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Leading finite temperature effects on the neutrino decoupling temperature in the early Universe have been
studied. We have incorporated modifications of the dispersion relation and the phase space distribution due to
the presence of particles in the heat bath at a temperature of around 1 MeV. Since both the expansion rate of
the Universe and the interaction rate of a neutrino are reduced by finite temperature effects, it is necessary to
calculate thermal corrections as precisely as possible in order to find the net effect on the neutrino decoupling
temperature. We have performed such a calculation by using finite temperature field theory. It has been shown
that the finite temperature effects increase the neutrino decoupling temperature by 4.4%, the largest contribu-
tion coming from the modification of the phase space due to the thermal[5&556-282197)03120-2

PACS numbdss): 11.10.Wx, 95.30.Cq, 95.30.Tg

I. INTRODUCTION they can share part of the= entropy and their temperature
would be higher. A small chang®&T, modifies the statistical
The standard hot big bang model appears to be a reliabldistribution of neutrinos, and in turn affects both the weak
description of the evolution of the early Universe, one of theinteraction rates which maintain the equilibrium between
most remarkable successes being the prediction of theeutrons and protons, and the expansion rate of the Universe
present abundance of light chemical elements from the priwhich is due to the change of the neutrino contribution to the
mordial nucleosynthesis calculation]. The Universe is total energy density. The overall effect is to shift thgp
usually described as a hot, dilute gas of particles in nearlyreeze-out temperature and hence thig abundance when
thermodynamical equilibriurf2,3]. During the early epochs, the nucleosynthesis begins. The effect on the present Helium
the particle species in the thermal bath underwent departurghundanceY was estimated to be of the ordexY/Y
from the equilibrium one after another: one of the typical=—0.1(AT,/T,) (the change is with respect to the calcula-
departures was that of neutrinos, when the temperature of thibn in which neutrinos are not reheated by electydas.
Universe was about 1 Mel2]. The neutrino decoupling has Therefore, a precise knowledge of the neutrino decoupling
important(indirecy effects on the evolution of the Universe, temperature is desirable to gain a confidence in the estimates
since it happened at the time close to the neutron-to-protosf the primordial element abundance.
ratio (n/p) freeze-out temperaturé=0.7 MeV and to the The standard calculation of the neutrino decoupling tem-
photon reheating bg“e™ annihilation T<m,). The syn-  perature is based on the assumption that particles in the ther-
thesis of light elements depends sensitively on thg mal bath behave like free particles. The interactions are only
freeze-out abundance which is determined by the interplayesponsible for the thermodynamical equilibrium, but do not
between the weak interaction rates and the expansion rate géntribute to the energy density of the Universe. However,
the Universg4—6]. Both rates are influenced by the neutrino particles in the medium feel effective potentials due to the
decoupling temperaturi,4]. Neutrinos which were decou- interactions with other particles, which modifies their disper-
pled early do not share the entropy transfer with electronssion relations or introduces effective mass for the particle. In
positrons, and photons in the medium. As a consequencegddition to this dynamical effect, the phase space available
their temperaturd , becomes slightly lower than that of the for the interaction is necessarily modified by the statistical
other particles in equilibrium. On the contrary, if neutrinos distribution of particles in the medium.
are not totally decoupled when the entropy transfer begins, Our purpose is to examine whether or not the finite tem-
perature effects can actually lower the neutrino decoupling
temperature, leading to possible changes in the nucleosyn-
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the Born approximation. Higher order interactions and radiawhered(x) is the step function antk g are, respectively, the
tive corrections to the neutrino interactions are not considfFermi-Dirac(FD) and Bose-EinsteiiBE) distribution func-
ered here, since we aim at the leading order corrections btjons
the thermal bath. Another medium effect, which is not con-
sidered here, is the absorption or the emission of photons in X—n
the bath. This effect turns out to be important in the nucleo- fra(x)= ex;{ ?) *1 )
synthesis calculations for the reactions which involve three
body initial or final statgsuch as neutron decay and its in- In Eq. (4) the (+) and (—) signs refer to fermions and
verse decaly because the additional photon involved modi- bosons, respectively, anglis the chemical potential. In this
fies sizably the phase space of the reactidjsIn the case papery=0 is assumed for all the species.
of two body reactions responsible for the thermal equilib- Corrections analogous to that of E@) should also be
rium of neutrinos, however, this higher order effect is smallapplied to the propagators of massive gauge bosons, which
compared with the corrections calculated in the present paare exchanged in the weak interactions of neutrinos. Due to
per, the overall magnitude of which will be shown to be ofthe presence of statistical distribution functions, however,
the order of 15% on the interaction rates, leading to a 4%inite temperature corrections to their vacuum propagators
shift in the neutrino decoupling temperature. are exponentially suppressedTat 1 MeV<My,M,. This
The plan of the paper is as follows. In Sec. Il, we discusseflects the fact that the bath is too cold to excite those very
how to include finite temperature effects in the calculation.massive degrees of freedom.
In particular, we will briefly discuss the calculation of effec-  In Eq. (4), T is the temperature of the heat bath measured
tive mass of a photon and an electron in the framework ofn the rest frame of the fluid. The presence of the bath does
finite temperature quantum field theofly TQFT), with the  not violate the Lorentz invariance of the system since appro-
special attention to the MeV temperature range which is relpriate definitions of temperature, as well as of all the ther-
evant for the neutrino decoupling. Limitations of the previ- modynamical variables, can be obtained in any reference
ous calculations in applying to the present problem will alsoframe by suitable transformation lawd0,11. Since the
be discussed. In Sec. I, we evaluate finite temperature efearly Universe as a thermal bath is conveniently described in
fects on the expansion rate of the Universe and the interaghe rest frame of the fluid itself, i.e., in the comoving refer-
tion rate of a neutrino, and show their effects on the neutrin@nce frame, temperatufiehas a direct and simple meaning.

decoupling temperature. We will therefore adopt the comoving frame throughout the
paper.
Il. THERMAL EFFECTS In the FTQFT formalism, the effect of the bath on the

dynamical evolution of particles is taken into account by

gnodlflcatlons to their dispersion relations, which can be re-

in a thermal bath, rather than in the vacuum, their dynamicg,q i, the definition of effective mass for the parti¢/Bhis

and interactions are modified to some extent. The behaviQige ot can be evaluated by calculating the self-energy of the
of particles in a thermal bath is systematically described i

article in the heat bath, and will be briefly reviewed in Secs.
the framework of FTQFT9]. There are two equivalent for- b y

; ; . . . I A and Il B.) The change of mass of the particle modifies
mulations of FTQFT: the imaginary-time and real-time for- ) g P

i In th d h Ltime f jts contribution to the energy density of the Universe and
malisms. In the present paper, we adopt the real-time formay, ¢ ofore jts expansion rate. At the same time, it modifies the
ism where the Feynman rules for all the vertices are identic

. . dhteraction rate due to the change of dispersion relations in
with those in the vacuum, and the presence of the thermq e cross sections and the distribution functiéfi).

lbathl is taken into efu;cour_lt by thg k;nodlflcanon of the tree- In addition, the phase space distribution is also influenced
evel propagators of fermions and bosong@s by the background: the presence of the same particles in the
surrounding medium as those produced in the interaction

—iSt(p)=(p+m) | + 271 8(p?—m?) processes reducdésnhancesthe production probability for

77
pT—m+ie fermions(bosong, respectively, according to the statistics of
the particles. The final state density factors are modified as
Xneg(p-u)| for fermions, (1) follows:
d3p/ d3p/
and N — ' i
(2m)32E" (277)32E’[1 fe(E')] for fermions
. kkk” . 5
—iD#(K)=| —g""+ a—o o |iegie 2 5(k?)
o o [1+fg(w’)] for b (6)
T — T g(w or bosons.
Xng(p-u)| for photons, ) (2m)72w"  (2m)72w

In summary, the influence of the medium on the particle
where a is the gauge-fixing parameter. In Ed4) and(2),  evolution in the Universe is due to the temperature-
u* is the four-velocity of the mediurfu"=(1,5) in the rest dependent shifts in the dynamical mass of the particles and
frame of the mediurhandng 5 are defined as the temperature-dependent modification of the interactions

between particles. Both modifications will be included in the
Ne g(X)=0(X) T g(X)+ 6(—X) T g(—X), €)) calculation of the neutrino decoupling temperature in Sec.
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[ll. We now turn to the discussion of thermal mass of theln the comoving frame, thB#” term describes the transverse

photon, electron, and neutrino at-MeV. modes of the photon field, while th@*” term is a linear
combination of longitudinal and timelike modes. Equation
A. Effective mass of the photon (11) shows that the propagator of physi¢ahnsversepho-

ton modes has a pole &= ;. This is interpreted as a
In the thermal bath af~MeV, a photon propagates (hermal.generated dynamical mass. The pdle , in the

through a medium made of electrons, positrons, and neutriniransverse part of the propagator describes the Debye
nos. Its propagation is therefore influenced by the '”teracécreening length of the photon in te& plasma[10,13.
tions with theet ande™. The effect of these interactions on Since we are interested in the leading or@ée) ’correc—

the dynamical evolution of the photon is taken into accountign, tg the mass of the photon, the vacuum dispersion rela-
by calculating the self-energy of the photon in #ve back- tions k?=0 for the photon ang?= mg for the electron can

ground. The one-loop self energy diagram gives be used in the right-hand sides in E¢®) and (10). There-
#7(K) = ITA*(K) + [T4¥(K), @) fore, the effective mass of the photon is

— 8
where k* is the photon four momentumil4”(k) is the [m‘;ﬁ(T)]Z:Re[wT(k,w)]:—aTzh(,uo)+O(a2), (12
vacuum polarization tensor at=0 and ™

where ug=mq/T and the functiorh(u,) is defined as

v 2 d4p
1=~ 2me2 | B Ty Koy (4 )]

© X2
h = dX ————f .
[5(p2—m§)fp(p°) (#o) fo X VX2 (o)? P

(p+k)2—m§ Note that the photon effective mass in E42) has been

S (p+K)2—m2]f(p°+k°) obtained without any restriction td, hence valid for all
+ , (8)  temperature. Equatiofi2) gives the correct limitn,=0 for
T=0 and is in agreement with the resu[tme;ﬁ('l')]
. . . . =(2maT?)/3 obtained in Ref[10] in the limit of high tem-

describes finite temperature corrections. In @), p* is the peratureT>w,m,. Obviously this limit does not apply to

four-momentum of_the electron in the loop am_g denotes o early Universe where photons are in thermal equilibrium
the electron mass in the vacuum. The separation of the sel jith the mean energw~T. Moreover, sincel~m, at the

energy into two parts, one referring to tfie=0 case and the neutrino decoupling temperature, the lini /x=mq /T<1
other coming from the presence of the medium, is attribute Ref. [13] cannot be applied.

to the separation of the electron propagator in &9. The The thermal mass of the photon is almost linearly depen-

functionTIg"(k) is divergent and, as usual, is subject to thegent on temperature. The photon effective mass is 0.115
electric charge renormalization. The functidby”(k) in-  nMev at T=1 MeV and 0.241 MeV afT=2 MeV. Even
duces a finite shift in the photon propagator, generating efthough the photon is still relativistic, its contribution to the

fective mass for the photon. The vacuum polarization tensognergy density of the Universe is substantially reduced.
can be decomposed g80,12|

(13

72
p=—mg

— — B. Effective mass of the electron

A7 = aro(k,w) P#¥+ ar (k,w)Q*”, ) . . .
As in the case of the photon, the dynamics of electrons in
whereP*” andQ“” are orthogonal projection operatdfer a thermal bath is also modified by the electromagnetic inter-

their explicit form, seé10]) and ; and 7, are scalar func- actions with background photons and electrons themselves.

tions given by The interactions with neutrinos are suppresset-al MeV,
for they involve the exchange of heavy bosdfnsand Z.
K2 Therefore, the effect of the bath on the propagation of the
WL(k_,W)= —=2u"uVHW, felectron is expressed by ca}lculating the electron self-energy
k in the presence of the ambieat, e, andy. The electron

self-energy at one-loop level becomes
— 1 — 1
mr(kow) == S m (kw)+ 5911, (10 2(p)=2o(p) +Z1(p), (14)

_ where 2 4(p) is the electron self-energy foF=0 and its
In Egs. (9) and (10), w=k*u, andk=+ 2—k"kM. In the  thermal correction is
comoving framew(=Kk°) is the energy of the photon and
k(=1k|) denotes the magnitude of its three-momentum. The S(p)= —27-rezf
decomposition in Eq(9) allows one to write the propagator
as(in the Feynman gauge

d*k
(277)4[7#“6_'— K+ mO) 7,(1,]

8(k?)fa(k%) S (p+k)2—mj]fa(p®+kO)
puy QMY (p+k)Z—m2 k? ’
K—my K= (1) (15)

AHY = —
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wherep#* is the four-momentum of the electron aktl de-  has been calculated in the limét> uy [14]. This approxi-
notes the momentum in the electron-photon loop. The onemation is only valid at high temperaturd% m,), for the
loop self-energy modifies the electron propaga&p) as most significant contribution of, to the integral is from its
. mean values, i.e.e,~1. In the temperature range of our
S(p) " =p—mo—2(P)=[P—Mo—Zo(P)]—21(P). (16)  interest T~my), this approximation cannot be adopted and

The standard o(p) leads to the definition of physical mass we have to resort to a numerical calculation. This function is
of electrons a(r)wd the wave function renormalization in thealways negative, and monotonically increasing from the lim-

vacuum. The temperature-dependent self-en&rgyp) pro- iting value
duces a finite shift in the dispersion relation[@$ © dx
lim J =—87TJ (X ud), 19
i ) - ) 2 ) 4&2 b0 A(p) 0 /X2+(MO)2 F( /-'LO) ( )
[Mme (T, p)J*=E"=p"=mg+ zamT+ ——h(uo)
3 T . .
up to lim,_.., Ja(p)=0. In order to see how significant the
a modifications tamy due to thel(p) term is, we plot in Fig.
5 dificati d heJa(p) i lot in Fi
+ ﬁmoJA(p), 17 1 the deviation of themgff calculation including thel(p)
term from that neglectind,(p), as a function of tempera-
where the functiorh(u) is defined in Eq(13) and ture. The dashed line refers to the calculation for the case
with p=(p), where(p) is the mean value of the momentum
In(p) 27 foc xdx fole) in the bath. The solid line referring to the case withk-0
AlP)=——"- T2, 2 |Fl& corresponds to the largest contribution of thg¢p) term, the
u 2 2 1
0 Xt (1o) maximum of which is 3.%10 3 at T~2 MeV. The other
Ep6x+M(2>+XU epex—,uSeru thermal corrections in Eq.17) are always larger than that
| 2 2 , (18 due to thel,(p) term at least by one order of magnitude, as
€p€ExT Mo~ XU €p€x— po— XU

can be seen by comparing Fig. 1 to Fig(i@ Fig. 2, the
where dimensionless quantites have been defined d§lative correctiorj1—mg"(T)/my| is plotted as a function of
u=|p|/T, €,=E,/T, x=|p—K|/T, and e=(E,—E)/T. T). This shows that thd,(p) term is negligible around the
The result of Eq(17) is valid for all temperature. It gives the €mperaturd~MeV. We will therefore neglect this term in
correct resulm®=m, at T=0 and agrees with the result of OU’ analysis. This turns out to be a great simplification in the
[7,14,19 in theelimiting casesT<m, and T>my. The last calculations, especially for the interaction rate, because the
two terms in Eq(17) are relatively small aT<my, for they momentum dependence in the electron mass is avoided.

are exponentially suppressed by the Fermi-Dirac or the Figure 2 shows that the thermal corrections to the electron
Bose-Einstein distribution function. Aroun@i~m,, how- Mass alf~MeV is sizable: aff =1 MeV the electron mass

ever, the third term becomes important and has to be takdfjcréases by 4.1%, and dt=2MeV the correction is as
into account[for instance,h(my/T=1)=0.543. The last 'arge as 16%.

termJa(p) in Eq. (17) introduces momentum dependence in
the electron effective mass, which is important especially in
the calculation of the neutrino cross sections with the Neutrinos also acquire effective mass in the presence of a
momentum-dependent phase space distributions. This termedium. In the temperature range of our interest, the contri-

C. Effective mass of the neutrino

1072 ¢ —T T

emno I,(p) (T)I

eff

1 - miﬁA(p)(T)/m

1076 | 1 1 | IR | 1 . L |
0.1 0.2 0.5 1.0 2.0 5.0 10.0

T (MeV)

FIG. 1. The deviation of the effective mass of the elecmﬁq calculated by including thé,(p) term from the one without th@,(p)
term as a function of. The solid line refers to the electron momentpms 0, the dashed line to the mean valoe (p).
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FIG. 2. The deviation of the thermal electron ma{g'('l') from my as a function ofT.

butions come from weak interactions with the ambient elec-

trons and positrons. The effective mass squared of the neu- H=
trino has been shown to be of the ordeiGyf(N—N), where

Gg is the Fermi constant ard(N) is the number density of whereG is the Newton constant. Under the assumption that
electrongpositrons [16]. Since we expedi=N, the modi-  all the particles are in thermodynamical equilibrium, the total
fication to the neutrino effective massBt-1 MeV is prac-  €nergy density is

tically absent. Therefore, we neglect finite temperature ef- &p

fects on the dispersion relation of neutrinos in the following. p:Ei giJ - E(p)f,(E), (22)

87G 1/2
. } , (21

IIl. NEUTRINO DECOUPLING ) .
whereg; is the number of internal degrees of freedom of the

Neutrinos in the early Universe, like all other particles, particle species. E and p are its energy and momentum,
are kept in thermodynamical equilibrium through their inter-respectively, which are related by the usual dispersion rela-
actions with the particles in the heat bath. As long as itsjon E2= 52+ miz, wherem; is the mass of the particle.
interaction ratel” is larger than the expansion rate of the Equation(22) leads to the following expression of:
UniverseH, neutrinos remain in thermal and chemical equi-
librium. WhenI" becomes smaller thas, due to the reduced 473G o )
temperature of the heat bath and therefore the increased dis- H=\—z 9. (DT, (23)
tance between particles, neutrinos start to depart from the
equilibrium and subsequently evolve independently from thevhereg, (T) is the number of degrees of freedom at tem-
other species. Even though this decoupling is not a sharperatureT, defined by

event, we can define that it happens when
— (Ti)“lfsgi de u?Ju?+
M(To)=H(To). o D72 T) T o VY W a1
(24)

The temperature when EO) holds is defined as the neu- )

trino decoupling temperatur&,. In the following subsec- Whereu;=m;/T. In Eq. (24), T; is the temperature of the
tions we will discuss finite temperature effects on the calcuspecies. For the species in equilibrium, T; is equal to the
lation of T4. Both I andH decrease as finite temperature temperaturel of the Universe, but after the decoupling, its
effects are incorporated. A detailed calculation is thereforéemperature does not need to be the same éhis is actu-
needed to determine whether or not the decoupling temper&lly the case for neutrings Note that the dimensionless

ture actually increases or decreases, and to estimate the sie(T) is proportional to the energy density of the Universe
of the effect. in units of T4, which is effectively dominated by highly rela-

tivistic particles; since particles near the transition from the

relativistic to the nonrelativistic regime can also contribute to

0, (T), they should be also taken into account in a precise
In the standard big bang model, the dynamical expansiogalculation. When a particle species becomes nonrelativistic,

of the early Universe is governed by the Friedmann equatioits contribution to the energy density and thereforg t¢T)

[2] is exponentially suppressed. Around the neutrino decoupling

A. Expansion rate
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FIG. 3. The deviation of the number of degrees of freedom with finite temperature corrﬂiﬁﬁ's) from g, (T) as a function ofT.

temperature T=1 MeV), the particles in thermal equilib- Vet € —vter, (25
rium are photons, electrons, positrons, andv.). We will

assume that muon and tau neutrinos had already been decou- vetet o vetet, (26)
pled, so that they do not interact with tlrg. However, they

still contribute to the energy density. are responsible for kinetic equilibrium, and annihilation and

~Now, let us discuss the effects of the thermal back_groundCreation processes like
Since electrons, positrons, and photons have effective mass
larger than that in th& =0 situation,g, (T) and henced(T)
are reduced. Figure 3 shows the relative change
[1-g"T(T)/g,(T)] as a function of temperature. Although
the photon mass is a few tenths of a MeV and the electro
mass increases by -~510% at the temperatures around

Vet vese +eT, (27

r[paintain neutrinos in chemical equilibrium. Since the inter-
actions which involve more than two particles are suppressed
1~2 MeV, the effect on the number of degrees of free-PY additipnal powers of the sma_lll coupling constants, we vv_iII
dom is small:g, (T) decreases by a factor of 0.1%. This not cons_lder thgm in t_he foIIo_wmg. For definiteness, we will
is because in this temperature regingg(T) is dominated discuss in detail the interaction rate for the process of Eq.
by three neutrino species. Because of the relation betwee>): Which has the largest cross section and therefore is
H(T) andg, (T) in Eq. (23), the ensuing effect on the ex- dominant in the determination of the thermal equilibrium for
pansion rate is a factor of two smallerAH/H Ve. We will turn to the other processes at the end of this

=0.5(Ag, /g, )=5%x10"*. As will be shown in Sec. Il B, section.

finite temperature modifications fo are two orders of mag- The standard calculation of the interaction rate of a neu-
nitude larger than that to the expansion rate, leaving veryrino relies on a number of simplifying assumptiofs} the
little influence ofH on the calculation of . electron is considered to be massless, m&=0; (2) the

The effect of the different assumptions in the calculationenergy distribution of the initial-state particles is neglected:
of H considered in this paper, are summarized in Table I. two initial particles are considered to have mean-valued en-

ergies

B. Interaction rate and neutrino decoupling temperature

Neutrinos are kept in thermal equilibrium by the interac- Oe d3p
tions with electrons and positrons in the heat bath. Focusing (E)= NT) | (2m)? Efe(E), (28)
on the electron neutrine,, the interactions such as

TABLE |. The expansion ratél at T=1.6 MeV under several g, d3k
assumptions. Deviationén percentagewith respect to the calcu- (w)= N(T) (ZT)swfy(w), (29

14

lation of column(a) are given.

and the interaction is supposed to occur in the center of mo-

@ ® © mentum frame (co$=-—1). Under these assumptions, the

Me=Mg me=0 me=me"(T) interaction rate becomes
— — — ff
m,=0 m,=0 m,=mS(T)
I'=Neg(Toyo((E) (o)), (30)
H/(10 2 MeV) 1.1396 1.1410 1.1391
+0.12% —0.045% wherev )y =2. The cross section for the massless electron

IS
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G2A I'(vee —vee )
o= ——s, (31) ¢ ¢
127

(T) f 277)3 (2 )3ge fo(E)g,f (@) ovm],
wheres=4(E)(w) and the definition of the constant will v

be given latefsee Eq(47)]. Since the electron is assumed to (40)
be massless, we have where the number density,(T) of neutrinos at temperature
Tis
4
(E)=(w)= T=3.15T (32 d3k
180g 3) _ f Kk
NV(T) gv (277)31:1/((‘)) (41)
and That is, I' is the thermal average of product of the cross
sectiono and the Mdler velocity vy [17]. The cross section
3 ¢(3) . of the process is, including the thermal phase space,
Ne(T)=7 =7 GeT 3~0.1823, (33
e 4 e ~ 1 f d3p/ d3k/ e
7= ABwvy ) (277 2E 2m)P 20 1 (B
where{ is the Riemann zeta function agd3)=1.20. Con- - )
sequently[ is X[1-f(0)](2m)* 6D (p+k—p’ —k)|M]?,

(42
T\ .
I'=0.385AGZT°=3.48X 10‘22( N V) . (34)  and the Mder velocity is definedfor massless neutrinpby
p*k, S m2
Comparing Eq.(34) with the expansion rate calculated for UMT Ew  2Ew T s’
the massless electrdig, (T)=10.75,

(43

wheres=(p+k)“(p+Kk), is the total energy in the center of
momentum frame of the colliding particles and its expression

T \?2 .
H=4.46x 10‘22( Vi V) , (35 in the comoving frame i$6 is the angle betweef andk)

s=m2+2Ew—2pk cos 4. (44)

the decoupling temperature is . ) B B

The scattering amplitude for the processe™ — vee
comes from two diagrams witB in the t-channel andV in
the u-channel. Since mean energies of interacting particles
are of the order of the temperatufe=MeV(<My, z), we
The abovestandardanalysis provides very rough estimates can express the averaged square amplitude in the low energy
of the interaction rate and the decoupling temperature. Fdimit as
comparison, the calculation of the expansion ratenfige=0, ) ) ) o ,
but taking into account the thermal distribution of the initial  |M|*=16Gg[(v+a)*(p“Kk,) (P’ *k;) + (v —a)*(p’ °K,)

energies, gives X(pk.) — (v2—a?)?mi(kek’)1, (45)

T4=1.09 MeV. (36)

I'=0.1284AGZT®, (37  whereGg is the Fermi constany =gy, +1, a=g,+1, and

gy (ga) are the vectofaxial-vectoj weak coupling constant.
As a first step, we neglect the thermal phase space in

order to investigate the effect of electron thermal mass alone.

With the standard phase space, the cross section is

which is a factor of 3 smaller than the estimate in E2f).
The resulting decoupling temperature is

=1.56 MeV, (39 G2 m2\? 2 4
o= ——s[1-—= A+B—+C (46)
127 S
which is 50% higher than the value given in Eg6). h
A detailed and precise calculation of the interaction rate is yhere
rather involved, but necessary to see whether or not finite A=4(a%+av+0v?) (47)
temperature effects lower the neutrino decoupling tempera- '
ture. For the following interaction B=2(2a%—av—v?), (48)
C=(a—v)> (49)

ve(w,K)+e (E,p)ve(w' K )+e (E',p"), (39

Finally, I" is to be obtained by taking a thermal average of
the interaction rate is defined by ovy - A simple expression df in terms of Bessel functions,
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FIG. 4. The expansion ratd (dash-dotted lineand the interaction ratE for the reactionw,+e™ < v,+€e"~ as functions ofT, in units
of 10”2t MeV. The dotted line refers tb when the thermal corrections are neglected. The dashed line represents the case with the electron

thermal mass. The solid line includes both the electron thermal mass and the thermal phase space.

involving a one-dimensional numerical integration, has been
obtained in the case of Maxwell-BoltzmarkiB) distribu-
tion for the initial particled17]. We do not adopt this ap-
proximation here, because it induces larger uncertainties than
the finite temperature corrections in the present analysis. For
instance, particles with energ~(E) would have 4.7%
larger interaction rate in the MB distribution than in the FD
distribution. Therefore, we have to resort to an improved
method[18].

Since the only angular dependence comes from the rela-

a,;=mga(C+3A—3B),
a,=m3(B—3A),
az=A,
a,=mi(3B—A—3C),

as=mS(3C—B),

tive angled betweenp andk, we have ag=—mC,
d®pdPk=4mp?dp2mk2dkd cos 6, 0 and
Il:21
with the kinematical limits(0O0) for both p and k and 5
|cosdl<1. With the isotropic distribution functions, the an- l,=2(mg+2Ew),
nihilation rate is
8
l3=2(mg+ 2Ew)*+ 5p%?,
1 g, Gf Jw p’dp. ©
. I
N/(T) 87* 12m Jo E °° 1 | m2+2Ew+2pw
= k2dk I4_2pw N M2+ 2Ew—2pw|’
XJ f.(0)I(p,k), (51
0 w
o= 1 1 1
where > 2pw|mi+2Ew—2pw mM2+2Ew+2po|
| 1 1 1
2\ 3 2 4 = — .
I(p k):EJl d cosos?| 1— 2| | A+ e cle ® 4po|(m+2Ew—2pw)’  (m+2E0+2pe)?
T2 ) s s s

6

> ail;,

=1

N[ =

where the constantg and the function$; are obtained from

the angular integration as

(52

The above holds for all interaction rates as long as the in-
volved electron has momentum-independent mass. The inte-
grations ovemp andk in Eq. (51) are performed numerically
(all the numerical calculations are performed with a precision
of 10°° but only three significant decimals are shown

The interaction rate fom,=mg, i.e., without any thermal
correction, is plotted in Fig. 4dotted ling as a function of



56 FINITE TEMPERATURE EFFECTS ON THE NEUTRIN . . . 5131

1.00 1

T = 0.1 MeV

P(o")
o
@
&

T

0.75 -

PN I T R
3
W' /T
FIG. 5. The phase space reduction functi®fw’) plotted as a function of the final-state neutrino enaxgyand calculated for the mean

valuese=(E) andw=(w) of the initial-state energies with c@s=0. The three curves refer to different valuesTofT=0.1 MeV (dotted
line), T=1 MeV (solid line) and T=5 MeV (dashed ling

temperature. The decoupling condition E2Q) is satisfied at 1 o |[d(E'+0")|?
the temperature dil=o— = 3 oSOy [1-fo(E)][1-f(0")]do’,
Tg(me=my)=1.57 MeV. (53 8)
, i with the constraing+k=p’ +k’. This gives
The inclusion of the electron thermal mass has the effect to
reduce slightly the interaction ratsee the dashed line in 1 / /
Fig. 4): around T=1.6 MeV the reduction is 0.3%. As a dil ==~ P(")do’, (59
consequence, the decoupling temperature increases by 0.6%,
i.e., where we have defined
Tg(Me=mg") =1.58 MeV. (54) Plo")={1-fE"(«)]}[1-f,(0")], (60)
Let us now take into account the thermal phase space iWith
the evaluation of the cross section, which is Vo ,
E'(o)=a—o’, (61
d3pr d3kr
= — ' — ' a=E+ w, 62
A= (5 53587 ayPae L T ENL- T, (0] (62)
X(2m)4* 8 (p+k—p’ —k'). (55) A=|ﬁ+|2|=(p2+k2+2pk cos 6)2. (63

The quantitiesy and A are fixed with the given initial state

- ¥ 1 i
The three-momenturp’ can be integrated out by using the variables. The kinematical limits for the final state enesdy

three-dimensional delta function to give

are
dll= ———5———k'2dk'deb.d cos b [1—fo(E')] a?— A?—mg
(277)24E'w’ K k © wr,nax:mi (64)
X[1-f (0 )](E+w—E —w'), (56)
. a’— A%— m§
where the anglé,, is defined as Omin= 2t A) (65)
(F+K)-K’ which can be obtained from the constrajioos 6|<1.
COS Oy =————. (57 The relevant phase-space distribut®fw') is a function
|p+K||K'| of the energyw’ and of the energies and momenta of initial

particles. In the case of nonthermal phase space, we have
After a trivial integration overg,,, we use the remaining P(w’)=1. The functionP(w") represents the reduction of
one-dimensional delta function to perform the integrationthe phase-space due to thermal effects. Figure 5 shows as a
over cosf : function of ' P(w',E=(E),0w=(w)) with cosf=0 at
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FIG. 6. The thermal phase space reduction faB(F;E,») as a function ofT, calculated folE=(E) and w=(w).

three different temperaturé=0.1, 1, 5 MeV. We observe (P(0"))=R(T;E,w)
that the reduction due to the thermal distribution function is

. ; 11 1 !
sizable over all the energy range of . Especially around _1 f d c0s 6 — : f "oP (') dw .
the temperaturel ~MeV, the amount of the reduction is 2 J_m Omax™ Pmin J ol

always greater than 8% for all energies. 67

Unfortunately, the functional form oP(w’) prevents us
from analytically performing the integration over the final
state energys’ and the initial state anglé, contrary to the The reduction factoR(T;E,w) is a function of the initial
previous situation without the thermal phase space. In ordestate energies and the temperature. In FigREI;E,w) is
to minimize numerical integrations and to gain a better unplotted against the temperature B (E) andw=(w). As
derstanding of the effect induced by the thermal phase spacthe temperature increaseR, decreases because the Fermi
we approximate the effect of the thermal phase-space astiocking at higher temperature obstructs scattering pro-
mean value effect cesses. For instancB((E),(w))=0.86 atT=1 MeV. Note
that the effect even ai=0.1 MeV is about 8% decrease,
1 ) where the finite temperature effects due to the thermal mass
4Bo(oum)TH=g— f P(w")|M?[de’ are totally negligible.
With the definition of the reduction fact®(T;E,w), the

1 (P /)>J | M2|do” interaction rate including all the thermal effects is
= w w
87 A

2
—4Ew(ovy)o(P(e')), (66) ot 99, GF F@f (E)
N,(T) 87* 127 J, E ¢

where the quantitfw(ovy), is the same as the one calcu- - K2dK
lated previously[see Eqgs.43) and (46)]. In Eqg. (66) the Xf f ()1 (p,K)R(T:E, ). (69)
mean value of the phase space is defined as o o 7 ’ T

TABLE II. The interaction ratd” (in units of 10 2! MeV) for the process.e” — v~ atT=1.6 MeV under several assumptioiSDF
stands for initial-state energy distribution functions; TPS for thermal phase)sasgations(in percentagewith respect to the calculation
of column(a) are given.

@ (b) © (d ()

Me= Mo m=0 me=0 me=m"(T) me=mg"(T)
- — _ _ eff _ eff
m,=0 m,=0 m,=0 m,=mS(T) m,=mS(T)
(With ISDFQ without 1SD " with ISDFQ with ISDF 'with ISDF
\without TP without TPS without TP without TP with TPS
r 1.197 3.650 1.216 1.193 1.051

+205% +1.59% —0.33% —12.2%
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TABLE lll. The decoupling temperaturg, for the process.e™ < v.e~ under several assumptioni§SDF stands for initial-state energy
distribution functions; TPS for thermal phase spa&¥eviations(in percentagewith respect to the calculation of colunia) are given.

@ (b) (© (d) C)

Me=My me=0 me=0 me=mg"(T) me=mg"(T)
m,=0 m,=0 m,=0 m,=mZ(T) m,=mS(T)
with |SDFS) without ISDF) with ISDF with ISDFS) with ISDF
without TP without TPS without TP without TP with TPS
T4 (MeV) 1.57 1.09 1.56 1.58 1.64
—30.6% —0.64% +0.64% +4.4%
The interaction rate of Eq68) is plotted in Fig. 4 as a solid IV. CONCLUSIONS

line. The global reduction of, compared to the situation . s
without the thermal phase space, is 13% Tor MeV. This We have studied leading finite temperature effects on the

is by far the most important effect due to the presence of th@urino decoupling temperature in the early Universe. The
thermal bath, being more than a factor of 40 larger than tha&nhajor motivation is to investigate if finite temperature effects
inclusion of the electron thermal mass alone in the calculagould actually loweiTy and eventually affect the nucleosyn-
tion of I'. We recall that the thermal mass affects the expanthe5|s calculations. Two major features of the finite tempera-
sion rate much less, leading AH/H~5x 10 % in the MeV  ture effects have been incorporated in the calculatibnthe
range of the temperature. The decoupling temperature obinteractions among the particles in the medium affect their

tained fromI” in Eq. (68) is, finally, dispersion relations which are recast in the form of effective
. mass;(2) the presence of the medium modifies the phase
Ty(me=mg",thermal phase spare1.643 MeV, space distribution of the particles in the processes that deter-

(69 mine the equilibrium.

which is a 4.4% increase from the decoupling temperature The effect of the mglusuon of thermal mass into the ex-
without any thermal effect. We therefore conclude that thd®@nsion rate c>j4the Univerge has been shown very small:
thermal bath has the effect to increase the neutrino decogtH/H="5X10"". This effect turns out to be negligible com-
pling temperature, assuring that neutrinos are totally decoyrared to_ the modification of the interaction rate of a neutrmo_
pled at the time ok entropy release. due _to finite temperature. The latter has_ been dlgcussed in
The calculation of the interaction rafe(vee < vee") detail for the process.+e—v,t+e. The incorporation of
under the different assumptions considered in this paper, afg€ €lectron thermal mass alone leads to a 0.6% increase of
summarized in Table II. The corresponding values of theld- When the thermal phase space in the Born approxima-
decoupling temperatur@ 4(ve.e < v,e~) are reported in tion is also considered, the decoupling temperature further
Table IlI. increases. The total thermal effect is an increasd pby
For completeness, we conclude this section by reporting-4%. and the actual value of the decoupling temperature is
the neutrino decoupling temperature taking into account alla(thermal effectsy1.41 MeV. In conclusion, it is still
the reactions listed in Eq$25—27. Including the thermal Valid even in the presence of a heat bath that neutrinos are
mass and the thermal phase space as discussed above, #i@lly decoupled at the time @& entropy transfer.
neutrino decoupling temperature increases by 4.4% into

Tg=1.41 MeV, (70) ACKNOWLEDGMENTS
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[1] For an update review on the status of the big bang nucleosyn-  Aspects of Underground Physics, Toledo, Spain, 1995, edited
thesis and discussions of the recent controversy about the con- by A. Moraleset al. [Nucl. Phys. B(Proc. Supp). 48, 499
frontation of the predictions with the primordial abundances (1996)].
inferred from the latest data, see K. A. Olive, Neutrinos, [2] S. WeinbergGravitation and CosmologyWiley, New York,
Dark Matter and the Universdroceedings of the VIII Recon- 1972; E. W. Kolb and M. S. TurnerThe Early Universe
tres de Blois, Blois, France, 1996, edited by T. Stolarczyk (Addison-Wesley, Reading, MA, 1980
etal. (Editons Frontieres, Gif-sur-Yvette, 1997 [3] Nonequilibrium corrections to the energy spectra of particles
astro-ph/9609071; S. Sarkar, Rep. Prog. Ph§8, 1493 in an expanding Universe have also been studied. See, for
(1996; G. Steigman, inTAUP 95 Proceedings of the IVth example, A. D. Dolgov, Nucl. Phys3496, 437 (1997, and
International Workshop on Theoretical and Phenomenological references therein.



5134 N. FORNENGO, C. W. KIM, AND J. SONG 56

[4] D. A. Dicuset al, Phys. Rev. D26, 2694 (1982. (Clarendon, Oxford, 1934 Chap. 5.

[5] J. L. Cambier, J. R. Primack, and M. Sher, Nucl. PH3209, [12] M. B. Kislinger and P. D. Morley, Phys. Rev. D3, 2765
372(1982. (1976.

[6] For a detailed discussion about different approximations usefl13] K. Ahmed and S. S. Masood, Ann. Phy@.Y.) 207, 460
to include finite temperature radiative corrections in the nu- (1991).
cleosynthesis calculations, see Réf} and Ref.[8]. [14] K. Ahmed and S. Saleem, Phys. Rev.3B, 1861(1987).

[7]13. F. Donoghue and B. R. Holstein, Phys. Rev.28 340 [15] H. A. Weldon, Phys. Rev. 26, 2789(1982.
(1983; J. F. Donoghue, B. R. Holstein, and R. W. Robinett, [16] D. Notzold and G. G. Raffelt, Nucl. Phy®8307, 924 (1988;

Ann. Phys.(N.Y.) 164, 233(1985. P. B. Pal and T. N. Pham, Phys. Rev4D, 259(1989; J. F.
[8] R. F. Sawyer, Phys. Rev. B3, 4232(1996; I. A. Chapman, Nieves, ibid. 40, 866 (1989. See also C. W. Kim and A.
ibid. 55, 6287(1997). Pevsner,Neutrinos in Physics and Astrophysi¢slarwood,
[9] C. Bernard, Phys. Rev. B, 3312(1974; L. Dolan and R. Academic, Chur, Switzerland, 1993hap. 8.
Jackiw, ibid. 9, 3320 (1974; S. Weinberg,ibid. 9, 3357 [17] P. Gondolo and G. Gelmini, Nucl. PhyB360, 145 (199J).
(1974. [18] Fermi-Dirac corrections to the evolution of a particle in the
[10] H. A. Weldon, Phys. Rev. [26, 1394(1982. early Universe have also been considered in A. D. Dolgov and

[11] R. C. Tolman,Relativity, Thermodynamics and Cosmology K. Kainulainen, Nucl. PhysB402 349 (1993.



