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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 at~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, especiall§He, are drastically changed. Comparing with the observational light element abun-
dances, we find thaig=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 findThathould be a little higher, i.eTg=2.5-4 MeV,
for the hadronic branching ratB,=10"2—1. 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 experimeiM®\P 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 speti&s.

PACS numbd(s): 98.80.Cq, 98.70.Vc

[. INTRODUCTION (SUSY). It is known that gravitino and Polonyi fields which
exist in local SUSY(i.e., supergravitytheories have masses
In standard big bang cosmology it has been assumed tacf ~O(100 GeV-10 TeY[1]. In addition they have long
itly that the universe was dominated by thermal radiation atifetimes because they interact with the other particle only
an early epoch. Even in the paradigm of modern cosmologyhrough gravity. For example, since the Polonyi fi¢R]
it is commonly believed that thermal radiation was producedvhich has a heavy mass ef10 TeV cannot be diluted by
by the reheating process after primordial inflation and itusual inflation, it immediately dominates the universe and
dominated the energy of the universe at a sufficiently earlydecays at the BBN epoch. Moreover it is also known that in
epoch. Here we ask the following: “How early should the superstring theories there exist many light fields called dila-
universe be dominated by radiation in order for standard bigons and moduli which have similar properties to the Polonyi
bang cosmology to succeed?” We could say that the energfield.
of the universe should be dominated by the radiation at least Recently Lyth and Stewaft3] considered mini-inflation
before the beginning of the big bang nucleosynthéBBN) called “thermal inflation” which dilutes the above danger-
epoch. In this paper we answer the above question. ous scalar fields. In the thermal inflation scenario, however,
The various models of modern particle physics beyondhe flaton field which is responsible for the thermal inflation
the standard model predict a number of unstable massivéecays at late times. In particular, if the Polorigioduli)
particles which have long lifetimes and decay at about thenass is less than 1 GeV which is predicted in the frame-
BBN epoch. The energy density of the nonrelativistic par-work of gauge-mediated SUSY breaking moddlk the suf-
ticles or the oscillation energy density of the scalar fieldsficient dilution requires that the flaton decays just before
(inflaton and so ondecreases gsyr(t) <a(t) 3, wherea(t) BBN [5]. Thus, in thermal inflation models, one should take
is a scale factor. On the other hand, since the radiation ercare of the late-time entropy production.
ergy density decreases more rapigft) = a(t) 4, if the en- To keep the success of BBN, any long-lived massive par-
ergy density of the massive nonrelativistic particles or theticle or the coherent oscillation of any scalar field which
oscillating scalar fields is large enough, it immediately domi-dominates the universe at that time must finally decay into
nates the universe as it expands, and the universe necessaiiie standard particles before the beginning of BBN. More-
becomes matter dominated until the cosmic time reachesver the decay products would have to be quickly thermali-
their lifetime. When the particles decay into standard parzed through scattering, annihilation, pair creation, and fur-
ticles (e.g., photon and electrprthey produce the large en- ther decays and make the thermal bath of photons, electrons,
tropy and the universe becomes radiation dominated again. #nd neutrinos. Concerning photons and electrons which elec-
is expected that such a process would change the initial cortromagnetically interact, the interaction rate is much more
dition for the standard big bang scenario. We call the processapid than the Hubble expansion rate at that time. Therefore
“late-time entropy production.” it is expected that the photons and electrons which are pro-
Now we have some interesting candidates for late-timaeduced in the decay and subsequent thermalization processes
entropy production in models based on supersymmetrare efficiently thermalized.
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TABLE |. Matrix elements for electron neutrino interactio®: is the Fermi coupling constant. Here we
takeCy=3+2 sirf4y, Ca=3 and the weak mixing angle $if,~0.231.

Process B2
vete - vete 3ZG|2:[(CV+CA)2(p1p2)2+(CV*CA)Z(p1p4)2]
vete' = wete 32GE[(Cy—Cn)*(P1P2) >+ (Cy+Ca)2(P1Pa)’]
Vet Ve - e'+te 32GZ[(Cy+Ca)4(P1Pa)?+(Cy—Cn)%(P1P2)?]

The problem is that neutrinos can interact only throughit is expected that future satellite experiments such as the
the weak interaction. Since massive scalar particles such adicrowave Anisotropy Prob€MAP) [9] and Planck[10]
the modulus and the Polonyi field have small branching rawill gives us a useful information abott®" . In addition the
tios into neutrinos due to the chirality flip and small neutrinoabove effect may also induce signals in the observed power
masses, it is expected that neutrinos are produced onkpectrum of the density fluctuation for the large scale struc-
through annihilation of electrons and positrons. In the stanture as a modification of the epoch of the matter-radiation
dard big bang cosmology the neutrinos usually decouplequality.
from the electromagnetic thermal bath at aboli=2 The paper is organized as follows. In Sec. Il we introduce
—3 MeV. Therefore it is approximately inferred that they the formulation of the basic equations and the physical pa-
cannot be sufficiently thermalized at temperatufes a few  rameters. In Sec. lll we briefly review the current status of
MeV. Namely, the reheating temperature after the entropyhe observational light element abundances. In Sec. IV we
production process should be high enough to thermalize thstudy the spectra of the electron neutrino and thetao
neutrinos. Although people had always used rough conneutrino by numerically solving the Boltzmann equations,
straints on reheating temperatures between 1-10 MeV, in thand the constraints from the BBN are obtained there. In Sec.
previous papef6] we pointed out that neutrino thermaliza- V we investigate the additional effects in the hadron injec-
tion is the most crucial for successful BBN. In this paper wetion by the massive particle decay. In Sec. VI we consider
describe the method to obtain the neutrino spectrum and th#e other constraints which come from observations for large
formulations to integrate a set of Boltzmann equations nuscale structures and anisotropies of CMB. Section VIl is de-
merically , and we study the constraint on the reheating temvoted to conclusions. In the Appendix we introduce the
perature using the obtained neutrino spectrum and the fulhethod of the reduction for the nine-dimensional integrals
BBN network calculations with revised observational light into one dimension.
element abundances.

The above constraint is almost model independent and
hence conservative because we only assume that the massive FORMULATION OF NEUTRINO THERMALIZATION
particle decay produces the entropy. However, a more strin-
gent constraint can be obtained if we assume a decay mode
into quarks or gluons. In this case some modifications are In order to discuss the late-time entropy production pro-
needed for the above description. When high-energy quarksess, we should formulate the equations which describe the
antiquark pairs or gluons are emitted, they immediately fragphysical process. Here the reheating temperaligds an
ment into a lot of hadron§pions, kaons, protons, neutrons, appropriate parameter to characterize late-time entropy pro-
etc). It is expected that they significantly influence the duction. We define the reheating temperatligeby
freeze-out value of the neutron to proton ratio at the begin-
ning of BBN through the strong interaction with the ambient I'=3H(Tr), 1)
protons and neutrons. In a previous pap& we did not
consider such hadron injection effects on BBN. Therefore we . _ .
carefully treat the hadron injection effects in the present pa\_/vhereF is the decay rate<t 7 %) a?dH(TR) is the Hubble
per. parameter at the decay epodl=(r).” The Hubble parameter

For another constraint, the late-time entropy productiorfS expressed by
may induce significant effects on the anisotropies of the cos-
mic microwave background radiatioicMB). Lopez et al. 2\ 112 T2
[7] pointed out that the CMB anisotropies are very sensitive H= (g*_w) R
to the equal time of matter and radiation. When the reheating 90
temperature is so low that neutrinos are not sufficiently ther-
malized, the radiation density which consists of photons and
neutrinos becomes less than that in the standard big bang
scenario. There may be distinguishable signals in the CMB igjnce the actual decay is not instantaneous, the matter-dominated
anisotropies, such as a modification of the effective numbegniverse smoothly changes into radiation-dominated one. Thus it is
of neutrino SpecieNiﬁ. With the present angular resolutions rather difficult to clearly identify the reheating temperature by ob-
and sensitivities of Cosmic Background Explo(€&OBE) serving the evolution of the cosmic temperature. Instead we “de-
observatiori8] it is impossible to set a constraint (Nfﬁ but  fine” the reheating temperature formally by Ed).

A. Reheating temperature

M_G’ (2)
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TABLE II. Matrix elements for muon neutrino or tau neutrino interactioBg. is the Fermi coupling
constant. Here we tak€,=Cy,—1=— %+2 Sirt6y, E:A=CA—1=—% and the weak mixing angle ifiy

=0.231.
Process Bv|?
vute - v,te 32GE[(Cy+Ca)?(p1p2)?+(Cy—Ca)*(P1pa)?]
+ + = = = =
v,te - v,te 3ZG|2:[(CV_CA)Z(plp2)2+(CV+CA)2(p1p4)2]
- e VT VT~
vt - e +e 32GE[(Cy+Cp)?(p1pa)®+(Cy—Cr)?(p1ps)?]

whereg, is the statistical degrees of freedom for the masswhere the right-hand side is the total collision termlhen
less particles andMg is the reduced Plank mass=@.4  the reaction is two-body scatteringt2—3+4, it is given
x 10'® GeV). Then the reheating temperature is given by by the expression

Tr=0.554T'Mg. (3) o 1 5 f d3p, d3p, d°p,
Leol™ 2, 2E,(2m)3 2E4(27)% 2E4(27)3
Here we have useg, =43/4. From Eq(3), we can see that 4 .4(4)
the reheating temperature has a one to one correspondence x (2m)* 8Pyt P~ P3—pa)
with the lifetime of the parent massive particle. XA(f1,f5,f5,F0)SIM|%, 2, (6)

Here we define the effective number of neutrino species
N as a parameter which characterize the time evolution of
the energy density of neutrinos. Hd\éﬁ is defined by where|M|? is the scattering amplitude summed over spins of
all particles,S is the symmetrization factor which is 1/2 for
identical particles in initial and final states\=f3f,(1
Nefi= _e u T 4) _—fl)(_l—fz)—flfz(lffa)(l—f“)_is the phase space factor

P std ’ including Pauli blocking of the final states. Then the total
collision termC; .o is expressed by

wherepgy is the total neutrino energy density in the standard
?r:?eginegutrr?r?gilgéec.i,ﬁgo late-time entropy production and Ci coi=Ci anit Ci scat @

whereC; 4,y is the collision term for annihilation processes

) ] o ) and C; 4 is the collision term for elastic scattering pro-
When the massive partické which is responsible for the  cesses. Here we consider the following processes:
late-time entropy production decays, all emitted particles ex-

cept neutrinos are quickly thermalized and make a thermal

bath with temperature- T . For the relatively low reheating vi+vi—et+e,

temperaturelg<10 MeV neutrinos are slowly thermalized.

If the entropy production caused by the massive scalar par-

ticles such as moduli, Polonyi and flaton fields, the decay vi+eT—v+e .

branching ratio into neutrinos is very small because the de-

cay is suppressed by the chirality flip and vanishes for small

neutrino masses. Therefore we ignore the branching inttn this paper we have treated neutrinos as Majorana ones
neutrinos. Generally speaking, however, a fermion such ag.e., v=v). It should be noted that there are no differences
gravitino might be a candidate, instead of scalar particles. libetween Majorana neutrinos and Dirac ones as long as they
this case, it may have a net branching ratio into neutrinosare massless, and since the temperatu@(ldeV) at least

However, in this paper, we assume that the branching ratith this situation, we could have treated them as if they were
into neutrinos is negligible and neutrinos are produced only

through annihilation of electrons and positrons, i.e,

—i__ei_)vi—i_ vii=epu,7) _'n order to_aV_O'd _dlscussmg Spe-  21he integrated Boltzmann equati¢h2] is not adequate in the
cific models. The evolution of the distribution functiénof present problem. As we show in Sec. IV, the spectral shape of the

the neutrinoy; is described by the momentum-dependentyomentum distribution obtained by our scheme is much different

B. Basic equations

Boltzmann equatiofi11] from the equilibrium one. It should be noticed that the integrated
Boltzmann equation assumes that the shape of the momentum dis-
fi(p.t) —H(1) ofi(p,b) — . (5) tribution is the same as the equilibrium one. Thus we should solve
at P ap 1 coll» the momentum dependent Boltzmann equation.
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massless particles. The relevant reactions are presented in G2 f. o
Table | for v, and Table Il forv, and v, . Ci,SCaF—Fg(C\Z,Jr C3)| — _|2( J dp/F1(pi.p{)
The collision terms are quite complicated and expressed 2m pi\ /o

by nine-dimensional integrations over momentum space. -
However, if we neglect electron mass and assume that elec- x[l_fi(pi’)]+J dp/ F,(p; ,pi’)[l_fi(pi’)])
trons obey the Boltzmann distributiosr *'T, the collision pi

terms are simplified to one-dimensional integration férm.

ThenC; annis given by[15,16 N 1-fi(pi) (

2
i

Pj
jo dp!B(pi.p))fi(p!)

C. :_if p'2dp! (ov)i[ fi(p)fi(p))
i,ann 272 i Ubi ILTRFEL A E ’ 12

+ fmdpi’ Ba(pi vpi’)fi(pi’))
Pi

_feq(pi)feq(pi’)]v (8)
where C2+C2) should be replaced byQZ+C3) for i
where fo =1/(e” T+1)] is the equilibrium distribution = u, 7, and the function§,,F,,B;,B, are given by
and (ov); is the differential cross sections given by

2 F1(p.p")=D(p,p")+E(p,p")e ®"T,

(av) =ﬁ<c2+cz>pp' 9)
¢ 9m TV AR Fo(p,p')=D(p’,p)e®® P VT+E(p,p')e P,
AGE _. . Bi(p,p’)=F2(p’,p), Ba(p,p’)=Fi(p’,p), (13
() =g (CG+Thpp’, (10

where

where we take D(p,pr):2T4(p2+p12+2T(p_pr)+4T2)'

-1 i -1
Cv—2+2 SInZHW= CA 2 (11) E(p,p’)= _T2[p2p12+2ppr(p+p/)T+2(p+p/)2T2

EV:CV_l (EA:CA_ 1), +4(p+pl)T3+8T4] (14)

and 6,, is Weinberg angle (sf,~0.231)[27] Together with the above Boltzmann equations, we should
As for elastic scattering processeS,s.is also simplified solve the energy-momentum conservation equation in the ex-

to one dimensional integratiofsee the Appendix and it is panding universe:
expressed as

d
= _3H()[p()+P(D)], (15

Here we neglect the neutrino self-interactions. This may lead Quh _ ; :
. L o : . erep(t)=p4+p,+petp, is the total energy density of
underestimate the kinetic equilibrium rate for high reheating tem- PO=pytpytpetp, 9 Y

peratures. However, we think that this effect does not change théb s, photons, electrons, and neutrinos and is given by
results very much. The interactions between electrons and neutrinos o4 o dac?E
are the most important because they transfer the energy of the ther- t)= t)+ 77 YL 2 qq2 e
; . ; ) p(H)=py(t) 2
mal bath to neutrinos. The self-interactions of the neutrinos cannot 15 w° ) expl Ee/Ty)+ 1
increase the energy density of neutrinos but mainly change their 1 5
momentum distribution. Furthermore, the neutrino number densities
’ . ) + dqqg°f + dqqg°f , (16
are much smaller than the electron number density at low reheating 717[ qq3 "e(q) ?j qu V#(q) (16)
temperature with which we are concerned. Thus differences caused

by the neutrino self interactions are expected to be small. where E.=/g*+ me2 is the electron energyP(t)=P.(t)

“The errors due to neglecting the electron mass are small and thé Pe=(t) + P, (t) is the total pressure,
deviation is just a few percent. We list the reasons as follows. The
difference between Fermi-Dirac and Maxwell-Boltzmann distribu- WZT‘; 2 dqq4
Fion “df” is less than 1 at mostif<1.0. The week izntezraction _rate P(t)= 45 + ?J 3E exp(Eo/T,)+1]
is almost expressed Kyrv)n./H(t), where(ov)~Ggmg andn, is Y
an electron number density. Then the error is at most estimated by 1 2
(owv)Ne/H(t) xdf=<10"2 (for T<0.5 MeV). Therefore the de- + ng dqc’f, () + ng dqq3fyﬂ(q).
viation is a few percent and neglecting the electron mass does not
change the results. The other methods of the approximation to re- 17
duce the integral from nine to two dimensions in which the electron
mass is not neglected are presented in Héf3,14). H(t) is the Hubble parameter,
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a(t) 1 dpy
H(t)= ——= Vp(t). 18 —+ = Tpy—3Hpy. (19
We solve the time evolution of the photon temperature in-
The time evolution equation qf,, is given by stead of Eq(15),

dT,  —pgl74+4Hp,+3H(pe: + Pex)+4Hp,+dp,/dt 20
dt &py/aTyla(t)+(9pei/&T7|a(t) ,
together with Eqs(5), (18), and(19).
|
Ill. OBSERVATIONAL LIGHT ELEMENT ABUNDANCES dently [19]. However, because they do not have full spectra

In this section we brieflv show the current status of theOf the Lyman series, the analyses would be unreliable. More
. ) y . recently Kirkmanet al.[20] observed the quasar absorption
observational light element abundances. Concerning the deu- _ .
) X . . : Systems ar= 2.8 towardQ0130- 4021 and they obtain the
terium abundance, the primordial D/H is measured in the

. . . . . upper bound D/H<6.7x 10 °. Moreover Molaroet al. re-
high redshift quasistellar orbje¢@SO absorption systems. s .
For the most reliable D abundance, we adopt the followin orted D/H=1.5x10"> which was observed in the absorber

value which is obtained by the clouds &t 3.572 towards tz=3.514 towards APM 082785255 although it has the

. — large systematic errors in the hydrogen column den&ity.
Q19371009 and at=2.504 toward€Q1009+ 2956[17], Considering the current situation, we do not adopt the high

deuterium value in this paper.

The primordial “He mass fractior¥, is observed in the
. ) low metalicity extragalactic HIl regions. SinctHe is pro-
On the other hand, recently the high deuterium abundance {§,ced with oxygen in the star, the primordial value is ob-
reported in relatively low redshift absorption systemszat (zined to regress to the zero metalicity OA® for the ob-
=0.701 towards Q1718+4807 [18], D/H=(2.0*0.5)  gervational data. Using the 62 blue compact galatBsG)
X107". Another group also observes the clouds indepenppservations, it was reported that the primordvais rela-

D/H=(3.39+0.25 X% 10" °. (21)
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FIG. 2. Time evolution of the fraction of the energy density of

FIG. 1. Time evolution of the cosmic temperatua for Ty ve (solid curve and v, (dashed curveto that of the standard big
=10 MeV, and(b) for Tk=2 MeV. The dashed line denotes the bang scenario fofa) Tg=10 MeV and(b)Tg=2 MeV. Since the
neutrino temperature which can be defined only when they are thernteraction ofv, is as same as,,, the curve ofv,, also represents
malized sufficiently and have the perfect Fermi-Dirac distribution. v_.
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tively “ low,” Y,=0.234 [22]. However, recently it is initial condition of the oscillation epoch after the primordial
claimed that Hel stellar absorption is an important effectinflation or thermal inflation, the cosmic temperature imme-
though it was not included in the previous analyg28] diately tracks the same curte¥* and then their decay es-
properly. They found the relatively “high” primordial value tablish the radiation dominated univer§ert 2. Therefore
Y,=0.245-0.004. More recently Fields and Oliy@4] also  our treatment is quite a general picture for each entropy pro-
reanalyze the data including the Hel absorption effect andluction scenario and it does not depend on whether the net
they obtain initial radiation energy exists or not, only if once the unstable

nonrelativistic particles dominate the energy density of the
Yp: 0.238+ (O-Ooastati (0-0055yst- (22) universe.

' . . . In Fig. 2 we show the evolutions op, and
where the first error is the statistical uncertainty and the sec- 9 Pre P,

ond error is the systematic one. We adopt the above value §p») (@ for Te=10 MeV and(b) 2 _MeV. From F'g_' Zf"‘)
the observationaY . we can see that iTg=10 MeV, cosmic energy density is as

same as the case of standard big bang cosmology. As shown

The primordial ‘Li/H is observed in the Pop Il old halo < _. : .
. in Fig. 2(b), however, the energy density of each neutrino
stars. In general a halo star whose surface effective tempera-

ture is low(the mass is smallhas the deep convective zone. species forT_R=2 MeV is smaller t_han t_he case o_f standard
! . scenario. Since the electron neutrinos interact with electrons
For such a low-temperature star, the primordial is con-

siderably depleted in the warm interior of the star. On theand positrons through both charged and neutral currents, they

other hand for the high-temperature staFsg=5500 K), it are more effectlvely produced from the thermal b_ath than the
. . . > ther neutrinos which have only neutral current interactions.
is known that the primordial abundance is not changed an he final distribution functiong, andf ,(=1.) are shown in
they have a “plateau’of thé/Li as a function of the effec- € K A

tive temperature. In addition, though it is also known that':%b :lgvlé% ;Zcr;r ﬁ:uigngﬂii\:h;?:aﬁibz)e dzwl\e/llf(}a/ﬁ diﬁ; Tgrfect
’Li/H decreases with decreasing Fe/A,i still levels off at ’ P

lower metalicity,[Fe/H|<— 1.5, in the plateau stars. We Fermi-Dirac distribution is established. FGir=2 MeV,

adopt the recent measurements which are observed by Bo *?PWE“{-F“ the distributions are not thermal equilibrium

facio and Molaro[25]. They observed 41 old halo stars ormsi.:i 4 we can see the change of the effective number of
which have the plateau. We take the additional larger sys- 9. e ang .

tematic error, because there may be underestimates in ﬂpgutrlno speC|e>NV asa func(;[flfo.n of the reheating tempera-
stellar depletion and the production by the cosmic ray spall'® Tr- If Tr=7 MeV, N,"is almost equal to 3 and
lation. Then we obtain

logo( "Li/ H) = —9.76% (0.012 g5 (0.09) sysi (0.3) g SAs we noted in Sec. II, we must not use the integrated Boltzmann
(23 equation instead of the momentum-dependent Boltzmann equation
in the present problem because the former assumes the equilibrium
IV. NEUTRINO THERMALIZATION AND BBN distribution. To see this, let us define the raRg for a neutrino
species byRe=(p,/n,)/(3.151T ), wherep, is the neutrino en-
ergy densityn, is the neutrino number density, is the effective
The evolution of the cosmic temperatufeis shown in  neutrino temperature which is defined by the neutrino number den-
Fig. 1(a) for Tr=10 MeV and(b) for Tg=2 MeV. In Fig.  sjty asT,={2#%[3¢(3)]n,}*® Here bothp, andn, are computed
1(a), it is seen that the temperature decreases slomMy 8§ by integrating the neutrino distribution function which is obtained
i.e., a” %8 before the decay epoct=T"1(=5x102 sec) by solving the momentum-dependent Boltzmann equafnap-
which corresponds tdz=10 MeV. This is because the ac- proximately represents the ratio of the mean energy per neutrino to
tual decay is not instantaneous agddecays into radiation the thermal equilibrium one. If the neutrino is in thermal equilib-
continuously at the rat€ [26]. Then the universe is still in rium, Re is unity. In the case of the integrated Boltzmann equation,
matter dominatedMD). After the decay epocks>T""1, all because it is assumed that the shape of the neutrino distribution is
¢ particles decay and the temperature decreases hand  the same as the equilibrium one at any tifRg,is necessarily unity.
t~12 Then the universe becomes radiation-dominated epocﬁ?” the other hand, in the case of our scheme, i.e., the momentum
Since at the temperatufe<0.5 MeV (t=3 sec), electrons dependent Boltzmann equatidRg cannot be unity. We have com-
and positrons annihilate into photoeé’e_HZy, the tem- puted the ratidRg in some representative reheating temperatures for

perature is slightly heated. From Figblwe can see that the electron neutrinos and have found that Tey deviated from unity
_1/4 . more at the lower reheating temperatufi®s=1.00, 1.03, and 1.50
temperature decreases #&s* until the decay epocht(

. - (for Tr=10, 3, and 1 MeV. Moreover at reheating temperatures
=0.1 sec) which corresponds Tg=2 MeV. After the de- lower than 1 MeV, the deviation is much larger. This result tells us

cay epoch, the temperature decreasest as’ [radiation ¢ the neutrino distribution deviates from the thermal equilibrium
dominated(RD)]. In the actual computation we take an ini- shape considerably at low reheating temperatures and we should
tial condition that there exists the net radiation energy denggye the momentum-dependent Boltzmann equatRnhas the

sity though the universe is in MD. This represents the situatendency to increase as the reheating temperature decreases. This is
tion that the massive particle necessarily dominated th@ecause neutrinos are produced by the annihilation of electron-
universe as it expands. On the other hand, even if there are gésitron pairs whose mean energy per particle is larger than that of
first no radiationpg=0, i.e., T=0 which corresponds to the neutrinos.

A. Time evolution of neutrino spectrum
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FIG. 4. Effective number of neutrino specil§™ as a function
of reheating temperatur€z. The top horizontal axis denotes the

curve is the Fermi-Dirac distribution function. Since the interactionlifetime which corresponds tdy.

of v, is as same as,,, the curve ofv, also represents. .

Moreover,

when the electron neutrino is not thermalized,

neutrinos are thermalized very well. We can assume that ihere is an interesting effect by which moféle are pro-
corresponds to the initial condition which has always beeryced. The weak reaction rates are computed by integrating

used for standard big bang cosmology. On the other hand,
Tr=7 MeV, N°"becomes smaller than 3.

Keutrino distribution functions which are obtained by solving
Boltzmann equations numerically. Using the neutrino distri-

bution functions, the six weak interaction rates between neu-

B. Neutrino thermalization and neutron to proton ratio

If the neutrinos are not thermalized sufficiently and do not
have the perfect Fermi-Dirac distribution, i.e., in this case
there is the deficit of the neutrino distribution due to the low
reheating temperature, it considerably influences the pro-
duced light element abundances. In particular, the abundance
of the primordial“He is drastically changed. The change of
the neutrino distribution function influences the neutrino en-
ergy density and the weak interaction rates between protons
and neutrons. At the beginning of BBN (-1-0.1 Me\) the
competition between the Hubble expansion rdtend the
weak interaction rateE,,.,, determines the freeze-out value
of neutron to proton ratio/p. After the freeze-out time,
neutrons can change into protons only through the free decay
with the lifetime 7,,. Since “He is the most stable light ele-
ment and the almost all neutrons are synthesized thte,
the abundance of the primordidHe is sensitive to the
freeze-out value of neutron to proton ratio.

If the neutrino energy density gets smaller than that of the
standard BBN'SBBN), Hubble expansion rate which is pro-
portional to the square of the total energy density is also
decreased. Then the freeze out time becomes later angl the
equilibrium between neutrons and protons continues for
longer time. As a result less neutrons are left. In this case the
predicted*He is less than the prediction of SBBN. The ef-
fect due to the speed-down expansion is approximately esti-
mated by

AY=—=0.1~Apit/ pror), (24

where Y is the mass fraction offHe andp, is the total
energy density of the universe.
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T (MeV)
p2
X (O+ ); 1—f ) FIG. 5. Weak interaction rates (S€9 between neutron and
(Q pV ( )/T [ 14 (pV ] 1
¢ elPr )l y+ 1 e ¢ proton. The upper curves al&,_,,. The lower curves aré&,_,,.
29) The solid lines denote the caseT§=10 MeV which corresponds

to the standard big bang scenario. The dotted lines denote the case
of Tk=1 MeV in the late-time entropy production scenario. Notice

* thatl“_l reachesr,=887 sec at low temperature.
2 n—p n p
prg—net — < dpve \/(pve Q) Ne

Q+Me Namely, the freeze-out time becomes earlier. Then the

p? freeze-out value of neutron to proton ratio becomes larger
X(Q-p, ) ———=———f (p,) |, than in SBBN and it is expected that the predicféte abun-
"1+ e (Pr Q)T e e dance becomes larger. The above effect is approximately es-
(30 timated by
where Q=m,—m,=1.29 MeV andK is a normalization AY=+0.19-Alp/Thp). (32

factor which is determined by the neutron life tinmg asK
=(1.636r,) ! and 7, is obtained by the experimenf&7].
From the above equations we can see that if neutrino an
antineutrino distribution functions are decreased, hpithe-

In Fig. 6 we plot the time evolution of the neutron to
roton ratio. In Fig. 6a) we change only the number of neu-
trino species in SBBN. The dotted line denatip for Niﬁ
— — =1.37 which corresponds to the effective number of neu-
cay rates f“Hp_Fane*VeJrrﬁ”e+ﬂp”e+rn.”eapef and - ino species in thepcase dfr=2 MeV in the late-time
Lpn=TperontTpe—ny,t oy ner are simultaneously entropy production scenario. Then we find that the predicted
decreased by the following reasons. The dominant effects b/ curve is lower than that dfi®™=3 due to only the speed
the deficit of the distribution functions are _to decrease theyown effects or the later decoupling. In Figbpwe plot the
rates Iy, _.pe-» I'peyn @nd I'p, _ne+ Which have the time evolution ofn/p when we change the reheating tem-
neutrino or anti-neutrino in the initial state. On the otherperature in the late-time entropy production scenario. The
hand, though the other rateEnﬁpefje, Fne+_,pje, and dotted line denotes the case Bf{=2 MeV. Comparing to

Fpefanye which have the neutrino or anti-neutrino in the

final state are slightly increased due to Fermi-blocking factor
(1—1,), the ratio of the differencaf, to (1—1f,) is much
smaller than that oAf, to f,, i.e.,

1 o AL LR LULRRELIN LRI LURRILE

|Af,/(1—f,)|<|Af,/f,| for f,<1. (31

n/p

Therefore, the enhancement is small and the latter effect is
not important. In total, both weak interaction ratés . , and
I'p_., decrease and become smaller than those of SBBN. In
Fig. 5 the weak interaction ratés,_,, andI’,_,, are plotted.
The solid lines denote the case B§=10 MeV which cor- (a) i )

responds to the standard big bang scenario. The dotted lines 0.1 b bunio bl buind loboo bl
denote the case afg=1 MeV. In the plot we can see that o1 01 10 1 01 001
the insufficient thermalization of the neutrino distributions T (MeV) T (MeV)

derives the changes of the weak interaction rates. FIG. 6. Evolution of neutron to proton ratio as a function of the

The decrease of weak interaction rates gives significanemperature(a) when we change only the number of neutrino spe-
effects on the abundance &fle. When the weak interaction cies in the standard big bang scenario énidwhen we change the

rate I',_., decreases, the Hubble expansion rate becomegheating temperature in the late-time entropy production scenario.
more rapid than that of the weak interaction rate earlierThe dashed line is the thermal equilibrium curved 7).
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FIG. 7. “He mass fractiory, as a function off; (solid line) at FIG. 8. Contours of the confidence level iw,Tr) plane. The

7=5x10"1% The dashed line denotes the virtudle mass frac-  inner(outel curve is 68%(95%) C.L. The filled square denotes the
tion computed by including only the speed down effect due to thebest fit point. The right vertical axis denotes the lifetime which
change of the effective number of neutrino species which is showgorresponds td.
in Fig. 4. The dotted line denotes the value predicted in SBBN at

= 710 = i i . . . .
n=5X10""". The long-dashed line denotes the observational 2 photon ratio n~ (3—6)x 10 10 Erom Fig. 8 we find that

upper boundY°®s~0.252 which is obtained by summing the errors .
in quadrature. The top horizontal axis represents the lifetime whicﬁrRSO'7 MeV is excluded at 95 % C.L. In other warllg as

corresponds t@g. low as 0.7 MeV is consistent with BBN. The\f" can be as
small as 0.1 and it definitely influences the formation of the

the case oN®"=1.37 in Fig. Ga), the n/p ratio becomes large scale structure and CMB anisotropy as is seen in Sec.

larger. It is because the weak interaction rates are decreas¥d
by the deficit of the distribution function. Moreover in the

case ofTk=1 MeV then/p ratio becomes much larger. V. HADRON INJECTION BY MASSIVE PARTICLE
DECAY
C. Neutrino thermalization and light element abundances A. Hadron jets and e*e™ collider experiments
Next we perform Monte Carlo simulation and the maxi- In the previous section we discussed only the case in

mum likelihood analysi$28] to discuss how the theoretical which the parent massive particle decays into photons or
predictions with the low reheating temperature scenaridhe other electro-magnetic particles. In this section we con-
agree with the observational light element abundances. Isider the entropy production process along with the hadron
Fig. 7 we plot the*He mass fractiofY as a function ofl at injection, i.e., the case in which the massive particle has
7=5x10"1%(solid line). The dashed line denotes the virtual some decay modes into quarks or gluons. Then the emitted
“He mass fraction computed by including only the speecyuark-antiquark pairs or gluons immediately fragment into
down effect due to the change of the effective number ohadron jets and as a result a lot of mesons and baryons, e.g.,
neutrino species which is shown in Fig. 4. The dotted "nepions, kaons, nucleon@rotons and neutropsare emitted

denotes the predicted value fin SBBN at 7=5x10""". " nto the electromagnetic thermal bath which is constituted by
For Tk=7 MeV, the solid line and dashed line are quite photons, electrons, and nucleons.

equal to the value in SBBN. A$y decreases, both the solid For example, if the gravitingy, is the parent particle

and dashed lines gradually decrease because of the spegflich produces the large entropy, it could have a hadronic

down effect due to the change Nf". The dashed line con- ~ = . .
tinues to decrease as the reheating temperature decreases(.jecay mode(e.g., ¢/, yqq) with the branching ratic,

On the other hand, fofg<2 MeV the effect that the 2? (“Z at least even if the main decay mode is ogly
weak interaction rates are weakened due to the deficit of the> ¥y (¥: photino) [29]. Then about 0.6-3 hadrons are
neutrino distribution function begins to become importantproduced form,=1—-100 TeV. In addition the emitted
and the predicted value of begins to increase aBg de-  high-energy photons whose energy is abmy{2 scatter off
creases. FoiTg<1 MeV, since it is too late to produce the background photons and could also produce the quark-
enough electrons whose mass is aboyt 0.511 MeV, the antiquark pairs through the electromagnetic interaction. For
weak interaction rates are still more weakened ¥rsteeply  the cosmic temperature O(MeV), the energy in the center
increases a3y decreases. of mass frame is/s=2-20 GeV form,=1—100 TeV.

In Fig. 8 we plot the contours of the confidence level inThen the number of the produced hadrons is about 2—7
the %-T plane. The solid line denotes 95% C.L. and thewhich effectively corresponds to the hadron branching ratio
dotted line denotes 68% C.L. The filled square is the best fiB,,~10"2 if we assume that the hadron fragmentation is
point between the observation and theoretical predictionssimilar to the results oe*e™ collider experiments. Thus
The observational data are consistent with the high baryon tB,, should not become less than about 1Gfor gravitino
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decay® For the other candidate, if the “flaton” is the parent 300 —vrrm T
particle as in thermal inflation model, it would also have a ]
hadronic decay moded—gg) [3] if the flaton mass is
larger than 1 GeV.

If once such hadrons are emitted to the electromagnetic
thermal bath in the beginning of the BBN epochat
T=10-0.1 MeV}, they quickly transfer all the kinetic energy
into the thermal bath through the electromagnetic interaction 100
or the strong interaction. Through such thermalization pro-
cesses the emitted high-energy hadrons scatter off the back-
ground particles, and then they induce some effects on BBN.
Especially, the emitted hadrons extraordinarily interconvert
the ambient protons and neutrons through the strong interac-
tion even after the freeze-out time of the neutron to proton
ratio n/p. For the relatively short lifetime #(,~10"?- FIG. 9. Plot of the charged particle multiplici§N,) for the
107 sec) in which we are interested, the above effect incenter of mass energys=1 GeV—100 TeV.
duces the significant change in the previous discussion.

Namely, protons which are more abundant than neutrons ahly the following long-lived hadrongnesonsar™, K=, and
changed into neutrons by the hadron-proton collisions an
the ration/p increases extremely. Becauéie is the most
sensitive to the freeze out value fp, the late-time hadron
injection scenario tends to increa¥g.

Reno and Seckdl30] investigated the influences of the . .
hadron injection on the early stage of BBN. They con-tion Wh'Ch. hasQ=2.8 MeV. .
strained the lifetime of the parent particle and the number . We estimate the average number of emitted hadron spe-
density comparing the theoretical prediction of the light eIe-C'GS|_|i per one¢ decay as
ment abundances with the observational data. Here we basi-
cally follow their treatment and apply it to the scenario of
late-time entropy production with hadron injections.

The emitted hadrons do not scatter off the background
nucleons directly. At first hadrons scatter off the backgroundyhere (Ney is the averaged charged-particle multiplicity
photons and electrons because they are much more abundgHich represents the total number of the charged particles
than nucleons. Far<=200 sec, the emitted high-energy had- emitted per two hadron jet$,, is the number fraction of the
rons are immediately thermalized through the electromaghadron speciesl; to all the ell’nitted charged particleB, is

netic scattering and they reach kinetic equilibrium beforethe branching ratio of the hadronic decay mode, Bigis
they interact with the ambient protons and neutrons. Then W8 e number of the produced jets per apalecay T

. H; . o
use the threshold cross sectimw) ', for the strong in- Here it is reasonable to assume that the averaged charged

teraction procesdl+H;—N’+ ... between hadroil; and  particle multiplicity (N, is independent of the the source
the ambient nucleoN, whereN denotes protop or neutron  because the physical mechanism which governs the produc-

200

<N>

0
10-® 0.01 01 1 10 100
Vs (TeV)

?<L and baryons, p, n, andn). For the relevant process
(N+7*—N’--. andN+K~—N’- -, etc), we can obtain
the cross sections in Refg30,31. Here we ignore thé*
interaction because+ K™ —p+K?9 is the endothermic reac-

(Nen

NHi:BthetinT- (34)

n. The strong interaction rate is estimated by tion of hadron jets is quite similar and does not depend on
" " the detail of the origin only if the high-energy quark-
I =nlov) =10 sec*fy antiquark pairs or gluons are emitted. We adopt the data

" which are obtained by the*e™ collider experiments. The
7 \[{ov) 3 CERNe*e™ collider LEPII experimentgAleph, Delphi, L3,

X 0%/ | 10 mb (2 Mev) , (33 and OPAL recently gave us the useful data for
Js=130-172 GeV[27]. We adopt the following fitting
function for \'s=1.4-172 Ge\[31]:

where ny is the number density of the nucleon species

N, 7 is the baryon to photon ratio{ng/n,), ng de- (Ngy=1.73+0.268 expl.42\In(s/A?)), (35)

notes the baryon number density (,+n,), andfy is the

nucleon fraction £€ny/ng). This equation shows that every
hadron whose lifetime is longer thaf(10™8) sec contrib-

utes to the interconverting interaction between neutron an
proton at the beginning of BBN. Hereafter we will consider

where \/s denotes the center of mass energy, the functional
hape is motivated by the next-to-leading order perturbative
CD calculationsA is the cutoff parameter in the perturba-
tive calculations and we také=1 GeV. In Fig. 9 we plot
the charged particle multiplicity for Js=1 GeV
—100 TeV. The error of the fitting is about 10%. Using the
®f the decay modey,—gg(g: gluino) is kinematically al- available datd27,31,33, we obtain the emitted hadron frac-
lowed, the hadronic branching ratio becomes close to 1. tion inEnHi/(Nch>,
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f .=064, f_-=0.64, r
Hi _ N—N’ 39)
NHN’_FHi +rhi (

dec abs

f+=0.076, f-=0.076, fy =0.054 (36)

! is the decay rate of the hadrds; and
H
N—N

Hi  —
where I o = 7.

Hi _ pHi Hi
]?abS_FN—>N'+FN/—>N+F
tion rate ofH; .

f,=f;=0.035, f,=f,=0.034,
PP nor +I‘Ei,_>N, is the total absorp-
wheren'i is the number of the emitted hadron spedits
which is defined as the value after boky and A° had

completely finished to decdyAs we find easily, almost all
the emitted particles are pions which are the lightest mesons.
To apply the data of the™e™ collider experiments, we take In this subsection we compare the theoretical prediction
\/§:2Ejet in (Ng) where Ej, denotes the energy of one of the light element abundances in the hadron injection sce-

hadron jet because thi#l.,) is obtained by the result for two Nario to the observational light element abundances. In the
hadron jets. computations we assume that the massive particle decays

into three bodies K;e=m,/3) and two jets are produced at
the parton level Njet=2).8 In the computing we take the

branching ratio of the hadronic decay moBg= (10 ?
In this section we formulate the time evolution equations—1).

in the late-time hadron injection scenario. As we mentioned As we noted in the previous subsections, it is a remark-
in the previous section, the hadron injection at the beginningible feature that the predicted, tends to increase in the
of BBN enhances the interconverting interactions betweemadron injection scenario becau$de is the most sensitive
neutron and proton equally and the freeze out valua/pf  to the freeze-out value of the neutron to proton ratio. Since
can be extremely increased. Then the time evolution equgrotons which are more abundant than neutrons are changed
tions for the number density of a nucled{=p,n) is rep- into neutrons through the strong interactions rapidly, the
resented by freeze out value ofi/p increase extremely if once the net
hadrons are emitted. In Fig. 10 we plot the predicféte
mass fractionY, as a function ofT for (a) my=100 TeV
weak and(b) m,=10 GeV. The solid curve denotes the predicted
(37) Y, . Here we take the branching ratio of the hadronic decay
mode aB,=1 (right one andB;,=0.01(left one. The dot-
whereH(t) is Hubble expansion ratédny /dt],eacdenotes  dashed line denote,=0. The dashed line denotes the vir-
the contribution from the weak interaction rates which aretual value ofY, computed by including only the speed down
obtained by integrating the neutrino distribution functions aseffect due to the change of the effective number of neutrino

C. Hadron injection and BBN

B. Formulation in hadron injection scenario

dny
dt

dny
+3H(t)ny= W} =T yny(Knon —Knron)s

discussed in Sec. IV, see Eq25)—(30), ny=p,/m, is the
number density ofp,
of the transitionN— N’ per one¢ decay.

The average number of the transitiNa—N' is expressed

by

KN%N,=; N (38)

Kn_n' denotes the average number

species. The dotted line denotes the prediction in SBBN.
As we mentioned in the previous section, the speed down
effect due to deficit of the electron neutrino distribution func-
tion are not important fofg=7 MeV. In addition since it is
high enough to keep/p=1 for the cosmic temperaturé
=7 MeV, the enhancements of the interconverting interac-
tion betweenn and p due to the hadron emission do not
induce any changes on the freeze-out valua/gf. As Ty
decreasesTzr=7 MeV), Y also decreases gradually be-

whereH; runs the hadron species which are relevant to th&ause the speed down effect on the freeze-out value pf

nucleon interconverting reactionbl™i denotes the average

number of the emitted hadron specids per one¢ decay

which is given by Eq(34), andR" |

denotes the probabil-

begins to be important. On the other hand, if a lot of hadrons
are emitted when the cosmic temperatureTis6—-7 MeV
and the ration/p is less than 1, they enhance the intercon-
verting interactions more rapidly. As a result, the ratip

ity that a hadron specigd; induces the nucleon transition attempts to get closer to one again although the cosmic tem-

N—N’,

8The above choice of the set of model parameEggsand Ng, is

The summation off,, is obviously more than 1 because the ot unique in general and is obviously model dependent. However,

experimental fitting of N, is defined as a value befolke; and A °

since(N¢p) has the logarithmic dependencef;, we should not

decay[32]. Here we assume théf;, does not change significantly pe worried about the modification &, by just a factor of 2. On

in the energy range/s=10 GeV-100 TeV. Since we do not have the other hand in Eq37), the second term on the right-hand side
any experimental data for the high-energy region more than abougcales as<Nj/m,. For the modification ofNj, therefore, we
200 GeV, we extrapolatéN,) to the higher-energy regions and we only translate the obtained results according to the above scaling

takefHi as a constant.

rule and push the responsibility off onto .
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F(a)  /m,=100 Tev] FIG. 12. Contours of the confidence levels fog=10 GeV for
0.23 H :H{ 4 IHHI A the same theory parameters as in Fig. 11.
0.26 |- . . |

K B,=10 |{B,=1 ] wheres denotes the entropy density in the universe. Because
0.25 _—\‘T——— —— e Y, is a constant only while the universe expands without any

N T ey, entropy production, it represents the net number density of
A /f STD . . .. . .
C N ] per comoving volume. For simplicity let us consider the in-
'\ 1 .

0.24 I N . stantaneous decay @f and assume that the reheating pro-

F (b) , m,=10 GeV ] cess is completed quickly. Because the radiation energy in
0.23 -IIIII [ IIIIII| -I

the thermal bath or entropy=27rzg*/45T§e is produced
only from the decay products @b, Y, is approximately
estimated using g andm,, by

1 10
Ty (MeV)

FIG. 10. Plot of the predictedHe mass fractiory,, as a func- -
tion of T for (8 my=100 TeV and(b) m,=10 GeV atn=5 v 20.285. (41)
X107 The solid curve denotes the predictég where we take ¢ my
the branching ratio of the hadronic decay mod&gs 1 (right one
and B,=0.01 (left ong. The dot-dashed line denot@=0. The  From the above equation, we can see that for the fixed value
dashed line denotes the virtusl, curve computed by including of T the net number o, i.e., the net number of the emitted
only the speed down effect due to the change of the effective numhadrons, becomes larger for the smaller mass. Comparing
ber of neutrino species. The dotted line denotgsn SBBN. The  Fig. 10(a) with Fig. 10b), we find that the theoretical curve
long-dashed line denotes the rough observational twaipper  of Yp for the case ofn¢: 10 GeV is enhanced more steeply
bound thatYp should be less than about 0.252. The tOp hOfiZOﬂta|and the Starting point to increay% becomes h|gher than for
axis represents the lifetime which correspondd to the case ofn,=100 TeV.

) ) } Since the other element® and ‘Li) are not so sensitive
perature is still low. Thus the above effects extremely in-5g “He, it is expected that the observational value Yof
crease the freeze-out value fp and is much more effec-  onstrainsT; most strongly. In order to discuss how a low
tive than the speed down effects. Namely, the produted  reheating temperature is allowed by comparing the theoreti-
becomes larger very sensitively only Tk is just a little 5 predictions with observational valuéB, “He, and’Li),
lower than 6—7 MeV. One can obviously find that this effecty perform the Monte Carlo simulation and maximum like-
becomes more remarkable for the larger. lihood analysis as discussed in Sec. IV. In addition to the

~ To understand how it depends on mass, it is convenient tgase of Sec. IV we take account of the following uncertain-
introduce the yield variabl¥ , which is defined by

10 TTIT T T T TTm T 1T 10 TTTIm TTIIT T TTI T 1T
Ys=n,ls, (40 o ] F T
3% - 3%
10 ¢ T T TTETTY ’?; [— ’?; _
F(a) F(®) 1= 2 15 27 1%
R . I 5 2 \ 2 = 2
> C T 1~ - 1e O 2
) - -+ ] m o | 4 - © hd
2t T+ 1.& T 1" =z "
[ =R 3 = H <
B (m,=100TeV | m,=100TeV - - = St 2
B, = 1 B, = 102 E» E
%0—10 10-9 10-9 3 (a)Bh =1 3 (WIIJ)Bh = 0.01
n 77 IIIIIII‘ IIIIIIIII IIIIIII| 101 IIIIIIJ IIIIIIIJ IIIIIl‘ IMATTI
1020.1 1 10 107 1020.1 1 10 107
FIG. 11. Contours of the confidence levels fog=100 TeV in m, (TeV) m, (TeV)

(5, Tr) plane for the branching ratio of the hadronic decay m@ile

B,=1 and(b) B,=10"2. The solid line denotes 95% C.L. and the FIG. 13. Lower bound oif as a function ofn for the branch-
dotted line denotes 68% C.L. The filled square is the best fit pointng ratio of the hadronic decay mode) B,=1 and(b) B,=10"2.
between the observation and theoretical prediction fofe, and  The solid line denotes 95% C.L. and the dotted line denotes 68%
Li. The right vertical axis represents the lifetime which corre- C.L. The right vertical axis represents the lifetime which corre-
sponds tolg. sponds tolg.
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ties, the error for the fitting ofN.,) as 10%[31] and the temperature is clcgfse to the neutrino decon_JpIing temperature,
experimental error for each cross section of the hadron inteithe deviation oNS" from the standard valug.e., 3 is small
action as 50%. Because there are not any adequate expe@ind hence the detection may not be easy.

mental data for the uncertainties of cross secti@®31], However, from more general point of view, it is possible
here we take the larger values to get a conservative corhat light particles with masss1 GeV are responsible for
straint. the late-time reheating. In this case, as seen in the previous

In Fig. 11 we plot the contours of the confidence level forsection, the reheating temperatures as low-8s7 MeV are
m,=100 TeV in the ¢-Tg) plane for(a) B,=1 and(b)  allowed. For such a low reheating temperature, neutrinos
B,=10 2. The solid line denotes 95 % C.L., the dotted line cannot be produced sufficiently. Thus the effective number
denotes 68 % C.L. and the filled square is the best fit poinbf the neutrino specielSi‘iff becomes much less than 3. This
between the observation and theoretical prediction for Dleads to very interesting effects on the formation of large
“He, and’Li. The baryon to photon ratio which is consistent scale structures and CMB anisotropies, which we discuss in
with the observational data is restricted in the narrow regiorthe next section.
7=(4—6)x10 % From Fig. 11a), we find that Ty
=<3.7 MeV is excluded at 95% C.L. f@,=1. On the other  v|. CONSTRAINTS FROM LARGE SCALE STRUCTURE

hand, from Fig. 1(b) we obtain the milder constraint that AND CMB ANISOTROPY
Tr=2.5 MeV is excluded at 95 % C.L. fdB,=10 2. In ) _ ) . .
Fig. 12 we plot the contours of the confidence level o In this section, we discuss possibility to set constraints on

=10 GeV in the same way as Fig. 11. Compared to Fig. 11the late-time entropy production from the large scale struc-

as we mentioned above, we find that the lower bound on thta“r_e and CMB anisotropies. Hereafter, we only consider flat
reheating temperature becomes higher for a smaller mas¥niverse models with cosmological constant which are sug-
From Fig. 12 we get the lower bound on the reheating temd©Sted by recent distant Supernov&e surveys|33,34

perature thafr=5.0 MeV (4.0 Me\) at 95 % C.L. forg,  and measurements of CMB anisotrop@s]. _
=1 (B,=102) The late-time entropy production influences formation of

In Fig. 13 the lower bound offi; as a function ofn,, are the large fscale structure and CMB qnisot(opies since. the
plotted for (8) B,=1 and(b) B,=10"2. The solid line de- matter-radiation .equallty 'epoch is shifted if t'he effectl\{e
notes 95 % C.L. and the dotted line denotes 68 % C.L. As i§lumber of neutrino species changes. The ratio of neutrino
expected, the curve of the lower bound g is a gentle density to  blackbody ~photon  density isp,/p,
monotonic decreasing function ofy. In Fig. 13a), we can :(.7/8.)(4/11)4 ’.\IV' Therefo.re the redshyft Of_ matter-
see thafTg should be higher than 4 MeV at 95 % C.L. for radiation equality can be written as a functionlof:

B,=1 in my=10 GeV-18 TeV.? On the other hand, in 2 g4 -1
Fig. 13b) we find that the constraint gets milder f@, 1+ Ze=4.03X 100Q0h3 1+ < _) N, . (42
=102 It is shown thafTz=2.5 MeV is excluded at 95 % 8111

C.L. for B,=10"2. In Fig. 4 we find thaN,e,ff can be allowed

as small as 2.8 foB,=1 (1.9 for B,=10"2). where (), is the density parameter ardis the nondimen-

sional Hubble constant normalized by 100 km/s/Mpc.
Let us now discuss distribution of galaxies on large
scales. For a quantitative analysis, we define the matter
In this section we have seen that the BBN constraint ompower spectrum in Fourier space R&k)={(|5,|?), where s,
the reheating temperature becomes much more stringent ifig the Fourier transform of density fluctuations af)dde-
massive particle has a branching to hadrons. For successfubtes the ensemble average. Hereafter, we assume the
BBN the reheating temperature should be higher than 2.Barrison-Zel'dovich power spectrum, which is motivated by
—4 MeV for the branching rati®,=1—10"2. The hadron the inflation scenario, as an initial shape of the power spec-
injection generally occurs if the late-time reheating is causedrum, i.e.,P(k)«k. As fluctuations evolve in the expanding
by the heavy particle with mass larger tharl GeV. Many universe, the shape of the power spectrum is changed. One
candidates for the late-time reheating such as SUSY particlasften introduces the transfer functidi(k) to describe this
and flatons have such large masses and hence the constraimbdification of the initial power spectrum a®(k)
obtained here is crucial in constructing particle physics mod—=AkT(k)?2, whereA is an arbitrary constant. In case of stan-
els based on SUSY or thermal inflation models. dard cold dark mattefCDM) dominated models, Bardeen
For the lower limit of the reheating temperature, the ef-al. [36] found a fitting formula:
fective number of the neutrino specib§" is given by 2.8
and 1.9 forB,=1 and 102, respectively. Since the limiting _ In(1+2.34q)

234

2 3 47— 1/4
9Although we have adopted the experimental error of each hadron X[1+3.8%+(16.10)"+ (5.460)"+(6.71q) 7],
interaction cross section as 50% in the Monte Carlo simulation (43
because of the lack of data, the lower boundTgnmight become
about 10% higher than the above values if we adopt the more severghereq=k/Qoh?> Mpc™ ! when the baryon density is neg-
experimental error of 10% instead of 50%. ligible small compared to the total density. It is easy to ex-

D. Summary of hadron injection

1
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cr.:0.2/ 0.3/ 0.4/ 0.570.

peak location of a model with smalled®" shifts to the
smaller scale(larger in k) since smaIIerNiff makes the
equality epoch earlier which means the horizon scale at the
equality epoch becomes smaller. We have hope that current
large scale structure surveys such as 2DF and Sloan Digital
Sky Survey(SDSS may determine the precise valuelof.

In addition to the shape of the power spectrum, the am-
plitude is another important observational quantities to test
models. On very large scales, the amplitude of the power
spectrum is determined by CMB anisotropies which are mea-
sured by COBE/DMK8]. Since COBE Differential Micro-

plain why q is parametrized by2,h?. This is because CDM Wave RadiometeDMR) scales are much I_arger than the
density fluctuations cannot evolve and stagnate during a rdl0rizon scale of the matter-radiation equality epoch, how-
diation dominated era. Only after the matter-radiation equal€Ver. it is not sensitive to the transfer functid(k) but the

ity epoch can fluctuations evolve. Therefore the CDM powerPVerall amplitudeA. In order to compare the expected am-
spectrum has a peak which corresponds to the horizon scapditude of the power spectrum from each CDM model with
of the matter-radiation equality epoch. In fact, the wavelarge scale structure observations, we employ the specific

4
3
2

eff

Y

N

1

0.6
Q0

0.8

—_

FIG. 14. Contours of (=0.2 (bold), 0.3, 0.4, 0.5 and 0.6 on the
(Q0,N°%™ plane forh=0.7.

number of the horizon scale at the equality epoch can b@'ass fluctuations within a sphere of a radius bf'8 Mpc,

written askeq= v2Qo(1+ 2. Ho, WhereH, is the Hubble
constant at present, that is proportionaftgh?. In the actual
observations, distances in between galaxies are measured
units ofh~* Mpc. Therefore to fit the observational data by

the CDM type power spectrum, we usually introduce so-

calledshape parametel ;= (),h. It is known that we can fit
the galaxy distribution ifl’'s=0.25+0.05 [37] which sug-
gests a low density universe. If the late-time entropy produc
tion takes place, however, we need to take into accbtjfit
dependence of the matter-radiation equality edéah (42)].
Thereforel ' should be written as

I's=1.680h/(1+0.22MN°"M). (44)

We plot contours ofl’g on QO—NS;‘ff plane in Fig. 14. It is
shown that smalle), is preferable forN®"<3 with the
same value of’g. We also plot the power spectra fér,
=0.3 andh=0.7 with differentN®"s in Fig. 15. Here we do
not simply employ the fitting formula but numerically solve
the evolution of density fluctuatiori88]. It is shown that the

10-2 E T T IIIIIII T T IIIIIII T T T T T IIIII£

F 0,=0.3 h=0.7 = ]

- Q,h?=0.02 1

10 E
= I ]
n-' - _
104 | . —

% N,=3 E
- N,=2 (:-;

P N =0.5 N

10—5 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIII| 1 11111

10+ 10-3 10-2 10-1 100
k[hMpct]

FIG. 15. Matter power spectria(k) of CDM models WithN'iff
=0.5, 2, and 3. We tak€,=0.3h=0.7, andQzh?=0.02 where
Qg is the baryon density parameter.

i.e., og Which is defined as

i 08=([M/M(R)1®)rgn-1 wpc

1
~ oz | AKEPIOWIR T econ e, (49

whereW(kR) is a window function for which we employ a
top hat shape a#/(kR)=3[sinkR)—kRcoskR/(kR?3. Eke
et al. [39] obtained the observational value @f which is
deduced from the rich cluster abundance at present as

og=(0.52+0.04 Q%7130

(46)
Other estimates ofrg [40] are agreed with their result. For
CDM models with standard thermal history, the valuergf
is a function ofQ25 andh. With the late-time reheating, how-
ever, og for fixed 0y and h becomes larger. The reason is
following. Since we fix()y andh, the normalization factoA
is same regardless of the valuef". As is shown in Fig.
15, the amplitude of the power spectrum dm 8 Mpc, i.e.,
og, is larger for smalIeer“. In Fig. 16, we show the al-
lowed region on th&)y—h plane forNiff: 0.5, 2, and 3 for
COBE-normalized flat CDM models with the Harrison-
Zel'dovich spectrum. The shaded region satisfies the match-
ing condition with the cluster abundance E46). For fixed
h, models with smaIIeN‘iff prefer lower(),. Recently, the
HST key project on the extragalactic distance scale has re-
ported thah=0.71=0.06 (1o) by using various distant in-
dicators[41]. From SNe measurementQ,,=0.28+0.8 for
flat models(see Fig. 7 of Ref[34]). CDM models with
N®"=0.5~3 are still consistent with above value bfand
Q,. However we expect further precise determination of
Qgy, h (from distant SNe surveys and measurements of
CMB anisotropies and og (from 2DF or SDS$ will set a
stringent constraint oN‘iff andTg in the near future.

Finally we discuss the CMB constraint ofg. Let us
introduce temperature angular power spect@nwherel is
the multipole number of the spherical harmonic decomposi-
tion. The rms temperature anisotropy of CMB can be written
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0.8

7L 5N'§“20.1(MAP) and 0.03(Planck including polarization

/ N=3 | data, even if all cosmological parameters are determined si-
1 multaneously(see also Fig. )7 From such future observa-

I N,=2 tions of anisotropies of CMB, it is expected that we can

0.7 - precisely determind .

X 4
o N\ : 0,h?*=0.02 VIlI. CONCLUSION

In this paper we have investigated the various cosmologi-
cal effects induced by the late-time entropy production due
to the massive particle decay. The neutrino distribution func-
tions have been obtained by solving the Boltzmann equations
numerically. We have found that if the large entropy is pro-
05 L1 X 7/ duced at about=1 sec, the neutrinos are not thermalized

0.2 0.3 0.4 0.5 0.6 very well and hence do not have the perfect Fermi-Dirac

O distribution. The deficits of the neutrino distribution func-
tions due to the insufficient thermalization decrease the
Hubble expansion rate and weaken the weak interaction rates
between proton and neutron. The above two effects change
the freeze-out value af/p significantly. Especially the pro-
duced “He mass fractior is so sensitive ta/p that the
predicted value ofY is changed drastically. Comparing the
theoretical predictions of D#He, and ’Li to the observa-

0.6 —

FIG. 16. Allowed region on(l,—h plane from observational
values ofog deduced from the rich cluster abundance at present fo
flat CDM models. Models wittN®"=0.5, 2, and 3 are plotted.

as(|AT/T|?)==,(21+1)C/4m. Using C,, we can extract
various important information of cosmology, such as the cur

vature of the universél,, cosmological constartt, and S0 yj54) qata, we have estimated the lower bound on the reheat-

on (sge, €.g., Re1L42]). In fact,.we can measure the matter ing temperaturel g after the entropy production. We have
radiation equality epoch by using the height of peak&pf found thatTr=<0.7 MeV is excluded at 95 % C.L. In other

The peaks are boosted during the matter-radiation equali%ards T can be as low as 0.7 MeV. Then the effective

epoch. If the_matter raqllatlon equality is earlier, the corre number of neutrino specie¢® can be as small as 0.1. It is
spondent horizon scale is smaller. Therefore we expect Ioweernou h sensitive for the onyoin large scale structure obser
heights for first one or two peaks since these peaks are larger . 9 going farg . i
. . vations such as 2DF and SDSS or future satellite experi-

than the horizon scale at the equality epoch and do not suffer . X
) S . ments(MAP and Planckof CMB anisotropies to detect such

the boost as is shown in Fig. 17. With the present angular

resolutions and sensitivities of COBE observati8hor cur- mtodltflcatlonts o, adnd ;{ve can find out the vestige of the
rent balloon and ground base experiments, however, it iLa e-ime entropy production. . . .
impossible to set a constraint a4, It is expected that Furthermore, we have also studied the_case in which the
future satellite experiments such a; MEg3 and Planck10] massive particle has some decay modes into quarks or glu-

will aiv ful information abot®™ . From the Lopez ons. In this scenario, a lot of hadrons, e.g., pions, kaons,
give us a useiul information abotN, . From the Lope protons and neutrons, which are originated by the fragmen-
et al analysis[7], MAP and Planck have sensitivities that

tation of the high-energy quarks and gluons, are injected into
thermal bath. The emitted hadrons extraordinarily intercon-

10_1L vert the ambient protons and neutrons each other through the
T strong interaction even after the freeze-out time of the neu-
= tron to proton ration/p. Then the predicted value of in-
3 creases extremely and we can constiigirand the branching
i § ratio of the hadronic decay mods, comparing to the obser-
02 vational light element abundances. We have folipghould
: be higher than 2.5-4 MeV at 95 % C.L. f&,=10 2—1.
7 0.5 The above results tell us thaf™ can be as small as 1.9-2.8
. even in the hadron injection scenario B=10 2—1. Then
WV 0 & it still may be possible to detect the modificationsl\cbﬁf by
°© MAP and PLANCK.
| " AR -

“1o 100 1000
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Unified Theory of Elementary Particlédlo. 709" (M.K.)
and by the Sumitomo FoundatidN.S).

The volume element of, is given by dp3=E3d cosyd¢
and from Eqs(A6) and (A7) the azimuthal angle is obtained
by

APPENDIX: REDUCTION OF COLLISION INTEGRAL )
—(E1—E3)"—2E5(E1—Eg)

This appendix shows how we can reduce the nine- cosnp=— 2E,R (AL13)
dimensional integrals in Ed6) of the collision termC; g4
for the scattering process into one dimensional integrals. Nofhen|cos#|<1 demands
tice that, since we treat the massless neutrino, the norm of
the neutrino momentum equals to its enefgy=E;. Here |E;—E3|<R<E;+2E,—Ej. (Al4)

we divide the collision term into two parts:

Ci,scat: —F+B,

whereF represents the forward process @depresents the

backward process. They are given by

(A1)

From Egs.(A12) and (Al4), we can obtain the allowed re-
gion of R,
|El_ E3|SRS|nf[E1+ E3,El+ 2E2_E3] (A15)

Since the volume element of; is given by dp§

Je f dp3 f dp3 f dp3 =27E3dE,d cosd where coi=p; - ps/(E3E,), the differ-
= %€, 2E 27 2Ey2m)3) 2Eq2m) ential angle element is evaluated by

X (2m) 6% (p1+pa—Ps—PA)SIMI?Ag,  (A2) dcosf= — =———dR (A16)

2E,E;
3

= e f dp f dps f dpa From Eqg.(A15) we can see that the integration can be per-

2E1) 2E,(2m)%) 2E5(2m)%) 2E,(27)° formed in the four allowed intervals

X(2m)*8*(p1+ P2 = P3—Pa)SIM[*Ag,  (A3) S 2ndgh

—F+B= 5| dEg| dE, | dR[ S=|M|?
whereg.=2 and the phase space factors are given by 1287 /0 0 0 2m

Ap=T1(E)foE)[1-F3(Ea) [[1-f4(E)],  (A4) X(—Apt+Ag)
Ap=[1—f1(E)I[1-f2(Ex)If1(E3)fa(Es).  (AD)

The integral oved®p, is immediately done using®(p,
+p,—P3—Pa). From the momentum conservatiofp,| is

fEl Es Eq+2E,— E3
L,
128E2[ * ?Je, e,

E1+E3
N
Es Ei— E3

given by
|ps|?=E3=E5+2E,R cosp+R?, (AB) f iE J' dE IE1+2E2 E3
3
whereR=p,—p;, R=|R| and cosy=R-p,/(|p,|R). B E1tEs EitEs
The remaining delta functiod(E,+ E,—E3;— E,) shows E,+Eq 2rd
the energy conservation low which is given by f dESJ' dEzf dR}f —9SM|?
E; Es E;+Es 0o 2
2_r2 2 2 _ _
E3=E?+E5+E3+2(E,E,— E{E3—E,E3). (A7) (= At Ag). (AL7)
We can generally take the momentum axes as Even though we only show the case ofigfhere, we can get
R=(0,0R), (Ag)  the same procedure for, andv. if Cy andC, are replaced
by C, andC,. As we also noted in Sec. I, we assume that
p,=(E,sinysing,E, siny cos¢,E, cosy), (A9)  electrons obey the Boltzmann distribution functien™'™. In
addition, since neutrinos are massless, the energy momentum
ps=(E5sing, 0E;siné) (A10) conservation giveq-ps=p,-Pp3 in the elastic scattering
Y ’ process. The above assumptions simplify the integrations
where still more.
For the forward reaction v(p;)+e*(p,)— v(ps)
E2—E3—R? +e*(p,), the phase space factor is given by
COSé= ———— (A11)
2E3R £
_ _ _ 2
Then|cosé<1 demands Ar=Tu(EJ[L f,,(E3)]ex;{ T/ (AL8)
|E;—E3|<R<E;+E;. (A1l2) ThenF, andF, in Eq. (12) are analytically estimated as
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ng J‘E1+2E2 E3 Then we can analytically obtaiB,; andB, in Eq. (12) as
E1+E3 2rd ¢ S||\/||2e—Ez/T E3 E;+2E,—Eg w El+53
dE f f —_— B,= dR+ | dE,
J"% ?Je -k, } 0 27 256 CZ+C3)G2 E1—Es Es Ei- E3

=2TYE2+E5+2T(E,—E3) +4T*-THEZE}
+2E,E3(E +Eg) T+2(E +E3)?T?

277d¢ SlM |Zef(El+ Ey+E3)/T
“Jo 27 256C2+CE)GE
\% A F

+4(E;+E3)T3+8T4e BT, (A19)
Es Ey+2E,~E; = 2T E2+E2+2T(E;—E5) +4T*]e (B Ea)/T
o
2 { e — T E2E2+ 2E,E4(E,+ E3) T+ 2(E; + E5)?T?
f E1+E3 2rdp  S|M|2e E2/T +4(E;+Eg)T3+8T4e B/, (A22)
dE j j C¢ Ml =
Es JE tEs } 0 27 256 C2+C2)G2
=2T4E3+E5—2T(E;—E3) +4T4eF1 E/T Es Ey+2E,—E3 E1+E3
S
—T2[E2E2+ 2E,E5(E+E3) T+2(E; + E5)?T? ~E1tEg ~E1+Eg Es E1+E3
+4(E +Eg)T3+8Te /T, (A20) y J'ded) S|M|2e (ELtE2+EQIT
On the other hand, for the backward reactiar{p,) 0o 27 256 CZ+C3)G2
+e*(p,)—v(ps) +e*(p,), the phase space factor is given
by =2T4EJ+E5—2T(E,— E5)+4T4]— T EZES
Ei+Ex+Es +2E,E5(E +Eg) T+ 2(Ey+ E3)°T?+ 4(E; +E5) T
AB—[l—fV(El)]fv(Ea)eXp( B
(A21) +8T4]e B/, (A23)
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