keepn/p.1 for the cosmic temperatureT
*7 MeV, the enhancements of the interconverting inter
tion betweenn and p due to the hadron emission do n
induce any changes on the freeze-out value ofn/p. As TR
decreases (TR&7 MeV), Yp also decreases gradually b
cause the speed down effect on the freeze-out value ofn/p
begins to be important. On the other hand, if a lot of hadro
are emitted when the cosmic temperature isT&6 –7 MeV
and the ration/p is less than 1, they enhance the interco
verting interactions more rapidly. As a result, the ration/p
attempts to get closer to one again although the cosmic t

ut

8The above choice of the set of model parametersEjet andNjet is
not unique in general and is obviously model dependent. Howe
since^Nch& has the logarithmic dependence ofEjet , we should not
be worried about the modification ofEjet by just a factor of 2. On
the other hand in Eq.~37!, the second term on the right-hand sid
scales as}Njet /mf . For the modification ofNjet , therefore, we
only translate the obtained results according to the above sca
rule and push the responsibility off ontomf .
6-11
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perature is still low. Thus the above effects extremely
crease the freeze-out value ofn/p and is much more effec
tive than the speed down effects. Namely, the producedYp
becomes larger very sensitively only ifTR is just a little
lower than 6–7 MeV. One can obviously find that this effe
becomes more remarkable for the largerBh .

To understand how it depends on mass, it is convenien
introduce the yield variableYf which is defined by

Yf[nf /s, ~40!

FIG. 10. Plot of the predicted4He mass fractionYp as a func-
tion of TR for ~a! mf5100 TeV and~b! mf510 GeV ath55
310210. The solid curve denotes the predictedYp where we take
the branching ratio of the hadronic decay mode asBh51 ~right one!
and Bh50.01 ~left one!. The dot-dashed line denotesBh50. The
dashed line denotes the virtualYp curve computed by including
only the speed down effect due to the change of the effective n
ber of neutrino species. The dotted line denotesYp in SBBN. The
long-dashed line denotes the rough observational twos upper
bound thatYp should be less than about 0.252. The top horizon
axis represents the lifetime which corresponds toTR .

FIG. 11. Contours of the confidence levels formf5100 TeV in
(h,TR) plane for the branching ratio of the hadronic decay mode~a!
Bh51 and~b! Bh51022. The solid line denotes 95% C.L. and th
dotted line denotes 68% C.L. The filled square is the best fit p
between the observation and theoretical prediction for D,4He, and
7Li. The right vertical axis represents the lifetime which corr
sponds toTR .
02350
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wheres denotes the entropy density in the universe. Beca
Yf is a constant only while the universe expands without a
entropy production, it represents the net number density of
per comoving volume. For simplicity let us consider the i
stantaneous decay off and assume that the reheating pr
cess is completed quickly. Because the radiation energ
the thermal bath or entropys52p2g* /45TR

3 is produced
only from the decay products off, Yf is approximately
estimated usingTR andmf by

Yf.0.28
TR

mf
. ~41!

From the above equation, we can see that for the fixed va
of TR the net number off, i.e., the net number of the emitte
hadrons, becomes larger for the smaller mass. Compa
Fig. 10~a! with Fig. 10~b!, we find that the theoretical curv
of Yp for the case ofmf510 GeV is enhanced more steep
and the starting point to increaseYp becomes higher than fo
the case ofmf5100 TeV.

Since the other elements~D and 7Li) are not so sensitive
as 4He, it is expected that the observational value ofYp
constrainsTR most strongly. In order to discuss how a lo
reheating temperature is allowed by comparing the theor
cal predictions with observational values~D, 4He, and7Li),
we perform the Monte Carlo simulation and maximum lik
lihood analysis as discussed in Sec. IV. In addition to
case of Sec. IV we take account of the following uncerta

-

l

t

FIG. 12. Contours of the confidence levels formf510 GeV for
the same theory parameters as in Fig. 11.

FIG. 13. Lower bound onTR as a function ofmf for the branch-
ing ratio of the hadronic decay mode~a! Bh51 and~b! Bh51022.
The solid line denotes 95% C.L. and the dotted line denotes 6
C.L. The right vertical axis represents the lifetime which cor
sponds toTR .
6-12
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ties, the error for the fitting of̂Nch& as 10%@31# and the
experimental error for each cross section of the hadron in
action as 50%. Because there are not any adequate ex
mental data for the uncertainties of cross sections@30,31#,
here we take the larger values to get a conservative c
straint.

In Fig. 11 we plot the contours of the confidence level
mf5100 TeV in the (h-TR) plane for ~a! Bh51 and ~b!
Bh51022. The solid line denotes 95 % C.L., the dotted li
denotes 68 % C.L. and the filled square is the best fit p
between the observation and theoretical prediction for
4He, and7Li. The baryon to photon ratio which is consiste
with the observational data is restricted in the narrow reg
h.(426)310210. From Fig. 11~a!, we find that TR
&3.7 MeV is excluded at 95% C.L. forBh51. On the other
hand, from Fig. 11~b! we obtain the milder constraint tha
TR&2.5 MeV is excluded at 95 % C.L. forBh51022. In
Fig. 12 we plot the contours of the confidence level formf
510 GeV in the same way as Fig. 11. Compared to Fig.
as we mentioned above, we find that the lower bound on
reheating temperature becomes higher for a smaller m
From Fig. 12 we get the lower bound on the reheating te
perature thatTR*5.0 MeV ~4.0 MeV! at 95 % C.L. forBh
51 (Bh51022)

In Fig. 13 the lower bound onTR as a function ofmf are
plotted for ~a! Bh51 and~b! Bh51022. The solid line de-
notes 95 % C.L. and the dotted line denotes 68 % C.L. A
expected, the curve of the lower bound onTR is a gentle
monotonic decreasing function ofmf . In Fig. 13~a!, we can
see thatTR should be higher than 4 MeV at 95 % C.L. fo
Bh51 in mf510 GeV–102 TeV.9 On the other hand, in
Fig. 13~b! we find that the constraint gets milder forBh
51022. It is shown thatTR&2.5 MeV is excluded at 95 %
C.L. for Bh51022. In Fig. 4 we find thatNn

eff can be allowed
as small as 2.8 forBh51 ~1.9 for Bh51022).

D. Summary of hadron injection

In this section we have seen that the BBN constraint
the reheating temperature becomes much more stringen
massive particle has a branching to hadrons. For succe
BBN the reheating temperature should be higher than
24 MeV for the branching ratioBh5121022. The hadron
injection generally occurs if the late-time reheating is cau
by the heavy particle with mass larger than;1 GeV. Many
candidates for the late-time reheating such as SUSY part
and flatons have such large masses and hence the cons
obtained here is crucial in constructing particle physics m
els based on SUSY or thermal inflation models.

For the lower limit of the reheating temperature, the
fective number of the neutrino speciesNn

eff is given by 2.8
and 1.9 forBh51 and 1022, respectively. Since the limiting

9Although we have adopted the experimental error of each had
interaction cross section as 50% in the Monte Carlo simula
because of the lack of data, the lower bound onTR might become
about 10% higher than the above values if we adopt the more se
experimental error of 10% instead of 50%.
02350
r-
eri-

n-

r

t
,

n

,
e

ss.
-

is

n
f a
ful
.5

d

es
aint
-

-

temperature is close to the neutrino decoupling temperat
the deviation ofNn

eff from the standard value~i.e., 3! is small
and hence the detection may not be easy.

However, from more general point of view, it is possib
that light particles with mass&1 GeV are responsible fo
the late-time reheating. In this case, as seen in the prev
section, the reheating temperatures as low as;0.7 MeV are
allowed. For such a low reheating temperature, neutri
cannot be produced sufficiently. Thus the effective num
of the neutrino speciesNn

eff becomes much less than 3. Th
leads to very interesting effects on the formation of lar
scale structures and CMB anisotropies, which we discus
the next section.

VI. CONSTRAINTS FROM LARGE SCALE STRUCTURE
AND CMB ANISOTROPY

In this section, we discuss possibility to set constraints
the late-time entropy production from the large scale str
ture and CMB anisotropies. Hereafter, we only consider
universe models with cosmological constant which are s
gested by recent distant Supernovae~SNe! surveys@33,34#
and measurements of CMB anisotropies@35#.

The late-time entropy production influences formation
the large scale structure and CMB anisotropies since
matter-radiation equality epoch is shifted if the effecti
number of neutrino species changes. The ratio of neut
density to blackbody photon density isrn /rg
5(7/8)(4/11)4/3Nn . Therefore the redshift of matter
radiation equality can be written as a function ofNn :

11zeq54.033104V0h2F11
7

8 S 4

11D
4/3

NnG21

, ~42!

whereV0 is the density parameter andh is the nondimen-
sional Hubble constant normalized by 100 km/s/Mpc.

Let us now discuss distribution of galaxies on lar
scales. For a quantitative analysis, we define the ma
power spectrum in Fourier space asP(k)[^udku2&, wheredk
is the Fourier transform of density fluctuations and^& de-
notes the ensemble average. Hereafter, we assume
Harrison-Zel’dovich power spectrum, which is motivated
the inflation scenario, as an initial shape of the power sp
trum, i.e.,P(k)}k. As fluctuations evolve in the expandin
universe, the shape of the power spectrum is changed.
often introduces the transfer functionT(k) to describe this
modification of the initial power spectrum asP(k)
5AkT(k)2, whereA is an arbitrary constant. In case of sta
dard cold dark matter~CDM! dominated models, Bardeenet
al. @36# found a fitting formula:

T~k!5
ln~112.34q!

2.34q

3@113.89q1~16.1q!21~5.46q!31~6.71q!4#21/4,

~43!

whereq5k/V0h2 Mpc21 when the baryon density is neg
ligible small compared to the total density. It is easy to e

n
n
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plain why q is parametrized byV0h2. This is because CDM
density fluctuations cannot evolve and stagnate during a
diation dominated era. Only after the matter-radiation equ
ity epoch can fluctuations evolve. Therefore the CDM pow
spectrum has a peak which corresponds to the horizon s
of the matter-radiation equality epoch. In fact, the wa
number of the horizon scale at the equality epoch can
written askeq5A2V0(11zeq)H0, whereH0 is the Hubble
constant at present, that is proportional toV0h2. In the actual
observations, distances in between galaxies are measur
units ofh21 Mpc. Therefore to fit the observational data b
the CDM type power spectrum, we usually introduce s
calledshape parameterGs5V0h. It is known that we can fit
the galaxy distribution ifGs.0.2560.05 @37# which sug-
gests a low density universe. If the late-time entropy prod
tion takes place, however, we need to take into accountNn

eff

dependence of the matter-radiation equality epoch@Eq. ~42!#.
ThereforeGs should be written as

Gs51.68V0h/~110.227Nn
eff!. ~44!

We plot contours ofGs on V02Nn
eff plane in Fig. 14. It is

shown that smallerV0 is preferable forNn
eff,3 with the

same value ofGs. We also plot the power spectra forV0

50.3 andh50.7 with differentNn
eff’s in Fig. 15. Here we do

not simply employ the fitting formula but numerically solv
the evolution of density fluctuations@38#. It is shown that the

FIG. 14. Contours ofGs50.2 ~bold!, 0.3, 0.4, 0.5 and 0.6 on th
(V0 ,Nn

eff) plane forh50.7.

FIG. 15. Matter power spectraP(k) of CDM models withNn
eff

50.5, 2, and 3. We takeV050.3,h50.7, andVBh250.02 where
VB is the baryon density parameter.
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peak location of a model with smallerNn
eff shifts to the

smaller scale~larger in k) since smallerNn
eff makes the

equality epoch earlier which means the horizon scale at
equality epoch becomes smaller. We have hope that cur
large scale structure surveys such as 2DF and Sloan Di
Sky Survey~SDSS! may determine the precise value ofGs.

In addition to the shape of the power spectrum, the a
plitude is another important observational quantities to t
models. On very large scales, the amplitude of the po
spectrum is determined by CMB anisotropies which are m
sured by COBE/DMR@8#. Since COBE Differential Micro-
wave Radiometer~DMR! scales are much larger than th
horizon scale of the matter-radiation equality epoch, ho
ever, it is not sensitive to the transfer functionT(k) but the
overall amplitudeA. In order to compare the expected am
plitude of the power spectrum from each CDM model w
large scale structure observations, we employ the spe
mass fluctuations within a sphere of a radius of 8h21 Mpc,
i.e., s8 which is defined as

s8
25^@dM /M ~R!#2&R58h21 Mpc

5
1

2p2E dkk2P~k!W~kR!2uR58h21 Mpc , ~45!

whereW(kR) is a window function for which we employ a
top hat shape asW(kR)[3@sin(kR)2kRcos(kR)#/(kR)3. Eke
et al. @39# obtained the observational value ofs8 which is
deduced from the rich cluster abundance at present as

s85~0.5260.04!V0
20.5210.13V0 . ~46!

Other estimates ofs8 @40# are agreed with their result. Fo
CDM models with standard thermal history, the value ofs8
is a function ofV0 andh. With the late-time reheating, how
ever,s8 for fixed V0 and h becomes larger. The reason
following. Since we fixV0 andh, the normalization factorA
is same regardless of the value ofNn

eff . As is shown in Fig.
15, the amplitude of the power spectrum on 8h21 Mpc, i.e.,
s8, is larger for smallerNn

eff . In Fig. 16, we show the al-
lowed region on theV02h plane forNn

eff50.5, 2, and 3 for
COBE-normalized flat CDM models with the Harrison
Zel’dovich spectrum. The shaded region satisfies the ma
ing condition with the cluster abundance Eq.~46!. For fixed
h, models with smallerNn

eff prefer lowerV0. Recently, the
HST key project on the extragalactic distance scale has
ported thath50.7160.06 (1s) by using various distant in-
dicators@41#. From SNe measurements,V050.2860.8 for
flat models ~see Fig. 7 of Ref.@34#!. CDM models with
Nn

eff50.5;3 are still consistent with above value ofh and
V0. However we expect further precise determination
V0 , h ~from distant SNe surveys and measurements
CMB anisotropies! and s8 ~from 2DF or SDSS! will set a
stringent constraint onNn

eff andTR in the near future.
Finally we discuss the CMB constraint onTR . Let us

introduce temperature angular power spectrumCl wherel is
the multipole number of the spherical harmonic decompo
tion. The rms temperature anisotropy of CMB can be writt
6-14
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as ^uDT/Tu2&5( l(2l 11)Cl /4p. Using Cl , we can extract
various important information of cosmology, such as the c
vature of the universeV0, cosmological constanth, and so
on ~see, e.g., Ref.@42#!. In fact, we can measure the matt
radiation equality epoch by using the height of peaks ofCl .
The peaks are boosted during the matter-radiation equ
epoch. If the matter-radiation equality is earlier, the cor
spondent horizon scale is smaller. Therefore we expect lo
heights for first one or two peaks since these peaks are la
than the horizon scale at the equality epoch and do not su
the boost as is shown in Fig. 17. With the present ang
resolutions and sensitivities of COBE observation@8# or cur-
rent balloon and ground base experiments, however,
impossible to set a constraint onNn

eff . It is expected that
future satellite experiments such as MAP@9# and Planck@10#
will give us a useful information aboutNn

eff . From the Lopez
et al analysis@7#, MAP and Planck have sensitivities th

FIG. 16. Allowed region onV02h plane from observationa
values ofs8 deduced from the rich cluster abundance at presen
flat CDM models. Models withNn

eff50.5, 2, and 3 are plotted.

FIG. 17. Power spectra of CMB anisotropies~left top panel! and
polarization~right top panel! of models withNeff

eff53, 2, and 0.5.
Bottom two panels show@Cl(Neff)2Cl(3)#/Cl(3) with Neff

eff

52.9,2.5 and 2 for CMB anisotropies~left bottom! and polarization
~right bottom!.
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eff*0.1 ~MAP! and 0.03~Planck! including polarization

data, even if all cosmological parameters are determined
multaneously~see also Fig. 17!. From such future observa
tions of anisotropies of CMB, it is expected that we c
precisely determineTR .

VII. CONCLUSION

In this paper we have investigated the various cosmolo
cal effects induced by the late-time entropy production d
to the massive particle decay. The neutrino distribution fu
tions have been obtained by solving the Boltzmann equat
numerically. We have found that if the large entropy is pr
duced at aboutt.1 sec, the neutrinos are not thermaliz
very well and hence do not have the perfect Fermi-Di
distribution. The deficits of the neutrino distribution fun
tions due to the insufficient thermalization decrease
Hubble expansion rate and weaken the weak interaction r
between proton and neutron. The above two effects cha
the freeze-out value ofn/p significantly. Especially the pro-
duced 4He mass fractionY is so sensitive ton/p that the
predicted value ofY is changed drastically. Comparing th
theoretical predictions of D,4He, and 7Li to the observa-
tional data, we have estimated the lower bound on the reh
ing temperatureTR after the entropy production. We hav
found thatTR&0.7 MeV is excluded at 95 % C.L. In othe
wards, TR can be as low as 0.7 MeV. Then the effecti
number of neutrino speciesNn

eff can be as small as 0.1. It i
enough sensitive for the ongoing large scale structure ob
vations such as 2DF and SDSS or future satellite exp
ments~MAP and Planck! of CMB anisotropies to detect suc
modifications onNn

eff and we can find out the vestige of th
late-time entropy production.

Furthermore, we have also studied the case in which
massive particle has some decay modes into quarks or
ons. In this scenario, a lot of hadrons, e.g., pions, kao
protons and neutrons, which are originated by the fragm
tation of the high-energy quarks and gluons, are injected
thermal bath. The emitted hadrons extraordinarily interc
vert the ambient protons and neutrons each other through
strong interaction even after the freeze-out time of the n
tron to proton ration/p. Then the predicted value ofY in-
creases extremely and we can constrainTR and the branching
ratio of the hadronic decay modeBh comparing to the obser
vational light element abundances. We have foundTR should
be higher than 2.5–4 MeV at 95 % C.L. forBh5102221.
The above results tell us thatNn

eff can be as small as 1.9–2.
even in the hadron injection scenario forBh5102221. Then
it still may be possible to detect the modifications onNn

eff by
MAP and PLANCK.
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APPENDIX: REDUCTION OF COLLISION INTEGRAL

This appendix shows how we can reduce the ni
dimensional integrals in Eq.~6! of the collision termCi ,scat
for the scattering process into one dimensional integrals.
tice that, since we treat the massless neutrino, the norm
the neutrino momentum equals to its energyupiu5Ei . Here
we divide the collision term into two parts:

Ci ,scat52F1B, ~A1!

whereF represents the forward process andB represents the
backward process. They are given by

F5
ge

2E1
E dp2

3

2E2~2p!3E dp3
3

2E3~2p!3E dp4
3

2E4~2p!3

3~2p!4d4~p11p22p32p4!SuM u2LF , ~A2!

B5
ge

2E1
E dp2

3

2E2~2p!3E dp3
3

2E3~2p!3E dp4
3

2E4~2p!3

3~2p!4d4~p11p22p32p4!SuM u2LB , ~A3!

wherege52 and the phase space factors are given by

LF5 f 1~E1! f 2~E2!@12 f 3~E3!#@12 f 4~E4!#, ~A4!

LB5@12 f 1~E1!#@12 f 2~E2!# f 1~E3! f 2~E4!. ~A5!

The integral overd3p4 is immediately done usingd3(p1
1p22p32p4). From the momentum conservation,up4u is
given by

up4u25E4
25E2

212E2R cosh1R2, ~A6!

whereR[p12p3 , R5uRu and cosh[R•p2 /(up2uR).
The remaining delta functiond(E11E22E32E4) shows

the energy conservation low which is given by

E4
25E1

21E2
21E3

212~E1E22E1E32E2E3!. ~A7!

We can generally take the momentum axes as

R5~0,0,R!, ~A8!

p25~E2 sinh sinf,E2 sinh cosf,E2 cosh!, ~A9!

p35~E3 sinj,0,E3 sinj!, ~A10!

where

cosj5
E1

22E3
22R2

2E3R
. ~A11!

Then ucosju<1 demands

uE12E3u<R<E11E3 . ~A12!
02350
-

o-
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The volume element ofp2 is given by dp2
35E2

2d coshdf
and from Eqs.~A6! and~A7! the azimuthal angle is obtaine
by

cosh52
R22~E12E3!222E2~E12E3!

2E2R
. ~A13!

Then ucoshu<1 demands

uE12E3u<R<E112E22E3 . ~A14!

From Eqs.~A12! and ~A14!, we can obtain the allowed re
gion of R,

uE12E3u<R<Inf@E11E3 ,E112E22E3#. ~A15!

Since the volume element ofp3 is given by dp3
2

52pE3
2dE3d cosu where cosu5p1•p3 /(E3E1), the differ-

ential angle element is evaluated by

d cosu52
R

2E1E3
dR. ~A16!

From Eq.~A15! we can see that the integration can be p
formed in the four allowed intervals

2F1B5
1

128E1
2E0

`

dE3E
0

`

dE2E dRE
0

2pdf

2p
uM u2

3~2LF1LB!

5
1

128E1
2 F E

0

E1
dE3E

0

E3
dE2E

E12E3

E112E22E3
dR

1E
0

E1
dE3E

E3

`

dE2E
E12E3

E11E3
dR

1E
E1

`

dE3E
2E11E3

E3
dE2E

2E11E3

E112E22E3
dR

1E
E1

`

dE3E
E3

`

dE2E
2E11E3

E11E3
dRG E

0

2pdf

2p
SuM u2

3~2LF1LB!. ~A17!

Even though we only show the case of ofne here, we can get
the same procedure fornm andnt if CV andCA are replaced
by C̃V andC̃A . As we also noted in Sec. II, we assume th
electrons obey the Boltzmann distribution functione2E/T. In
addition, since neutrinos are massless, the energy mome
conservation givesp1•p45p2•p3 in the elastic scattering
process. The above assumptions simplify the integrati
still more.

For the forward reaction n(p1)1e6(p2)→n(p3)
1e6(p4), the phase space factor is given by

LF5 f n~E1!@12 f n~E3!#expF2
E2

T G . ~A18!

ThenF1 andF2 in Eq. ~12! are analytically estimated as
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212T~E12E3!14T4#2T2@E1
2E3

2
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14~E11E3!T318T4#e2E3 /T, ~A19!

F2[F E
2E11E3

E3
dE2E

2E11E3

E112E22E3
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1E
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E11E3
dRG E

0

2pdf

2p

SuM u2e2E2 /T

256~CV
21CA

2 !GF
2
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2T2@E1
2E3

212E1E3~E11E3!T12~E11E3!2T2

14~E11E3!T318T4#e2E3 /T. ~A20!

On the other hand, for the backward reaction,n(p1)
1e6(p2)←n(p3)1e6(p4), the phase space factor is give
by

LB5@12 f n~E1!# f n~E3!expS 2
E11E21E3

T D .

~A21!
G

e

et
T.

ys
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Then we can analytically obtainB1 andB2 in Eq. ~12! as

B1[F E
0
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