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Cosmological Constraints on Late-time Entropy Production
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We investigate cosmological effects concerning the late-time entropy production due to the decay of
nonrelativistic massive particles. The thermalization process of neutrinos after the entropy production
is properly solved by using the Boltzmann equation. If a large entropy production takes place at late
time ¢ = 1 sec, it is found that a large fraction of neutrinos cannot be thermalized. This fact loosens
the tight constraint on the reheating temperatligefrom big bang nucleosynthesis aff@ could be as
low as 0.5 MeV. The influence on large scale structure formation and cosmic microwave background
anisotropies is also discussed. [S0031-9007(99)09223-6]

PACS numbers: 98.80.Cq, 98.70.Vc

It is usually believed that thermal radiation dominatesH = /(g.72/90) T2 /Mg, Where g+ is the number of
the energy density of the early Universe after the reheatmassless degrees of freeddmss 43/4) and Mg is the
ing process of the primordial inflation. At least, the Uni- reduced Planck mass= 2.4 X 10'® GeV), the reheating
verse is expected to be radiation dominated before the biggmperature is estimated @g = 0.554+/1'Mg.
bang nucleosynthesis (BBN) epoch= 1 sec after the big As mentioned above, the stringent constraint on the late-
bang), otherwise the abundances of the synthesized lighime entropy production or reheating temperature comes
elements{He, *He, D, and’Li) do not agree with obser- from the consideration of BBN. The long-lived massive
vations [1]. However, it is uncertain that the Universe isparticles which are responsible for the late-time entropy
radiation dominated before the BBN epoch. In fact, parproduction should decay early enough to make the Uni-
ticle physics models beyond the standard one predict werse to be dominated by thermal radiation before the
number of new massive particles, some of which have lon@BN epoch. To establish the thermal equilibrium, the de-
lifetimes and may influence the standard BBN scenariocay products should be quickly thermalized through scat-
Since the energy density of such massive nonrelativistiterings, annihilations, pair creations, and further decays.
particles decreases more slowly than that of the radiation aslmost all standard particles, except neutrinos, are ther-
the Universe expands, the Universe becomasierdomi-  malized very soon when they are produced in the decay
nated by those particles until they decay. When they deand subsequent thermalization processes. Neutrinos can
cay into ordinary particles, large entropy is produced ande thermalized only through weak interaction which usu-
the Universe becomeadiationdominated again. We call ally decouples at a few MeV. Thus, the thermalization
this process “late-time entropy production.” of neutrinos is most important to obtain constraints on

One can find some interesting candidates for thehe reheating temperature. However, the thermalization of
late-time entropy production in models based on supermeutrinos has not been well studied and people have used
symmetry (SUSY). In local SUSY (i.e., supergravity) various constraints on the reheating temperature between 1
theories [2] there exist gravitino and Polonyi field [3] and 10 MeV. Therefore, in this Letter, we will obtain the
which have masses 6f100 GeV-10 TeV. Since gravi- constraint on the reheating temperature by using the neu-
tino and Polonyi field interact with other particles only trino spectrum obtained from numerical integration of a set
through gravity, they have long lifetimes. For example,of Boltzmann equations together with full BBN network
the Polonyi field with mass-10 TeV quickly dominates calculations.
the energy density of the Universe because this field Another interesting constraint may come from observa-
cannot be diluted by the usual inflation and decays at th&ons of anisotropies of the cosmic microwave background
BBN epoch. It is also known that superstring theories(CMB) radiations. It is known that the CMB anisotropies
have many light fields such as dilaton and moduli whichare very sensitive to the time of matter-radiation equality
have similar properties as the Polonyi field. (see, e.g., Ref. [4]) . When the reheating temperature is

When one considers the late-time entropy productionso low that sufficient neutrinos cannot be thermally pro-
reheating temperaturgg is usually used as a parameter duced, the radiation= photons+ neutrinos) density be-
to characterize it. The reheating temperatWfg is comes less than that in the standard case, which may give
determined fromI' = 3H(Tg), where I' is the decay distinguishable signals in the CMB anisotropies. In this
rate andH(Ty) is the Hubble parameter at the decayletter, we use the effective number of neutrino species
epoch. Since the Hubble parameter is expressed a¢c’ as a parameter which represents the energy density of
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neutrinos defined bwe'f =3, p, /p«a, wherei = v,,  trino self-interactions which may not change the result in
vu, V7, @aNdpgyq is the neutrino energy density in the stan-the present paper, since the neutrino number densities are
dard case (i.e., no late-time entropy production). much smaller than the electron number density at low re-
Let us now discuss the neutrino spectrum. When deating temperature.
massive particle¢p which is responsible for the late- Here we have treated neutrinos as Majorana ones (i.e.,
time entropy production decays, all emitted particles,y = 7). Note that our results are the same for Dirac neu-
except neutrinos, are quickly thermalized and make #rinos. The collision terms are quite complicated and ex-
thermal plasma with temperatureTg. If the reheating pressed by nine-dimensional integrations over momentum
temperature is high enougtfy > 10 MeV), there is space. However, if we neglect electron mass and assume
no question about the neutrino thermalization. For ahat electrons obey the Boltzmann distributier?/”, the
relatively low reheating temperatur€ly < 10 MeV),  collision terms are simplified to one-dimensional integra-
however, neutrinos are slowly thermalized and may notion forms. Because the weak interaction rate is small at
be in time for the beginning of BBN. We assume that7 < 0.5 MeV, the result is little changed by neglecting
the decay branching ratio into neutrinos is very small andhe electron mass. The@? is given by [5]

that neutrinos are produced only through the annihilation dp!

of electrons and positrons, i.ef + e~ — v, + 7, (i = Ci = — —z’p?(av)i

e, u, 7). The evolution of the distribution functiofi; of 77

the neutrinoy; is described by the Boltzmann equation, X [filp)fi(p)) = feq(P)fea(PD],  (2)
afi(pit Ofi(pit where fo[= 1/(e?/T + 1)] is the equilibrium distribu-
% - Hpi%i) =C} + C}, (1) tion andq(av)i is the differential cross sections given

by (ov)e = 4GE/97)[(Cy + 1)> + (Ca + 1?]pp’,

wherep; is the momentum of; andC; (C})is the colli-  and (ov), . = (4G%/97) (Cy + Cﬁ)pp’. Here G is

sion term for annihilation (scattering) processes. Here wéhe Fermi coupling constant, andy, = —1/2,Cy =

consider the following processes; + v; < e’ + e~ —1/2 + 2sir? 6y (6w: Weinberg angle).

and v; + e* — v; + e*. We do not include the neuj  As for scattering processes; is expressed as

2 ' , %
s = 29F 2y cﬁ)[—f—; ( f " apll - f (DI + f dplll - fi(p{)]Fz)
pi \Jo

3 i pi
e LI ([ aptgionm+ [ antsiobs:) | ®
Di 0 pi
Here(C‘Z, + Cf‘) is replaced by(Cy + 1)> + (C4 + 1)*]for i = e, and the functiong,, F», B, andB, are given by
Fi(p,p") = D(p,p) + E(p,p)e ?'",  Fa(p,p) = D(p',p)e'??/T + E(p,phe "',
Bi(p,p) = Fap',p),  Balp,p') = Fi(p'.p), (4)

where
D(p,p) = 2T4[p2 + p’2 +2T(p — p') + 4T2],
E(p,p) = =T p*p"” + 2pp'(p + p")T + 2(p + p')*T*> + 4(p + p"T* + 8T*]. (5)

Together with the above Boltzmann equations, we alsmeutral currents, they are more effectively produced from
solve the evolution of the densities of the massive particléhe thermal plasma than the other neutrinos which have

¢, radiationsp,.(= p, + p.=), and the scale factar: only neutral current interactions. The final distribution
dpy functions . and f,, = f, are shown in Fig. 1(b), from
D7 —I'py —3Hpy, (6)  which one can see that the occupation numbers are close

to equilibrium values at low momentum but they deviate

dp, dp, significantly at higher momentum.
5 YPe T T 4H(p; + py), 7 In Fig. 2 we can see the change ®fT as a function
of Tg. If Tz = 7 MeV, N¢'T is almost equal to three and
H = dina _ 1 (pp + pr + p,)"?, (8) neutrinos are thermalized very well. On the other hand, if
dt V3 Mg T = 7 MeV, N becomes smaller than three.
where the neutrino density is given by, = The deficit of the neutrino distribution influences the
S 172 [ dpipipifi(pi). produced light element abundances. In particular, the
In Fig. 1(a) we show the evolutions @f,, andp,, =  abundance of the primordidHe is drastically changed.

py, for Tx = 2 MeV. Since the electron neutrinos inter- At the beginning of BBN(T ~ 1-0.1 MeV) the compe-
act with electrons or positrons through both charged antition between the Hubble expansion rate and the weak
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.% 107t = If the neutrino energy density gets smaller than that
10-2:_ of the standard BBN (SBBN), the Hubble parameter
O o is also decreased. Then the@ equilibrium between
10 30_1 1 10 neutrons and protons continues for a longer time, and less

p/T neutrons are left. Thus, the predictéde is less than

_ _ _ the prediction of SBBN. This effect is approximately
FIG. 1. (a) Evolution of the energy density of (solid curve)  estimated byAY = —0.1(—Ap/p), whereY is the mass

and v, (dashed curve) forTr = 2 MeV. (b) Distribution . 4 . .
of v, /(Lsolid curve) andv, (dashed curve) fofx = 2 MeV. fraction of *He andp is the total energy density of the

The dotted curve is the thermal equilibrium Fermi-Dirac Universe. o _
distribution. In addition, if the electron neutrino is not thermalized

sufficiently and does not have the perfect Fermi-Dirac
interaction rates determines the freeze-out value of thdistribution, there are two interesting effects by which
neutron-to-proton ratio. After the freeze-out time, neu-more *He are produced. The weak reaction rates are
trons can change into protons only through the free decagomputed by the neutrino distributions which are obtained
with the lifetime 7,. Since the left neutrons are almost by solving Boltzmann equations. For example, a reaction
included into*He, the primordial'He is sensitive to the rate at which a neutron is changed into a protan+
freeze-out value of the neutron-to-proton ratio. | Ve p Tt e~ ) is represented by

* 1
Loyespe- = K]o dpu(,[\/(Q + pu)? — mi(py, + Q)P,%e<1 - m)fye(l?vy)} )

where Q = m, — m, = 1.29 MeV and K is a normal- [ yobs — 0234 + (0.002)5ia¢ = (0.005)5ysc. Recently 1zo-

ization factor which is determined by the neutron life-tov et al.[7] claimed that the effect of the Hel stellar

time 7, as K = (1.6367,)"'. In this equation we can absorption which is not considered well in [6] is very

see that if the (anti-) electron neutrino distribution func-important. We adopt their value as “highle”, Y°b =

tions decrease, the weak interaction rates also decreage244 * (0.002)sc = (0.005)gys-

[The weak interaction rates with (anti-) electron neutrino The deuterium DYH is measured in the high red-

in the final state slightly increase because the Pauli blockshift quasistellar object absorption systems. Here we

ing factor (1 — f, ) increases. However, both of the adopt the most reliable data/B = (3.39 = 0.25) X

total weak interaction rate¥,—., and I',—, decrease.] 107° [8].

First, when the weak interaction rate,.., decreases, TheLi/H is observed in the Pop Il old halo stars. We

the Hubble expansion becomes more rapid than that dike the recent measurements [9] and adopt the additional

the earlier interaction rate. Then the freeze-out value

of the neutron-to-proton ratio becomes larger than in 10

SBBN and the predictetHe abundance becomes larger:

AY = +0.15(—-ATl',~,/I'»p). Second, when the inter-

action rated’,_., at which neutrons are changed into pro-

tons become smaller, less neutrons can turn into protons

after the freeze-out time. Then the produéetd also be-

comes largerAY = +0.2(=ATl,—,/I'—p). (b)
As for the observational abundances, we adopt the fol- 0.1 L L

lowing values. The primordiatHe mass fractiort is 10-10 10-° 10-®

observed in the low metallicity extragalactic HIl regions. n n

Now we have two observational values, lolide and g1 3. Contours of the confidence levels(i, Tx) plane for

high “He, which are reported by different groups. We (a) observational value of lotHe and (b) higHtHe. The inner
take “low *He” from Olive, Skillman, and Steigman [6], (outer) curve i%8% (95%) C.L.
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larger systematic error, for fear that there are underesti- l {
mates_, in the Ste”"’?r depletion and the. produc_tion by th%lG. 5. Power spectra of CMB anisotropies (top left panel)
cosmic ray spallation. Then we obtain |gg’Li/H) = g polarization (top right panel) of models WitNS =
—9.76 * (0.012)5ia¢ £ (0.05)syst * (0.3)a4d- 3, 2, and 0.5. The bottom two panels ShoWC,(Nes) —

In order to discuss how the theoretical predictions withC,(3)]/C.(3) with N = 2.9, 2.5, and2 for CMB anisotropies
the late-time entropy production agree with the above obtbottom left) and polarization (bottom right).
servational constraints, we perform Monte Carlo calcu-

: o . : .
lation and the maximum likelihood analysis (for details, PeNiMents, it is impossible to set a constraint ff'.
see, e.g., Ref. [10]). In Fig. 3 we plot the contours of theHowever, it is expected that future satellite experiments

(b) high *He. As mentioned above, fofx = 7 MeV information aboutvef. From Lopezet al’s analysis [4],

. ' =~ ' PR, f
the theoretical prediction is the same as SBBN. On th AP and PLANCK have sensitivities tha‘I_Nﬁ_ = 0.1
one hand, ag decreasesy gradually becomes smaller MAP) and 0.03 (PLANCK) including polarization data,
because :[he effective number of neutrino spedis§ even if all cosmological parameters are determined simul-
decreases. On the other hand, fBg < 2 MeV, the taneously (see also Fig. 5). From such future observa-

effect that the weak interaction rates are weakened dui®nS of anisotropies of CMB, it is expected that we can
to the lack of the neutrino distributions begins to be im_premsely determingy.

portant andY begins to increase &bz decreases. For
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