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The thermal history of the universe before the epoch of nucleosynthesis is unknown. The maximum tem-
perature in the radiation-dominated era, which we will refer to as the reheat temperature, may have been as low
as 0.7 MeV. In this paper we show that a low reheat temperature has important implications for many topics
in cosmology. We show that weakly interacting massive partil¢BMP’s) may be produced even if the
reheat temperature is much smaller than the freeze-out temperature of the WIMP, and that the dependence of
the present abundance on the mass and the annihilation cross section of the WIMP differs drastically from
familiar results. We reexamine predictions of the relic abundance and resulting model constraints of super-
symmetric dark matter, axions, massive neutrinos, and other dark matter candidates, nucleosynthesis con-
straints on decaying particles, and leptogenesis by decay of superheavy particles. We find that the allowed
parameter space of supersymmetric models is altered, removing the usual bounds on the mass spectrum; the
cosmological bound on massive neutrinos is drastically changed, ruling out (Megorana neutrino masses
m, only in the range 33 ke\sm,<6 (5) MeV, which is significantly smaller from the standard disallowed
range 94 eV=m,<2 GeV (this implies that massive neutrinos may still play the role of either warm or cold
dark mattey; the cosmological upper bound on the Peccei-Quinn scale may be significantly increaséd to 10
GeV from the usually cited limit of about 3GeV; and that efficient out-of-equilibrium grand unified theory
GUT baryogenesis and/or leptogenesis can take place even if the reheat temperature is much smaller than the
mass of the decaying superheavy particle.
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I. INTRODUCTION A common assumption is that many of the interesting

o L . . cosmological phenomena accessible to present-day observa-
The initiation of the radiation-dominated era of the uni- yns  occurred  after reheating, during the radiation-

verse is believed to result from the decay of coherent oscila
lations of a scalar field whose energy dominated the universe . . ; -
before decay. The decay of the coherent oscillations of théeasqnable assumption, since mf!at[dﬂ erases any |n|t.|al
scalar field and the subsequent thermalization of the decayPndition on the number densities of ordinary particles,
products is known as reheatihg. while the reheat process repopulates the universe. The as-
The reheat process is often associated with the final stag&mption of an initial condition of thermal and chemical
of inflation. However, reheating could have been episodicequilibrium in a radiation-dominated universe is then equiva-
with several reheat events after inflation. We will be inter-lent to the hypothesis that the maximum temperature ob-
ested in the final reheating before primordial nucleosynthetained during the radiation-dominated efgy, is larger
sis, which may just as well have been the result of the decathan characteristic temperatures of cosmological processes
of a weakly coupled scalar field unrelated to inflation, forunder investigation.

ominated phase of the early universe. This seems to be a

instance a modulus. For this reason the scalar figld/hose The fact that we have no physical evidence of the
decay leads to reheating, will not be referred to as the inflaradiation-dominated era before the epoch of nucleosynthesis
ton. (i.e., temperatures above about 1 Ma¥ a simple, but cru-

cial, point. Thereforea priori one should considéfg as an
unknown quantity that can take any value as low as about 1
*On leave of absence from INFN, Sezione di Padova, PadudyleV. Indeed, there are good physical motivations for study-
Italy. ing cosmologies with very oW gy .
lwhile we discuss reheating as the decay of coherent field oscil- In theories in which the weakness of gravity is explained
lations, we only make use of the fact that the energy density oby large compactified extra dimensiofg], emission of
coherent field oscillations scales in expansioma$, whereaisthe  Kaluza-Klein gravitons in the bulk constrains the normalcy
Friedmann-Robertson-Walker scale factor. One could just as easiliemperature at which the radius of the compactified dimen-
imagine that the universe is dominated by some unstable massi&ions is stabilized with vanishing energy density in the com-
particle species, rather than coherent oscillations of a scalar field.pactified space to be in the MeV to GeV regi@]. In prac-
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tice, the stabilization occurs in a post-inflationary phase, angroperties have to be revisited.
therefore we can identify the normalcy temperature with The value of the maximum temperature during reheating,
Tru- Twuax » delineates different regions for our resultsT |fax is
Supergravity and superstring theories usually have parsmaller than theX mass,X particles generated by collisions
ticles, such as a gravitino or a modulus, with only gravita-in the thermal bath during the coherest oscillations are
tional interactions. Late decay of these particles may jeoparalways nonrelativistic. If the cross section is small enough,
dize the success of standard big-bang nucleosynttidsis the X particles do not reach chemical equilibrium and the
This problem can be solved by assuming sufficiently lowpresent abundance fgoportional to the cross sectior)y
Try, Of the order of 18-10 GeV [5]. Moreover, it has o (glv|), in contrast with the usual radiation-dominated
been recently realizefi6] that nonthermal production of case in whichQyx{aA|v|) 1. Avoiding overclosure of the
these gravitational relics during the inflationary phase camniverse imposes &ower bound on the annihilation cross
impose upper bounds oFyy as low as 100 GeV. section. On the other hand, if théparticles reach chemical
In this paper, we will show that the phenomenologicalequilibrium before reheating is completed, the ratio of Xhe
point of view that the reheat temperature may be as low as fiumber density to entropy density in a comoving volume
MeV has rich implications for particle dark matter, neutrino does not stop decreasing when the particles freeze out be-
mass limits, axion cosmology, and baryogenesis. cause entropy is released until reheating is over. Therefore,
The key point of our considerations is that reheating is nothe present abundance does not depend onlyoguv|) ~*
an instantaneous process. On the contrary, the radiatiorias in the standard casédout also on the reheat temperature
dominated phase follows a prolonged stage of matter domif,,: the lower Tgy, the smaller the abundance. We will
nation during which the energy density of the universe isprovide a formula forQ), which reproduces both the stan-
dominated by the coherent oscillations of the fiedd The  dard result wheTry, is equal to the freeze-out temperature
oscillations start at timéd; * and end when the age of the of the relic particle and the nonstandard resjt(oalv])
universe becomes of order of the Iifetirifg;l of the scalar when the value cross section becomes smaller than some
field. At timesHl’lstsF;l the dynamics of the system is critical value.
quite involved. During this stage the energy density per co- If Tyax andTgy, are larger than th¥ mass, we will show
moving volume of thes field decreases as exp[’,t) and that the relevant processes determining the preXeatiun-
the light decay products of the scalar field thermalize. Thedance occur during reheating or afterwards.
temperaturdl of this hot plasma, however, does not scale as An important result is thalyax (or equivalentlyH,) is
Txa ! as in the ordinary radiation-dominated phaseig relevant when deciding X is relativistic or not, but does not
the Friedmann-Robertson-Walker scale factpi—9], but  appear in the final expression for the relic abundance. There-
reaches a maximunTyax~ (HMp)Y*TH2 (Mp, is the fore, onceTyax has determined the pertinent casky de-
Planck massand then decreases @asa™ %%, signaling the pends on the physics of the field only thro”ghTRH' It Is
continuous release of entropy from the decays of the scal sy to und_grstand why. Thenumbgr dens[ty resullts from
field. This scaling continues until the tirr'lel“(;1 when the "€ competition fthtWO rates, thef mterahctlon rate and lthed
radiation-dominated phase commences with temperatur xpansion rate of the universe. Before reheating Is complete

: _T4T2
Try- Therefore, before reheating is completed, for a giverF € expansion rate_ depends only DRy, H~T"/Tg Mp),
temperature the universe expands faster than in the radiatiof'd therefore the ﬂnal abundance. de_pends only Jﬁ@ﬂ
dominated phase. Notice thag,, is not the maximum tem- In Sec. IV we discuss the applications of our findings to
perature during the reheat process. On the contByy some popular cold dark matter candidates. Here, we preview

can be much larger thafgy. The behavior of the universe some .Of our results_. . .
during reheating is discussed in detail in Sec. II. While excluded in the usual scenario, thermal weakly in-

In Sec. Il we use these results to compute the relic abunleractive massive particle®VIMPs) with mass larger than

dance of a dark-matter speci€$) produced during reheat- the unitarity bounq ofa fgw hundred T¢¥1] may be viable

ing. We consider the case th@iky is smaller than theX dark matter candidates in Iqw reheat models. .

freeze-out temperatufeAlthough naively one might expect of thﬁ many WII.MP Cﬁndl'.d?]tes’ the best motwa}ed segrlrws
a negligibleX number density under these circumstances, W(%O be the neutralino, the lightest supersymmetric particle
find that theX relic density can reach cosmologically inter- LSP.) .[12]' In the case in which the LSP is mainly a Bino,
esting values. We also show that because of entropy releaéﬁqu'”ngQBSl gives an upper bound on the sleptgn mass
during the reheat stage, for a given mass and cross sectiéh, [13—15. However, once we relax the assumption that
the presenX abundance is smaller than obtained assumindghe reheat temperature is higher than the freeze-out tempera-

freeze out in the radiation-dominated era. This relaxes theyre of the WIMP, we will show that the upper bound on
R

. .- . 2
bounds coming from requiring thélyh"<1. Moreover, the drastically relaxed and may completely disappear. The

parametrlq dependence on the mass _and the <"mn'h'l""t'oﬁime argument can be applied to other supersymmetric can-
cross section of the present abundance is nonstandard. Thefex tes

fore, most of the cosmological constraints on specific particle Another striking application for dark matter that illus-

trates our point is the computation of the relic abundance of
massive neutrinos. The well-known cosmological Cowsik-
2For a different perspective, see REE0]. McClelland—Lee-Weinberg bound.6,17] rules out neutri-
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nos more massive than roughly 90 eV and lighter thamannihilate into radiation with a thermal-averaged cross sec-
around 2 GeV. This result has a significant impact in costion times velocity(cv). The corresponding energy and
mology, ruling out, for instance, the possibility that neutrinosnumber densities satisfy the differential equatignk

are warm dark matter. This standard result, however, as-

sumes that the reheat temperature is much higher than 1 %——SH T )
MeV and that neutrinos have been in chemical equilibrium  dt Pe™" P>

up to temperatures of the order of 1 MeV. We will show that

if the reheat temperature is as small as allowed by big-bang  dpg 5 I
nucleosynthesis, then massive, stable Didajorana neu- qt = AR+ pgt(ov)2(Exlng— ()], (2)
trinos are compatible with cosmology if they are lighter than

about 33 keV or heavier than about® MeV. This implies, dn

for instance, that neutrinos may still be warm or cold dark —X_ —3an—<g'y>[n>2(—(n)e(q)2]_ 3)
matter and play a significant role in other cosmological or

astrophysical phenomena.
We then proceed by investigating the implications of al€re: We assume that eahhas energyEy)=M*+9T

low reheat temperature for axion cosmology. It is well@Nd the factor 2Ey) is the average energy releasedXn
known that in the standard scenario the oscillations of th@nnihilation. Later we will assumex=(Ex)nx . The Hubble
axion field generated by the misalignment mechanism ove/€XPansion parametét is given by

close the universe unless the Peccei-Quinn sdalg, is
smaller than about 8 GeV. This bound, however, is ob- H2— 87
tained assuming that the reheat temperature is larger than the 3|\/|§,I
QCD scale. When this assumption is abandoned, the cosmo-

logical upper bound orfpq is significantly relaxed tdpg  The equilibrium number density for particles obeying

<10 GeV if Try~1 MeV. Maxwell-Boltzmann statistics can be expressed in terms of

If the X particle has a nonvanishing but small decay life-K,, the modified Bessel function of the second kind:
time 7y, its decay products may destroy the light elements

(Pyt PRTPX)- (4)

generated during primordial nucleosynthesis. This gives gT3 My |2

strong constraints in the planéig,ry) [18] that are very n§q=—2(?) Ko(My/T)
sensitive to the number density of the spec{est freeze out. 2

Lowering the reheat temperature implies a smaller number 9T

density and therefore much less restrictive bounds. —= (T>M)

These results all imply that presently stated cosmological
limits may not always be relevant in limiting particle prop- 32
erties such as the supersymmetric mass spectra in the experi- xb _ _
mentally verifiable range of future colliders. —>g( 2 ) X —Mx/T)  (T<M), ®

As a last application, in Sec. V we analyze the production
of unstable superheavy states during the process of reheatinghere g is the number of degrees of freedom of the
keeping in mind the possibility that the subsequent decay oK-particle species.
these states may generate the observed baryon asymmetry.For cosmological considerations it is more appropriate to
The fact thafTyax is larger than the reheat temperature mayexpresd’,, in terms of the reheat temperaturg, using the
give rise to an efficient production of these superheavyconventional expression
states. As a result, out-of-equilibrium grand unified theory
(GUT) baryogenesis and/or leptogenesis can take place even
if the reheat temperature is much smaller than the mass of
the superheavy decaying particle. This is particularly useful
in supersymmetric scenarios whefigy has to be low whereg, (T) describes the effective number of degrees of
enough to avoid the overproduction of gravitinos and othefreedom at temperatuf® This expression defin€Bgy,.

_ 479, (Try) Tay

L= 45 Mp’ ©

dangerous relics. . Next, we express Eq$1l)—(3) in terms of dimensionless
Finally, Sec. VI summarizes our results. variables and convert time derivatives to derivatives with
respect to the scale factar The dimensionless variables we
Il. THE DYNAMICS OF REHEATING choose are
A. The relevant Boltzmann equations @qung,ﬂaS; R=pra% X=nya® A=ala. (7)

In this section we study the Boltzmann equations for the
time evolution of a system whose energy density is in theThe choice ofT 5}, in the definition ofd is for convenience;
form of unstable massive particles, stable massive par- any mass scale would suffice. The facowill be chosen as
ticles X, and radiatiorR (other similar studies can be found the initial value of the scale factor for the integration. Since
in Refs.[7-9,19-2]). We assume thap decays into radia- no physical result can depend upon the choice,ofwe are
tion with a ratel” ,, and that theX particles are created and free to choose
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_71-1 1/8
a=Tgp- (8) _[3\%% 5 Y& Try) Ui a2
_ Tuax=\g| |3 T MpHTRE
In terms of the new variables, Eqd)—(3) become 7/ e (Tmax)
dP 72g, | M2 AV _ [g* (Tr H)rls[ 10 1/4( H, ) v
* = _
 —_ ( ) , (9) 10 9x (Tmax) ev
dA 30 | @+ RIA+X(Ex)/ Try T |22
drR (ﬂ_zg* 12 A2 ><(100 MeV) 42GeV,
dA | 30 ) VD + RIA+X(Ex)/ Tay f(A)=k(A3P=A"H1" (16)
3\ 2 A3 gp)2(Ex)Mp The constantk is defined as
(8_) (Xz—ng), g \ 1/20 _1/4 1/4
T/ @+ RIA+X(Ex)/ Tan =( 8 ) M) | 0 T
(10 %) ghm T g
dx 3\Y2 A5 gp)Mp Try The function f(A) starts as zero, then grows untd,
—= —(—) (X2=X2,). =(8/3)?5, where it reaches its maximuifi{A)=1 (corre-
dA 87/ \Jd+RIA+X(Ex)ITry sponding toT=Tyay), and then decreases As *%. There-
(1)  fore, for A>A,, Eqg. (15 can be approximated by
At early times the energy density of the universe is com- 99, (Trn) 18
pletely dominated by theb field. The initial value of thep T=kTyaxA =] ———=| MIHWTIZA-38,
. . L 3~2 T
energy density can be expressed in terms of the initial ex- 5795 (T)
pansion rateH, , asp,=(3/8m)M3HZ. Therefore, we will (18)

solve Eqs(9)—(11) choosing the following initial conditions: g result shows that during the phase before reheating the

temperature has a less steep dependence on the scale factor
R=X=0 A=1 (12) than in the radiation-dominated era. In other words, as the
' SRR e temperature decreases, the universe expands faster before re-
heating than in the radiation-dominated epoch. Notice also
B. The temperature-scale factor relation that Tyax can be much larger thafizy, as long asH,
During the epoch between the initial time, *, and the >Tau Mo,
completion of reheating at timE;l, the temperature of the
universe does not scale &&~a"! as in the radiation- C. The temperature-expansion rate relation
dominated era, but follows a different |dW] This unusual Next’ consider the temperature dependence of the expan-
relation between the temperature and the scale factor, dgjon rateH during the epoch of reheating. Between the time
rived below, will significantly affect the calculation of the \ynen Tuax is Obtained and the decay tirrIé;l, the scalar

relic abundance oK particles. field energy density scales gs,=®,TA A 3. Since H2
The temperature of the system is measured by the radia- % y AL

A~ 2
tion energy density, and therefofeis related toR by =(87/3)py/Mpy, we can expressl as

3 MpH?

= 2
87 Tan

1/4R1/4 2_8_’77' CD|TéHA73

30
(13) - YFY

(19
7729* (T)

A TR

At early times H>T ), we can approximate the right-hand Now we can use EJ18) to expresdA in terms ofT, with the

side of Eq.(10) by retaining only the terms proportional to result
the ¢ energy density and by taking=®, . The solution of 57392 (T) 2 14
Eq. (10) then becomes = * . (20)
994 (Tr) | TE, Mp,
2( 79\ g 12
R= 5( 30 ) (AZ"=1)@p=. (14) This result can be compared to the result for a radiation-

dominated universeH=T?) and a matter-dominated uni-
Using this result in Eq(13) we obtain the expression for verse HoT3).
the temperaturd as a function of the scale factor

I1l. CALCULATION OF THE RELIC ABUNDANCE
T=Tuaxf(A), (15 , _ _ o .
In this paper we are interested in the situation in which
whereTyax andf(A) are given by the X particles never obtain chemical equilibrium in the
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5/4

radiation-dominated era after reheathdhis means that
10 GeV. (23

10 1/4 M
. ¢
Truy Must be smaller than the conventional freeze-out tem- TMAx”(g—) (m
perature(roughly equal tavl /20 for nonrelativistic, weakly *
interacting particles In this situation we can encounter sev- On the other hand, in the case of chaotic inflation, one ex-
eral possibilities. In the first case, tikeparticles are always pects that thep field has an initial value of the order of the
nonrelativistic and never in chemical equilibrium, either be-p|gnck mass and therefor%(al)NM(zﬁMgl _This leads to

fore or after reheating. In the second case, the nonrelativistic
X particles reach chemical equilibrium, but then freeze out 10\ Y4 M,
before the completion of the reheat process. Finally, we can TMAXN(Q_> (m
consider the case when the relevant processes of particle pro- *
duction and freeze out occur before reheating at temperaturgr an X particle with typical electroweak mass and for
at which X is still relativistic. In this section, we will com- M ,~ 100 TeV, the two options correspond to the nonrelativ-
pute theX thermal relic abundance in all these cases. istic and relativistic case, respectively.
In principle, the relic abundance could receive contribu-

tions from other sources, like the dire¢tdecay intoX par-
ticles[22], or from the production and decay of heavy par-

30 TeV. (24)

A. Nonrelativistic nonequilibrium production and freeze out

ticles eventually decaying ints. In this paper we will ignore ~ Let us suppose that th¢ particles are always nonrelativ-
these model-dependent effects and therefore our calculatidftic and the condition in Eq21) is satisfied. Since we are
can be viewed as a lower bound on tl@bundance. considering the case in whicK does not reach chemical

The nonrelativistic and relativistic cases are discriminatecequilibrium (X<X.g), at early times, Eq(11) can be ap-
by the conditiondVly>Tyax andMyx<Tyax . respectively. proximated by
This translates into a condition d#, ; for instance, the non-

1/2
relativistic case corresponds to 3_;(\:(%> A‘5’2<av>Mp|TRHX§q<D|‘”2. (25)
8 8/5 71_3 1/2 T M4
H < 5) (;) gjl(z(_'l\_/'AX)) v 'I)'(z The equilibrium distribution in the nonrelativistic limit is
9% UIRH PI I RH
32
_ 9y (Tmax) 10 Y My | Xeq=gA3 Mx;r ) exp(—My/T), (26)
10 0. (Try)| |100Ge 27Ty
100 MeV\ 2 whereg is the number of degrees of freedom of the particle

Try 3lev (21 X and the temperaturkis given by Eq(18). We express the

thermal-averaged annihilation cross section times velocity as
In this paper we will treall gy and Tyax as free parameters
and we will not rely on particular models of inflation @r 1
decay. Nevertheless, it is useful to show what kinddof <UU>EW
physics can give rise to the different cases considered in this X

section. First of all, we are interested in very low reheaty o e the dimensionless coefficients and «, describe, re-
temperatures. This can be achievedihas a typical gravi- - ghecively, theswave andp-wave annihilations in a nonrel-

T
agt M—Xa’p) . (27)

tational decay widtH";~M3/Mgp,, for which ativistic expansion of the cross section. Using E(2),

10114/ M 32 (18), (26), and(27) in Eq. (25), we obtain

¢
o 29 e a2

Oy 100 TeV d_X_ g2 MXK3TI:\3/IAX 4— ZMX A3/8)
The value of Tyax is determined by the initiatp energy dA  (2m)® H T3, K Tmax
density. IfM , is the mass scale characterizing the physics of T
¢, we can expecp(b(.a,)ijs. Thi_s happens, for instance, x| a AL+ %Az K T max 28)
in hybrid models of inflation. In this case we find X

We will find the solution forX(ec) as a Gaussian-integral
approximation to Eq(28). Although Eq.(28) is valid only at
3Here we make the usual distinction between chemical equilibearly times, we will integrate it in the full range betwean
rium and kinetic equilibrium. Kinetic equilibrium can be achieved — g and A=«. This is a good approximation because the
by X-number conserving scatterings, such@—yX (y repre- oy nonential suppression makes the right-hand side of Eq.

sents a light degree of freedom like a phgtoBhemical equilib- % 8 negligible anywhere outside a small interval of scale
rium can only be achieved by processes that change the number ctors centered aroundi=A, , with

X particles, such a¥ X« yy. For massive particles the cross sec-
tion for the second process may be orders of magnitude smaller
( 17 KTMAX

than the cross section for the first process, and it is possible to =

8/3
" ) for s wave, (29
assume kinetic equilibrium but not chemical equilibrium.

2 2My
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8/3 ing entropy increases by about a factor of 8 afleyy.

) for p wave. (30 Therefore all the analytic estimates should be divided by a
factor of 8. This is confirmed by numerical calculations as

Using Eq.(18), we find thatA, corresponds to a temperature Shown in Sec. Ill E. The reader is referred to the Appendix

T,=4M/17 for the swave and T, =4M,/15 for the for more details.

p-wave. ThereforeT, is the temperature at which most of ~ From Eq.(35) with T=Tgy and the extra factor of 1/8,

the X-particle production takes place. We will assuffig ~ We obtain an estimate for the present energy densitX of

<Tuax OF else the finaK-particle density is suppressed by a Particles in units of the critical density

very small exponential function. The Gaussian-integral ap-

15 KTMAX
2 2My

*

312
proximation to Eq(28) is* Q h2_3\/ﬁ)(17/28)17/2 9°9; A(Trp)
<h?=
20487° 3T
8g°My\2m KTMAX)12 9T
*= 5 3,13 | 2M Mp TE
37°H Try X PLURR (gt a/d) Qgh?
M7 p
1712 ap X ! now
><exp(—17/2)<?) (QS+T . (3D 9\2g, (Trw 1% 10 13
=2.1x10% =
. 2 10 0,(Ty)
Next we want to relateX,, to the mass density of par-
ticles today. After particle production stops A=A, , the 10°Try\’
factor XcnyA3= X, remains constant. Therefore, at reheat- X My (astay/d)
ing

_ (nonrelativistic nonequilibrium
Px(Tri) = Mxny(Tr) =My X TR ARS,  (32) a

where from Eq/(18) production during reheating era(36)

Here we have usedl,,,=2.35x10 ¥GeV and Qgh?

4
A=3_ TrH 8: 57°9. (Tri) Tru (33 =417 107°, including the contributions from the cosmic
RH | kTax IMZHZ background radiation and from neutrinos.
Notice that in this cas€ly is proportional to the annihi-
Also, at reheating the radiation energy density is lation cross section, instead of being inversely proportional,

as in the case of the usual thermal relic abundance calcula-
(34) tion in a radiation-dominated universe.
The basic assumption used in this section is thatXhe

i ) ) ) .. particles never reach thermal equilibrium. This hypothesis
After the completion of reheating the universe is radiationpggs if at the time of maximum particle production the
dominated, and number density is less than the equilibrium valué,

px(Trow) T py(T) <Xeq(Ty). Using Egs.(26) and(31), we find that this con-

X0 _now _ X7 (35)  dition corresponds to a limit on the annihilation cross section
PR(Tnow  Tnow PR(T) as< ag for the swave ora,< a, for the p-wave, with

Of course the extraction of energy from the scalar field is not

2
™ 4
Pr(TrH) = %g*(TRH)TRH'

an instantaneous process, but we canTusd gy in Eq. (35) . :4\/E775/2917/4 95 (Ty) Mf’(
and correct for the entropy release affgyy. It is straight- s 289 ggi/Z(TRH) MP|T§H
forward to demonstratésee the Appendixthat relatively
independent of the model parameters, only about 25% of the 112 3
- H _ _102|:g*(T*):||: 10 ( MX \)
comoving ¢ energy density has been extractedlat Tgy. =7X10 *—
At temperatures smaller thafk, some residual entropy is 9l 10 Jlg«(Trw)] 1100 Ge
released by the decays of the scalar field till the time when 100 MeV 2
the energy density in radiation significantly dominates over X TH\/) , (37

the energy density of the scalar field. One can show that
(again nearly independent of model parameétdre comov-

— _2\107%% g, (T,)  Mj

o

’ 15 g Tru) Mp Ty
“The result of the Gaussian integration in E8Q) is a very good 279, (T.) 10 2 M 3
approximation of the exact integral, which is given —4x10 9= | _* H ( X \)
by  X.=(8g°M)/(37°H)[asf(2My /KT pnad + apf o(2My / gl 10 ||9,(Trw)] |100Ge
kTmaw],  where  fy(x)=exp(—x)8!S8_x} 12kl =27 (17/ 100 MeVi 2
2)exp(=17/2x 12 and  f,(x)=exp(—X)(81/4)= _ox* k! (—\/) (39)
=227 (15/2)%exp(—15/2)x " 2=f (x)/4. TrH
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In the nonequilibrium case considered in this section, we
find that there is a maximum value ddy that can be Xg=In
achieved. This is obtained by replacing the constraigt

3V5 M
5 -9 o+ 2apx7

- - 1/2
4\27% g¥4TE) Mx 2

<aq into Eq. (36), (43
(Taw) 10 12 In order to comput&)y we can use Eq(35) (again with
Qyh2<1x 10—52[9* RH the understanding that there will be an overall correction due
2 10 9+ (Ty) to the fact that the reheating process is not completg;aj)
Try )5( 100 Ge\/)4 9 to derive the result
100 MeV, My ' Oy (Tru) |2 Tri\ 8 e
o ) . ) Px(Trr) = 9.(To) | \ T px (Te)
A similar constraint can be obtained in the casepafiave 9« TF F
annihilation. (Trep) | 2TE
To conclude this section, we want to show that for the __9 (g* RH ) RE X L3 2exp( — Xg).
case under consideration the process of particle production (2m)%2\ 9« (TE) | Mm%
always freezes out before reheating, i.e., (44)
H(A)>T . (40) Thus we obtain, in the case where decoupling occurs during

Since the universe is matter dominated by thefield, H reheating, the result

scales likeA %2 and therefored (A, ) =H,A, ¥. Using Egs. 112 3
(29),(30), we find that the relation in Eq(40) is satisfied Qyh2= 55 0 (Tri) _ Thn
whenever M y>3Try. This condition is always verified 47 9 (Te) TnoMxMep,
once we assume that theparticles do not thermalize after
reheating. % 1 h2
—4 -5 R
(agXg "+ 4apXg°I5)
B. Nonrelativistic equilibrium production and freeze out
. . N . XA Tru) T3, Gev ?

We will now consider the case in which the annihilation —=23x 10" 11=* RH4 :
cross section is largent™> a5 Or a,>a;,) and theX particle 9« (TE) - My(aexe *+4apxe°/5)
species reaches chemical equilibrium before rehedting o o ) )
case is also discussed in REF9]). The calculation of)y is (nonrelativistic equilibrium production during reheat)era
now analogous to the ordinary calculation of thermal relic (45

abundances. However, the result is different because the M= this caseO. is inverselv proportional to the annihilation
lation between temperature and scale factor is not the same X Y prop

: ; L : . Cfoss section, as in the radiation-dominated case. Equation
as in the ordinary case of a radiation-dominated universe.

The freeze-out temperatufig is obtained by solving for (42). g_ene(rjahzgs thz ordlnarhy rr(]as_ult .Of degoupllng during the
the condition radiation-dominated era, which is given by

2 2
NS Te)ov)=H(TE). (41) Qb= 4.5 Qgh? M2
VT Trond YA TE)Mp (aeXe 1+ apX 2/2)

Heren$%= XA~ TR, is the equilibrium number density of

X particles and the expansion rateas a function of tem- I 1 GeV 2

pe.gl;l#irﬁinvéaxiele\arff_?f d tlﬂeggc%‘dition in Eq(41) can be o g*lf/Z(TF) Mx Z(aSXEleapx';Z/Z)

written as (nonrelativistic production during radiation ¢ra46)
3 99 ATry) MpiTay (a&?+5ax3%4) . Indeed, Eq.(45) approximately reduces to E6) as Try

Xg=In
F 2\107% 9. (Te) M>3< approached . Furthermore, Eq(45) also reproduces Eq.

(42)  (36) whenag approachesy from above.
) The effect of a low reheat temperature is to reduce the

The factor 5/4 in front of the-wave term has been added 10 (ojic apundance with respect to the ordinary case by a factor
match the analytic so!utlon of the Boltzmann equation. No-T%HTg|d/(TrF1em54, whereT2® and T"®" are the freeze-out tem-
tice that Eq.(42) admits a solution only folrs>1.5as OF  peratures in cosmologies with high and I, respec-
a,>0.4a,, in nice agreement with the starting assumptiontively. This suppression factor can be understood in the fol-
on the annihilation cross section. lowing way. During the epoch before reheating, the

For comparison, we remind the reader that in the case aéxpansion is faster than in the radiation-dominated era;
a radiation-dominated universe the expansion rateHis freeze out occurs earlier, enhancing tkeabundance aT
= J473g, /[45T?/Mp, and the analog to Ed41) is =Tg [see EQs.(42) and (43)]. However, as the universe
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M,=10%GeV  To=10 GeV  (ov)=1.4x10-13GeV-2 Q. h?=1 AL PR Em AL g Ty
e i ; . e oo — b7 < 0025 . /50
1 (a/8,)*[o,(a)/py(a))] 109k Q,h > 0.025 !_ -
é;r’ 0,h? > 0.025

a®n, (arbitrary units)_‘_-’".

S~

3 ol |||||||;] 11
3

—_
o
T
a

IO T I T~ T~ T

10-2 \ 10-14 Qh® > 1
\ 10-16 :
103 \ B g radiation—dominated result F
a’n® (arbitrary unlts)\ . ) G 10717k 3
10-4 \_,--a"n,(arbltrary units) o ST A P Y SO
A\ T 10°F Tyy=My/100 r
10-8 L L L |\ L L =100 4 — 3
1 10t 102 108 104 108 108 10-10f - -
&% 1o ——" E
o 0.h? > 0.025 4
M,=10%GeV  Tg,=10 GeV  (ov)=B.7x10-1%GeV-2  Qh®=1 10-1f 3
- T T T T T T 3 E E
1L (a/a,)%[p,(a)/py(a))] h 10-4pr r
"3 10"‘?\\ r
T/M T N3 - £
My SN aitn (arbitrary units) .~ 1 10 “{ N F
10-1 v * = 10-7f -
/ 3 3 E E N
= povod ool Nevvnl 3] vl o] o 0 el Sl sl
/ \ 3 108 10° 10* 108 102 10° 10* 10°
1072 \ M, [GeV]
108 / \\ FIG. 2. The shaded areas show the cosmologically excluded
=/ regions for a particle of madd y with 2 degrees of freedom which
/ a’n (arbitrary uniu)\

\:,.-:;;Ma,bim,ry units) annihilates in thesswave with a thermal-averaged nonrelativistic

10-4}- ) . . .
A\ cross sectioqov). The upper-left figure is the usual case where
» ) ) LS . . particle freeze out occurs when the universe is radiation dominated.
19 10! 102 108 104 108 108 In the other frames, we have choskly/Try=50, 100, and 200.

a/8 The interesting region for cold dark matter (0.828,h?<1) is

FIG. 1. Shown in the upper graph is the evolution of e between the dashed line and the shaded area. The upper right-hand
density in the case where the cross section is sufficiently large teorner of theM x—(ov) plane is excluded by unitarity arguments.
establish chemical equilibrium prior to freeze out. The lower graph
illustrates the case where the cross section is too small to establish

chemical equilibrium. The two cross sections were chosen to result Ouh2<4x 10 62 10 TrH °(100GeV}*
in the same finak abundances necessary to give a critical density = X 219, (Trp || 100 MeV, M )
of X particles today. In the calculatiorgs, was kept constant at (47)

g, =30.

cools fromTg to Tgy, the expansion dilutesy by a factor ~ When this bound is saturated, we are approaching the tran-
(Tru/Te)E: the dilution is more effective than in the matter- sition from the results of Sec. Il B to those of Sec. Il A.
dominated caseni~ T%) because of entropy release during Indeed, the results in Eq&39) and(47) turn out to be in fair
reheating. This explains wh§ is roughlyT%HT‘F"dl(TE‘f‘“‘)“ agreement with each other. Similar conclusions can be ob-

times the relic density obtained in the case of large rehedgined in the case gf-wave annihilation, but for simplicity

temperature. in this section we will consider only the case of dominant
An illustration of the freeze out of thX abundance in Swave annihilation.

equilibrium and out of equilibrium is illustrated in Fig. 1. In ~ In the ordinary case of large reheat temperatufg(

both cases the final abundance is the same. In the top graph=Mx. i.e., production and freeze out in a radiation-

the cross section is large enough to establish equilibriunglominated universeQxh? is proportional to{ow) ~*, as can

prior to freeze out, while in the lower graph the cross sectiorPe seen from Eq(46). So except for a logarithmic correc-
is too small to establish equilibrium. tion, the is no explicit mass dependence(lgh?. The con-

straint from the age of the univers@yh?<1, implies a
lower bound on thé& annihilation cross section, as shown in
the upper-left graph in Fig. 2. The unitarity limit {orv) as
The relic density calculations performed in Secs. Ill A a function of the mass,ov)yax =87/M2, is also shown.
and 1l B, under the assumptions of out-of-equilibrium andThe two bounds cross at the valig= 340 TeV[11], which
equilibrium, respectively, match well in the intermediate re-js usually taken as a cosmological upper bound on any stable
gion in spite of the fact that they are derived with different massive particle.
approximations. Indeed, if we use in E¢5) the minimum In Fig. 2 we show how the cosmological bounds Mry
allowed cross sectionas= «), corresponding to the maxi- can be relaxed for sufficiently lowry. As Try is de-
mum allowed freeze-out temperature:-E&5/2), we obtain  creased, the allowed region in the parameter spaog ver-
the bound susMy grows. The numerical results presented in the figure

C. Nonrelativistic production and freeze out
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FIG. 3. The shaded region shows the cosmologically excluded FIG. 4. The relic abundanc@yh?® as a function of the reheat
region, as a function of the reheat temperafigg , for a particle of ~ temperatureTgy for a particle with 2 degrees of freedom, mass
with a thermal-averaged nonrelativistavave cross sectiofoy).  Saturating the unitarity bound.

The region, interesting for cold dark matter (0.828h%<1), is
delimited between the dashed line and the shaded area.

-18
10 0.4

temperature at which the relevant physical processes occur,
i.e., T, in the out-of-equilibrium case antk in the equilib-
(assumingg, = 30) are in excellent agreement with the ana-fium case. Once this assumption is made, the final result on
lytic estimates. The results are simple to understand. (1 does not depend ohyax or other any initial conditions

In the case of low reheat temperature, the constrainpf the inflationary model, but only ofiry. Figure 4 shows
Qyh?<1 does not simply give a lower bound ¢av), but how the unitarity bound is modified in the presence of low
rules out a range of values. Indeed, for very snath) we TRH' Here we have takeas=87r. and plotted contours of
are in the limit of nonrelativistic nonequilibrium production Various values of2xh* as a function oMy and Tgy.
discussed in Sec. lll A, and E(q36) applies. For fixed
Tru/My, Qyh?<M2(ov), and the value ofov) forming
contours of constanflxh? will scale asMy?. As (ov)
grows for ﬁXEde, QX increases and eventua”y may con- In this section we consider the case in which the relevant
flict with the age of the universe constraint. After the maxi- Physical processes of particle production and freeze out oc-
mum value of()y is reached, see EGB9), a further increase cur whenXis still relativistic, and therefore we assume that
of (ov) brings us to the limit of nonrelativistic equilibrium the inequality of Eq(21) is not satisfied. If the annihilation
production of Sec. Il B. Nowy is obtained from Eq(45), ~ Cross section is not suppressed by any mass scale larger than
and the value of ov) to give contours of fixeddyh? in-  Mx, then{ov)~T"? andX remains in thermal equilibrium
creasegalbeit slowly asMy grows. _untll it becomes nonrglaﬂwshc. More interesting is the case

Figure 2 also shows the parameter region in which thdn which the annihilation process depends on a new mass
particleX could be an interesting cold dark matter candidate ScaleMg>My . Therefore, we define
0.025<Qyh?<1. Values of annihilation cross sections and
masses which are ordinarily excluded in the case of large
Try €can now be of particular cosmological and observational
interest.

In Fig. 3 we show the cosmologically excluded region
(Qxh?>1) and the region relevant for dark matter (0.025for a generic exponenh. As concrete examples, one can
<Qxh?<1) as a function ofTgy for a fixed valueMy  think of a heavy neutrino or a neutralino in the regime in
=100 GeV. Notice how the lower limit oficv), which is  which the temperature is larger than their masses: in this case
2Xx10 19 GeV~? in the ordinary radiation-dominated cos- n=2 andMg is roughly the mass of an intermediate gauge
mology, is relaxed a3 g, is lowered. boson or of a slepton, respectively. Another interesting ex-

A striking implication of dark matter production during ample is the gravitino, for whicm=0 andMg~Mp,. Fi-
reheating is that the unitarity bount¥|x<<340 TeV, disap- nally, one can consider the graviton Kaluza-Klein excitations
pears and one could conceive thermal relics of very heavin theories withé large extra dimensiong2], for which n
particles without conflicting with the age of the universe.=§ andMg is of the order of the fundamental gravitational
The necessary assumption is thiggax is larger than the scale.

D. Relativistic X

n

<O’U>Ew, (48)
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Let us first consider the case in whighdoes not reach an Un+2

equilibrium density. The analysis is similar to the one per- Mg>
formed in Sec. Il A. At early times, the Boltzmann equation
can be approximated by

8cM pI TR
V5(6—n) w2 A Trp)

This condition holds for both gravitinos and Kaluza-Klein

(53

dx 3 gravitons. For a Majorana fermion with=2, it requires
R _A—5/2 Mo T (D—l/ZXZ
dA 8 <0'U> PITRHY| eq’ 10 1/8 T 3/4
RH
Mg> 18 TeV. 54
i o5t oo >
_ & 3

Xeq= 7_rz('rRH) A (49) If the condition (53) is not satisfied, then th& particle

density thermalizes. However, in this case, they do not freeze

wherec,=g¢(3) for bosonsc,= (3/4)gé&(3) for fermions, out before reheating. Indeed, let us consider the ratio of the
and g is the number ofX degrees of freedom. Using the interaction rate versus the expansion rate at the temperature
relation between scale factor and temperature in(Eg), we T
can rewrite Eq(49) as

nyXav) 3C§91/2(TRH) MPngeHTn_l

*
1/2, 8 =
d_x:_ 8 g* (TRH) Cé (KTma:) MPI . (50) H \/5777/29*(1—) Mg+2
dT 5z 9.(T) *T7-"MZ' TR,

(59

By requiring that the conditiort53) does not hold and that

Forn<6 the X-particle production dominantly occurs at the T>Trn, We find
lowest possible temperature. In all interesting situations we eq
know of, the annihilation cross section is such that6, and Nx <"”>>3(6_ n)
therefore we consider only this case. Integrating &6) up H 8
to a final temperatur@;, we obtain forn<6,

(56)

Since forn<6 the right-hand side is of order unity, E&6)
n+2 shows that if a relativisticX reaches thermal equilibrium,
) Mp T2y then it does not freeze out before reheating.
In conclusion, for relativistic particles the relevant pro-
(51) cesses determining their relic abundances occur at reheating

or afterwards. This, in particular, is true for gravitinos and
If Mx>Tgry, Eg.(51) should be evaluated & =M and P g

e . .. _for the graviton Kaluza-Klein excitations witd<6 for
the result be used as an initial condition for the nonrelativis-

tic analysis. Since we have linearized the differential equawhICh the cosmological bound derived in RES] applies.
tion, within our approximation this simply amounts to adding
the relic density obtained from E@51) to the contribution
derived in Sec. Il A. Because of all the various cases encountered, it is prob-
If My<Tgry, as it is usually the case for the gravitino, ably useful to summarize the different possibilities. Let us
then in Eq.(51) we can takeT;{=Tgy. At temperatures consider a stable weakly-interacting partixlevith massM y
smaller thanT gy, the universe is radiation dominated and aand dominant-wave annihilation.
calculation analogous to the one that led us to(&d)) shows WhenMy=17T\ax/4 we are in the deep nonrelativistic
that in this caseX-particle production dominantly occurs at regime, and theX relic abundance is strongly suppressed by
the largest possible temperature, as longhas—1. There-  an exponential factor. For T{jax/4=Mx=Tyax We are in
fore all the relevant dynamics occurs Bt Tgy. The relic  the nonrelativistic case. Depending on the value of the anni-
abundance can be obtained by rescalingXhsumber den- hilation cross sectionX may or may not reach an equilib-
sity in Eqg. (51) to the present temperature, as done in Secrium distribution before freezing out. In the first case(

8 gi/Z(TRH) o T
Nx(Te) === — Cel s
6—n \/57T g*(Tf) MG

E. Summary of the different cases

Il A, to yield >ay), Oy is given by Eq.(45), and in the second onex(

) nil <ay), it is given by Eq.(36). The agreement between ana-

Q. h2= 48\5 Ce MpMxTRH 2 lytic estimates and numerical integration of the Boltzmann

- Try) ThMI2 equations is illustrated in Fig. 5.
For Tyax=Mx=XeTry, Wherexg is given in Eq.(42),
Ce 2[ 10 r/ZMXTgpl 4% 107 the particleX is first relativistic, then becomes nonrelativistic
~13¢3)2] |9, (Trn) ML2 (6—n) . gnd flr_lally_ decouples before reheating. The relic abundance
is again given by Eq(45).
(52 Lighter X particles thermalize after reheating, erasing any

previous information on their number density. The relic
The result in Eq(52) is valid as long as thX particles do  abundance has the ordinary expression given in(&g).
not reach equilibrium at temperatures larger thgq,, or We have also discussed in Sec. Il D the case of very light
Ny(Tru) <NSX(Tgry). This implies particles with annihilation cross section suppressed by a
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M,=1000 GeV g.=30 Tey=10 GeV

generate families with mass~13|R, theB-ino annihilation cross
10! section parameters are

-2

2
247 a? mi,

" cod Gy

(57)

as=0, ap

Mg

0,h?

Notice that the annihilation process swave suppressed
because of the Majorana nature of the neutralino.
Cosmological considerations give an upper bound to the
B-ino mass. Indeed, the requirement that charged particles
10:2 are not the LSP impliesn, >Mg. The minimum allowed
10—]9 10—18 10—17 -16 10—15 10—14 1 -13 10—12 10—11 10—10 i . R i .
{ov) [GeV-2] B-ino relic abundance corresponds to the maximum annihi-
FIG. 5. Comparison of numerical vs analytic results. The non-lation cross section and therefore to the minimum;{. Set-

Th ilibri Iculati li hil lativis- R . ’
e equilibrium calculation assumes decoupling while nonrelativisy - F T o T e 0 GeVfor Oh?

tic, or xg>1. .
F <0.3) [13]. The bound can be weakened in the presence of
_ . resonants-channel annihilations, once a small Higgsino ad-
heavy mass scale. In all cases of interest, the relic abundanggixture is introduced. In constrained models in which the

0.1

is determined by the physics @ky. supersymmetry-breaking masses satisfy simple universal re-
lations at the GUT scale, this bound reduces to 200 GeV
IV. APPLICATIONS TO DARK MATTER CANDIDATES [14].

However, as emphasized in REL5], whenever the slep-
tons and theB-ino become degenerate in mass within about

The neutralino is the most natural cold dark matter candi-10—20 %, one cannot ignore the effects of coannihilation.
date in the context of supersymmetric extensions of the stanFhese effects can modify significantly tfeino relic abun-
dard model. If the neutralino is dominantly a Higgsino its dance, because annihilation channels involving the charged
relic density is typically small, because of the efficient coan-sleptons have large cross sections which arepreéve sup-
nihilation with other neutralinos and charginos which turnPressed. Indeed, even in the case of the constrained model,
out to be almost degenerate in mass. Upcoming CER&™ the previous limit on thé-ino mass can be relaxed to about

collider LEP2 runs will be able to probe the small window 600 GeV[_1_5]._ L _
left unexplored in which a light Higgsino could give a sig- Coannihilation effects do not significantly modify the

nificant contribution to the present energy density of the uni—bOl_Jnd on the slepton mass for a fixed valueMi{ (as long

verse[23]. Moreover, if the Higgsino is heavier than the &S itis nottoo close tn ). On the other hand, these bounds
gauge bosons, the annihilation channels i and Z°  can rapidly disappear if we consider low values of the reheat
strongly depletes its relic abundance. Significant contributemperature. The effect is illustrated in Fig. 6, which shows
tions to Q then require a lightest supersymmetric particlethe values of slepton arigtino masses incompatible with the
(LSP) heavier than about 500 GeV, weakening the motiva-constraini2h?<1, for different choices oT gy, in the case
tions for low-energy supersymmetry. of a 100% pureB-ino LSP. The upper bounds an,_ are

The case of a mainlB-ino lightest neutralino is much drastically relaxed. Therefore, this shows that cosmological
more promising for dark matter. First of all, we should recallarguments based on relic abundances, used to set upper
that most of the supersymmetric models obtained from subounds on supersymmetric particles rely on specific untested
pergravity usually predict that the Higgs mixing parameter assumptions. A low reheat temperature can completely
is large. This is because should compensate the large ra- change the picture.
diative corrections to the Higgs mass parameters in order to The same arguments can be applied to other supersym-
achieve the correct size of electroweak symmetry breakingnetric dark matter candidates. One possibility which one en-
Therefore, a common expectation is that the lightest neucounters in theories with gauge-mediated supersymmetry
tralino is an almost pur8&-ino.

In the early universe, thB-ino will mainly annihilate into
fermion pairs through-channel exchange Qf sqgark§ a”‘?' SThis is particularly welcome in those scenarios where the super-
sleptons. Exc_eptlons occur only for pathological 5|(t)uat|ons IN'symmetric flavor andCP problems are avoided if the first two
which there is a resonargchannel exchange a” or a enerations of sfermions are heavier than a few TeV and approxi-
Higgs boson. Actually, because of the large hypercharge ohately degenerate in mass. If the lightest supersymmetric particle is
the right-handed electron and the expected lightness of slegssentiallyB-ino-like then requiring that all flavor changing neutral
tons compared to squarks, it is often a good approximation t@urrent andC P-violating processes are adequately suppressed im-
include in the annihilation cross section only the exchange oposes a lower limit on th@-ino mass of typically 200-300 GeV
the right-handed sleptons. Summing over three slepton d¢24).

A. Supersymmetry
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FIG. 6. The allowed region in thilg—m; _ plane in the standard
cosmology where freeze out occurs in the radiation-dominated era FIG. 7. The evolution of the number density per comoving vol-
is indicated by the shaded region above the disallowed region whef@me of Dirac neutrinos fom,=12 keV andTgy=1 MeV. This
the LSP is charged and below the curve marked “forbiddenfigure illustrates the fact that neutrinos never attain chemical equi-
Mg /Try—0" above whichQgh?>1. Coannihilation effects, here librium.
neglected, modify the bounds in a narrow region wh&endl, are
nearly mass-degenerate. If tieino freezes out during reheating  If neutrino masses are larger than the freeze-out tempera-
the forbidden region wher€gh®>1 is a banana-shaped region. ture, they decouple from the thermal bath when they are
The allowed region of parameter space is above the charged-darkpnrelativistic. In this case the annihilation cross section is
matter region and outside the banana-shaped region. The size aBF'oportionaI toGémi, and requiringQ,,h231 provides a
location of the banana-shaped disqllowed_ region depends %wer bound onm, of about 2 GeV, the Lee-Weinberg
Mg /Try. Some examples are shown in the figure. bound[17]. This means that neutrino masses in the range 94
eV =m,=< 2 GeV are cosmologically ruled out. This is the
breaking[25,2€] is given by the messenger scalar particlecejeprated Cowsik-McClelland—Lee-WeinbergCMLW)
with the same gauge quantum numbers of the neutrino. ThBound[lB,lﬂ.
cosmological upper bound on this particle mass is about 3 Thjs picture has to be modified in the case in which the
TeV, much lower than the natural theoretical expectation. Agheat temperature is small. The standard CMLW bound is
low reheat temperature easily relaxes the bound. based on the assumption that neutrinos have reached thermal
The same can be said about the limits on unstable paing chemical equilibrium in the radiation-dominated uni-
ticles whose decays into energetic products may jeopardizgerse. This is equivalent to the hypothesis that the maximum
the successful predictions of nucleosynth¢sB). It is clear  temperature obtained during thEast radiation-dominated
that our results relax the bounds in th#lf,7x) plane, era, that is, the reheat temperatiiig,, is much larger than
where 7y is the decay lifetime of the unstable particle. the decoupling temperatufB,. We have no physical evi-
dence of the radiation-dominated era before the epoch of
nucleosynthesigi.e., temperatures above about 1 MeV
o Therefore, let us explore the possibility that the largest tem-
Let us now analyze the implications of our approach forperature of the Universe during the radiation-dominated
massive neutrinos, in the case in which they are stable. F'rsbhase is very small. Indeed, it has been recently shown that
let us briefly recall the standar@e., when the reheat tem- the smallest value not excluded by nucleosynthesis at more
perature is very largeprediction for the abundance of mas- tnan 950 C.L. iSTRy=0.7 MeV[27].
sive n(_autrinos_. Neutrinos are initia_lly kept in equilibrium by gjnce neutrinos have only weak interactions, it is very
weak interactions. For neutrinos lighter than about 1 MeV gitficult for the thermal scatterings of particles during the

freeze out occurs &p=2.3 MeV for electron neutrinos and epeat stage to generate SM neutrinos through processes like

Tp==3.7 MeV for muon and tau neutrinos, so the neutrmose+e,_w7and to bring neutrinos into chemical equilibrium.

e et s feere out. he curent sbundance 3 % nemore, decreasing e eneattmperaur nreases
rate of the expansion of the Universe, as explicitly seen in
gx 10.75 my Eq. (20), making it more difficult for the weak interactions to
(58) bring the neutrinos into chemical equilibrium. Therefore, if
the reheat temperature is small enough, one should expect
that the SM neutrinos produced during the reheat stayer
Heregy is the number of degrees of freedom of the speciesteach chemical equilibrium. In other words, at the beginning
Standard mode(SM) relativistic neutrinos decouple from of the radiation-dominated phase neutrinos populate the ther-
chemical equilibrium wheng, (Tp)=10.75. One usually mal bath, but they have a number density, which is
concludes that the mass of SM neutrinos cannot be largesmaller than the equilibrium number densitp 9. This is
than 942 eV, the Cowsik-McClelland bounfl6]. well illustrated in Fig. 7, which shows the evolution of the

B. Massive neutrinos

h?==" ———
X1 T2 g,(Tp) 94eV
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FIG. 8. The contribution to the closure density of Dirac and

Majorana neutrinos for different values of the reheat temperaturg"‘ffz

(9,=10.75 isused in the definition of ).

number density of a muon or tau Dirac neutrino with mas
12 keV, forTgy=1 MeV. It is clear that the number densi-
tyonly grows, and it is always too small to catch up with the
equilibrium number density, i.en,<n¢9. This implies that
neutrino annihilations are not efficient.

This result applies both to relativistic and nonrelativistic
SM neutrinos, and implies that the present abundance of ne
trinos in low Tgy models is much smaller than predicted

assuming that the largest temperature of the radiation-
dominated universe was much larger than a few MeV. This
is the reason why the CMLW bound on neutrino masses is

significantly relaxed in lowrl g,y models.

In Fig. 8 we present a full numerical computation of the
abundance of massive neutrinos in term€)gh? as a func-
tion of the mass of the neutrino, for different values of the
reheat temperature. In all our results we have numericall
solved the Boltzmann equation making use of the exact def
nition of the thermally averaged cross sectj@g]

)

1

o) ——
( Am?TK3(m, /T) J am?

) dsovE E;,

X \Js—4m2 K (\/s/T), (59

wheres is the center-of-mass energlf; are the modified

S

%
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Bessel functions and we borrowed the expressions for
ovE E; from the appendix of Ref29].%

For a Dirac neutrino, the treatment of the number of de-
grees of freedom requires some attention. In the relativistic
case, only two of the four degrees of freedom are produced
because the generation of the wrong-helicity states is sup-
pressed by f,/2E,)2. On the other hand, in the nonrelativ-
istic regime, all four degrees of freedom interact with full
strength. Here, we make the “helicity approximation” and
assume two degrees of freedom for a relativistic neutrino
species and four for a nonrelativistic neutrino species.

At low reheat temperatures neutrinos of a given family

can be produced by the processd®e™ — v, v, and vglg

_”/a;av whereg is different froma. The inclusion of the
e’ e scattering in the integrated Boltzmann equation for the
number density of neutrinasya is straightforward because

e ande’ are kept in chemical equilibrium by the fast elec-
tromagnetic processes and Eg) applies. However, the in-

clusion of thev v, scatterings is more delicate because

and v are themselves not in chemical equilibrium. A com-
plete solution of the problem would require a detailed kinetic
treatment ofall the neutrino distribution functionk,(p,t) in
momentum space. This computation is now in progress. In

this paper we have limited ourselves to include thg
scatterings by defining in Eq59) an effective cross section
Ue+e—+23(nyﬁ/nig)zoyﬁjﬁ. To convince oneself of
the validity of this approximation, one may notice that we
recover the usual standard CMLW bound when the reheat
temperature is larger than about 7 MeV. This is in agreement

with the results obtained in Reff27] where the Boltzmann

equations in momentum space were numerically solved for
massless neutrinos and it was shown thatTigy=< 7 MeV
the effective number of massless neutrihgs=p, /pS9 starts
deviating from 3.

From Fig. 8 we infer that in the case in which neutrinos
are relativistic,Q ,h? is approximately given by

)3

relativistic Majorana and Dirac.

u-

ml/
12 ke

TRH
MeV

2_ 2
Q, h?=0,h _< v

(60)

The full numerical calculation shows that neutrino masses
as large asn,=33 keV are compatible witf) ,h?>< 1 for the
limiting reheat temperatur€g=0.7 MeV. This shows that
SM neutrinos with masses up to about 33 keV are perfectly
Compatible with cosmology and may even play the role of
warm dark matter.

Let us now briefly see what our findings are when the
neutrinos are heavier than an MeV. This is possible only for
the tau neutrino, for which the present experimental upper
limit on the mass is 18.2 MeV30]. For m, ~10 MeV the

ordinary calculation of the relic abundance in a radiation-

®In Ref.[29], for the Majorana case, andC, have to be inter-
changed. We thank G. Raffelt for communications about this point.
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dominated universe predicts a vaIue(OLT~ 10*, which is
definitely excluded. Our findings indicate that

(QvTh2)=( nonrelativistic Dirac,

MeV m

Vr

TRH)7(14MeV)3

(Q,,Thz) = ( nonrelativistic Majorana.

MeV m

Vr

TRH)7(13 |\/|ev)3

(61)
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for a Majorana neutrino. We stress that so long as the reheat
temperature is an unknown parameter, this should be consid-
ered the real CMLW bound on neutrino masses. Our findings
indicate that neutrinos can still play the role of warm or cold
dark matter and that the impact of massive neutrinos on nu-
cleosynthesis has to be revisited. These and other issues are
currently under investigation. Finally, we note that the above
values were found assuming Maxwell-Boltzmann statistics
and assuming the annihilation products are in equilibrium.

C. Cosmological bound on axions

The strong dependence upon the reheat temperature is easily

understood by realizing that fofgy in the MeV range we

are in the condition of Sec. Ill Bds< as anda,<a,), and

therefore the neutrino relic abundance is given approx
mately by Eq.(36). Our numerical result is very well repro-

duced analytically by taking Eq$27) and (36) and using,
for a Dirac neutrino,

(62

ag=

Gémif ! 2 sirt 4 sirft
o 127 Sint O+ 4 sif” 6y |,

and, for a Majorana neutrino,

1

2GZm?
= a 572 Sirf y,+ 4 sirf* 0W> . (63

ap—

The invisible axion is still the most elegant solution to the
strongCP problem[32,33. An axion model has one basic

i_free parameter, the axion mass,, or equivalently, the

Peccei-Quin(PQ symmetry breaking scalyo. The mass
and symmetry breaking scale are related by

0.62 V107 GeV
m,=0.62 e fog/N "

(66)
whereN is the color anomaly of the PQ symmetry.

Several astrophysical lower limits dBg are based on the
requirement that the axionic energy losses from stars, nota-
bly red-giant stars, globular-cluster stars, or the core of su-
pernova 1987A, are not in conflict with the observed prop-
erties of these objec{84]. These limits implym,<10 2 eV
(equivalentlyfpo= 10° GeV), indicating that axions, if they

These values are obtained taking into account only the pregXist, are both extremely light and very weakly interacting.

cesse*e”— v, v, in oo because, as we have numerically
checked, the contribution to the production of heavy tau-
neutrinos from light neutrino annihilations is negligible at P

the production time, see Eq®9) and(30).

An upper bound on the PQ scale comes from cosmologi-
cal considerations. Let us ca® the strongCP-violating
hase. Today® is anchored at th&C P-conserving value,
®=0. However, the axion mass is very temperature-

It is interesting to notice that there exists a small windowdependent3s)

of m,_ and Try for which the ordinary tau neutrino is an
acceptable candidate for cold dark matter. However, because

of the large powers oanT and especially oT gy in Eq. (61),

3.7

: (67)

Agcep
-

m,(T)=0.1 ma(

the allowed window is very limited. Of course in this sce-
nario there must be a conserved quantum number to keep thﬁqereAQCD: 200 MeV is the QCD scale and the relation is
tau neutrino stable in order to be the dark matter; this hyvalid for T>Aqcp/ . At very high temperatures the axion
pothesis is in apparent contradiction with the experimentajs essentially massless. This means that no special val@e of
evidence on neutrino oscillations. is specified by the dynamics, and all values of the phase are
It has also been proposed that the tau neutrino could be gquivalent. The axion mass turns on at a temperatysich
cold dark matter candidate if it had a magnetic moment ofhat m,(T,)=3H(T,), and the axion field starts evolving
the order of 10° Bohr magneton§31]. The present experi- toward the minimum a® =0, eventually oscillating around
mental limit on thev, magnetic moment of 5410 “ug  it. These cosmic oscillations of the axion field correspond to
rules out this possibility. We find that choosifig as low  a zero-momentum condensate of axions which does not de-
as 1 MeV can rescue this possibility, sinflg, h*>=1 for a  cay. The energy density in axions today from this misalign-
tau neutrino magnetic moment with the maximum allowedment mechanism exceeds the critical density unlgss
value. <10" GeV [36]. This result has always been considered
We conclude that the cosmologically disallowed regionparticularly disappointing from the theoretical point of view,
for neutrino masses is since weakly coupled string theory possesses numerous ax-
ion candidates, whose decay constant is, however, of the

33 kevV=m,<6 MeV (64) order of the string scale and therefore much larger thaf 10
GeV.
for a Dirac neutrino and The purpose of the present section is to demonstrate that
the cosmological bound on the PQ scale is significantly re-
33 keV=m,<5 MeV (65) laxed if we make the assumption that the reheat temperature
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is smaller than the QCD scalsimilar considerations have Therefore, the cosmological axion problem is ameliordted.

also been made in Reft37,39)).

Suppose then thalgy=Aqcp=Twax - This means that

Furthermore, in the strong-coupling vacuum described in
Ref. [39], the QCD axion might be a boundary modulus.

the axion coherent oscillations commence when the universBimensional analysis suggests approximately°1BeV for
is still matter-dominated and reheating is not completedthe decay constant of such a boundary axion, not necessarily

During this epoch the Hubble rate is given by E20), and

in contradiction with the upper bound of E(/1), see also

the axion mass is still given by E¢67) since the universe is the discussion in Ref40].

populated by a thermal bath betweBpax andTry . Axions
start oscillating at a temperaturd; when m,(T,)

=3H(Ty):
7.7, _
o a 94 (Tru) 11s. 94 (Ty) vt
1 1075 eV 10 10
207.7
(1 MeV) 160 MeV. (68)

V. IMPLICATIONS FOR GUT BARYOGENESIS
AND LEPTOGENESIS

The explanation of the observed baryon asymme®yif
the early universe, of the order of 18 in units of the en-
tropy density, remains a fundamental cosmological question
[41]. Several theories with typical energy scale much higher
than the electroweak scale can explain the observed baryon
asymmetry. For instance, in grand unified theo(@8)T's)
the out-of-equilibrium decay of heavy Higgs particles may
be responsible for the direct generation of the baryon asym-

At temperatureS <T, the number density of axions scales metry[42]. Alternatively, the baryon asymmetry may be pro-
like a~* even though the axion mass is still varying. At the quced from a lepton asymmettiz) [43] using the fact that

reheat temperature we have

Na(Trr) =Na(T1)

a(Ty) r
a(Trp)

_ V57°0] (fﬂg) 205(Tri)  TRn

_— 69
2 AN oy w9

where@l is the initial displacement of th€P phase. No-
tice, in particular, that the ratio,/s doesnot remain con-

stant during the cosmological evolution from the temperatur
T, to Try. This is because there is a continuous release
entropy. However, when reheating is completed and the un

verse enters a radiation-dominated phase, the rafig is

conserved, and one can easily compute the present abu

dance of axions from the misalignment mechanism

szana(TRH) TRH 2
a 8pr(TrH) Thow R
— 2

0, ) [g*(TRH)
77-/\/§ 10

g*(Tl) 0.48( 1075 ev> l.52<
* 710 m,

0.24

=2.1X 107(

TRH 1.96
1 MeV) '

(70

Requiring thatQ,h?<1 gives

(Tru=Agco=Twmax)- (71

any lepton asymmetry is reprocessed into a baryon number
by the anomalous sphaleron transitigdd]. In the simplest
scenario, the lepton asymmetry is generated by the out-of-
equilibrium decay of a massive right-handed Majorana neu-
trino, whose addition to the standard model spectrum breaks
B-L.

However, any scenario for the generation of the baryon
asymmetry based on the out-of equilibrium decay of some
heavy particleX depends crucially on the assumption that
these particles were nearly as abundant as photons at very
high temperatures. This imposes a lower bound on the reheat
temperatureTg= My . On the other hand, in supersymmet-

Sic models the requirement that not too many gravitinos are

thermally produced after inflation provides a stringent upper
hound on the reheat temperature of abod-1®° GeV [5].

If this bound is violated, the decay products of the gravitino
8éstroy light nuclei by photodissociation and hadronic show-
ers, thus ruining the successful predictions of nucleosynthe-
sis. Therefore, any out-of-equilibrium decay scenario would
require My<10°-10"° GeV, a condition which looks par-
ticularly problematic for GUT-inspired baryogenesis.

In order to relax this limit one usually envisages two pos-
sibilities. Either, the heavy particles are produced directly
through the inflaton perturbative decay procets (this re-
quires that the mass of the inflaton is larger tihvéy) or they
are generated through nonperturbative process taking place
at the preheating stagesee Ref[46] in the case of GUT
Higgs boson induced baryogenesis and R&T] in the case
of leptogenesis

In cosmologies where the universe is dominated early on by the
coherent oscillations of some moduli field the axion bound is sig-
nificantly weakened, as had been already observed in 313§

In Ref.[38], however, the estimate on the upper bound gg did

not take into account the presence of the thermal bath before the
completion of reheating, and therefore neglected the dependence of
the axion mass on the temperature.
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In this section we wish to show that the heavy particles hand side of Eq(76) negligible anywhere outside a small
may be abundantly produced by thermal scatterings durininterval of scale factors centered arouhe A, correspond-
the reheat stage even though the reheat temperdtysds  ing to T, =M,/10 for the inverse decay, and Tq. =M,/9
smaller thanM . Again, this is made possible by the fact for the Higgs-mediated\L =1 processes. It is easy to show
that Try is not the maximum temperature of the universethat the main source of right-handed neutrinos is represented
during reheating. For the sake of concreteness we will focuby the inverse decays whose contributionNo is given by
on the leptogenesis scenario, but our findings can be easily

generalized to any out-of-equilibrium scenario. ¢ TnM3HTR,

Let us indicate byN=ny a® the number density per co- N = ® gy (77
moving volume of the lightest right-handed neutrino, the one * 1
whose final decay(into left-handed leptons and Higgs where
boson$ is responsible for the generation of the lepton asym-
metry. Following the notations of Sec. Il A, we can write the 72101 °
Boltzmann equation foN as c= W =2.7x 1C°. (78

12\
d_N =_ M, (72) Notice that the final abundance is suppressed only by powers
dA N of the right-handed mass, there is no Boltzmann suppression
exp(—M;/Tgy). Furthermore, the abundance is proportional
where to the rate of productiolaccumulation I'y . However, the
3 M consistency conditioN..<N4(T,) gives an upper bound
Pl
Cn= \/5E(FN1+2rh,s+4rh,t). (73 only,
: T Mi

Here I'y, is the decay rate ofN,; (for the processed, I‘le mg* W (79
HHTI,_,HI_,_); I'hs and Iy, are the rates of the scattering PITRH
processes containinky; in thejnal state, mediated by the or, equivalently, an upper bound om
Higgs boson in thes channel €xq{*’—1 N;) and in thet " ,
channel [ q{*—tgN,), respectively. ml<(g—* (_1) 25%10° 7 eV. (80)

Let us suppose first thatysx =M, whereM; is theN; 100/ |\ Try

mass. Under this assumption we have .
These bounds can also be expressed in terms of a more fa-

A2 32 T3 A2 M, miliar quantity
Pny=g-Mq, Tpe= — Ihe=7=Tih—,
18w © o 327° MY to327® My I'y,
T=T

where i=(A\T);;, with \;; Yukawa coupling ofN;, and _ N _ _
\ is the top Yukawa coupling. For a more transparent physiJ his condition assures that when the right-handed neutrinos
cal interpretation, it is convenient to expres%.in terms of  are produced, their direct decay is inefficient. The limiting

the parameter caseK, ~1 Wpuld mean _that the right-handed neutrinos en-
ter into chemical equilibrium as soon as they are generated.
A2 The right-handed neutrinos may decay before or after the
m,= - (75) universe reaches the reheat temperafigg, depending on
2V2GeM, the value of\ ;. Suppose that they decay after the end of the

o o ] reheat stagéwhich is, for instance, always the case when
In the limit of small mixing angles the parametey; coin- M,=<8Tg.). This means that aT=Tgy, the ratio of the

cides with the mass of one of the liglainly left-handefl  nymper density of right-handed neutrinos to the entropy den-

neutrinos. , .. sity is given by
If the right-handed neutrinos do not reach an equilibrium

density N<Ngg), we can approximate Eq472) by Ny, o5 FNlMPIT7RH
dN CNA1/2 Neq S(TRH) gi/z Mg (82)
—_— = (76)
dA JE. This ratio remains constant until the right-handed neutrinos

decay generating a lepton asymmetry

Along the same lines of Sec. lll A, we can integrate Etf)

by approximating it to a Gaussian integral in the full range 16 e I'n MPIT;H

betweenA=1 andA=o. This is a good approximation be- =5 721—9 (83

cause the exponential suppressionNg, makes the right- Ox M1
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where we have indicated kythe small parameter containing 12
the information about th€ P-violating phases and the loop Ip=—7z=2%"Ty, (89
factors and we have again taken into account the factor of 2

1/8 due to the release of entropy afigyy. The correspond-

ing baryon asymmetry i8=(28/79)L, assuming only stan- Herez=M /T andl“Nl is given in Eq.(74). In terms of the

dard model degrees of freeddd], and therefore parameteK, defined by
B= e( 100) 3/2(M) om 7x10°3. (84 K= g - S0m Tl
« M1/ \ 1077 ev ' Hilow, 2V107%%) M7
By virtue of the bound of Eq(79), this baryon asymmetry is my 100\, ¥/ Ty 2
constrained to be smaller than the critical value of/2( ZM(E> (M_l) . (90

9,)(Try/M,)® (and of 2x10 °¢/g, if we use the con-
straint T, >Tgy). The requirement tha is larger than 2 Eq. (89) becomeusf“’ze’Zle, which is approximately

x 10~ implies solved (for K=<10°) by z=16K%% Replacingz; in Eq.
(87), we find
100 1/5 1/5
M1516<g—) ( 63) TrH- (85) 45 [Tru\® e
\/577 1/ g K™

It is easy to convince oneself that this is also the result in
the case in which the right-handed neutrinos decay before thginally, the baryon asymmetig=(28/79)L is given by
reheat stage is over. Equati@8b) provides a necessary con-
dition on the mas$1, of the lightest right-handed neutrino 1_00) 1/2( 1038V)(TRH
in a leptogenesis scenario, correcting the naive estifdgte O, my
=<Tgry. The relaxation of the naive bound by more than one . ) . )
order of magnitude is certainly welcome to make leptogen- Equation(92) is valid as long as inverse decay processes
esis more compatible with the cosmological gravitino prob-dominate overAL =2 scattering processes in damping the
lem. baryon asymmetry. Let us now study the condition under
Let us suppose now thatyax =M;=Tgy, and that in- which this hypothesis is justified. The rate for lepton-
verse decays or production processes containing\thén  Violating scatterings mediated By, exchange in the or t
the final states can bring the right-handed neutrinos to equihannels, fof <M, is given by
librium before they become nonrelativistic. This amounts to 2 13 2.3
requiring that theAL =1 interactions with total rateyy, r,. 2:7GFM1m12 @3

=(FN1+2 I'nst4 I'yp) are in thermal equilibrium af 23
=M. Therefore the standard out-of-equilibrium parameter

3

B=¢ 6x10 3. (92

My

Therefore, theAL=2 scatterings are out-of-equilibrium at
high temperatures and equilibrate at a temperature corre-
(86)  sponding to

YN,
K=H

T=M
1 2 \/g 779’29 i/ZM .

SAL=2_ _
21GEMpmiTRy,

is larger than unity. f
In this case, the lepton asymmetry can be written as

(94)
The assumption that led to E(P2) is then valid as long as
z¢""?>M; /Ty, which implies

_ 0, 1/4 1olOGeV 1/2V o5
M<l100 | |V 49

5
TRH

45 ezi%
Ty

L= ——
29/2777/2 0.

87

Herez;=M,/T;, whereT; is the temperature at which the
processes that damp the baryon asymmetry go out of equi-
librium, and the last factor in Eq87) accounts for the dilu- When the conditior(95) is not satisfied AL=2 scatterings
tion caused by the expansion in the pre-reheat phase. We dgad to an exponential suppression of the baryon asymmetry.

assuming thal; is larger than the reheat temperatiig, . The baryon asymmetry in Eq92) is valid when three
If the inverse decay dominates over scatterifge will conditions are verified: the right-handed neutridbsreach
later quantify this condition thenT; is approximately deter- —equilibrium, which impliesK>1; the temperaturel; is
mined by larger thanTgy, which impliesM;>16 Tgry; Eq. (95 is

satisfied. These three conditions together imply a maximum

[ip=Hlr=1, (88 value of M;=(1004, )*?3x 10 GeV, corresponding to a

maximum Tgy= (10048, )*2x 10°GeV. The maximum
where the inverse decay rate et My is baryon asymmetry, achieved whdf=1, is B=¢(100/
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9. )(Tru/M1)°2x 1072, Therefore, in this case, a suffi- Quinn symmetry breaking scalépo=10'* GeV. If Tgy, is
ciently large baryon asymmetry requiréd; =10 Tgy and  less tham\ o¢p, this bound can be relaxed to values close to
e=103. the GUT scale.
Finally, we have investigated the impact of l0lg in
the explanation of the observed baryon asymmetry by a lep-
VI. CONCLUSIONS togenesis mechanism. In this context, @y, meansTgy

In this paper we studied the observational consequences M1, Where M is the mass of the lightest of the three
of having a reheat temperatufa,, smaller that the charac- right-handed neutrlnos..Therefore,.we discuss here values of
teristic temperature at which a certain cosmological proces&rr Much larger than in the previous cases. However, the
occurs. We first described the dynamics of reheating anfPrmalism is the same, because what matters is Thatis
derived general expressions for the relic abundance of patess than the relevant physical energy scale. We have found
ticles whose standard freeze-out temperature is larger thd}fW expressions of the baryon asymmetry as functions of
Try. For nonrelativistic particles we found two different re- TrH» S€€ Egs(84) and (92). Moreover, values oM; an
gimes. If the annihilation cross secti¢mrv) is smaller than ~ Order of magnitude larger thafgy can still lead to a suffi-
the critical value in Eqs(37),(38), than the present relic cient density of_rlg_ht—handed neutrlno_s to explain the baryon
abundance is proportiondbv), see Eq.(36). In the other asymmetry. This is a Welcor_ne and_ important result, When_
case, the relic abundance is inversely proportiondldto), one tries to make leptogenesis consistent with the cosmologi-
see Eq(45), but because of the fast expansion before reheaf€@! gravitino problem.
ing its expression differs from the usual result in a radiation-
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bound on the slepton mass, as a function of the BSRo

mass, can be significantly relaxed, as quantitatively shown in APPENDIX: EVOLUTION AFTR  Tgy

Fig. 6. Large regions of parameter space that have been con-

sidered o be ruled out by cosmological arauments can in- Numerical results show that there is about a factor of 8
: ) Y 9 9 ... _Increase in the comoving entropy aft€gy, and that the
stead give a relic neutralino density close to the critical

value ofd atT=Tgy is Pgy=0.79P,, i.e., only about 21%
value. . .
. of the comovingg energy density has been extracted at re-
Next, we considered how a low reheat temperature ca , . . S )
: . . eat time. In this appendix we will give an explanation of
reduce the relic abundance of massive neutrinos, here

%h

) 2 . ese results.

SCuhTLe\/(\:il LOOBE dsr:qatieélhe?/rggw rl?_rrn enits%tg;e?ti:rivst?ot:teY Assume that afl gz the radiation energy density is less
= RH ; i ;

MeV. The bound becomes significantly weaker for Iowerf[han theg energy density. Then the evolution equationdor

Tru; for instancem, <12 keV forTgy=1 MeV. For very

massive neutrinos the Lee-Weinberg boumd=2 GeV, is > 12
o ) 40 do g
also modified. Again folrTgy=1 MeV, the limit becomes i _( *) Al2p 12 (A1)
m,>14(13) MeV for aDirac (Majorana neutrino. This dA 30
means that there is even the possibility that a stableith ) . ] . .
mass consistent with the direct experimental limin, Integrating this equation frol=1 to A= Agy with the ini-
<18.2 MeV) freezes out when it is still nonrelativistic and tial condition® =, , we obtain
becomes cold dark matter. Indeed, Tgry=0.7 MeV, which 12 o 12
. . ) 1/ 7m°g
is the lowest value of g not excluded by nucleosynthesis, ZRHL 4 Z X @ol2p32 s
: 1 1 AR (Arp>1).

the constraint), h®<1 excludes only the range of masses @, 31 30
33 kevV<m, < 6 MeV (Dirac) and 33 keV< m, < 5 MeV (A2)
(Majorang. This result resurrects the possibility of neutrinos gyajuating Eq(18) at T=Tg,, we obtain
as warm dark matter. For instance,Tiku=1 MeV, Q h?
=0.3 for a neutrino of mass 4 keV. 24

The requirement that the energy stored today in the axion A%H=—<I>| . (A3)
oscillations (caused by a misalignment between its high- 570,

temperature and low-temperature configurations not
larger than the critical value imposes a bound on the Pecceldsing this relation, we can estimate

023508-18



LARGEST TEMPERATURE OF THE RADIATION ERA.. .. PHYSICAL REVIEW [®4 023508

Dy (13\2 Apr=0.167%g, Ty, (AB)
?I—<1—5) ~0.75. (A4)
which gives
This is in good agreement with the numerical results and is
independent of model parameters. Apg
The second step is an estimate of how much entropy is E25- (A7)

released afteTgy, if Pry=0.75D,. Let us make the crude
approximation that the entropy release is instantaneous just Therefore the analytic estimate in the case of the instan-

after Try. ThenApr=Ap,, and therefore taneous approximation predicts a model-independent factor
. of 5%4=3.4 for the release of entropy aft€g,,. The model
_ @ Try dependence comes in if we relax the assumption of instanta-
Apr=0.75—7""", (A5) : . \ ;
3 neous release of entropy, increasing the estimate, gigce

redshifts likeA~3. The numerical result shows an increase of
Using Eq.(A3) we obtain about a factor of 8 in the comoving entropy aftesy .
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