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Gravitino production and decay in the inflationary universe are reexamined. Assuming that the
gravitino mainly decays into a photon and a photino, we calculate the upperbound on the reheating
temperature. Compared to previous works, we have essentially improved the following two points:
(i) the helicity +(3/2) gravitino production cross sections are calculated by using the full relevant
terms in the supergravity lagrangian, and (ii) the high energy photon spectrum is obtained by solving
the Boltzmann equations numerically. Photo-dissociation of the light elements (D, T, *He, *He) leads
to the most stringent upperbound on the reheating temperature, which is given by (10°—10°) GeV for
the gravitino mass 100 GeV —1 TeV. On the other hand, requiring that the present mass density of
photino should be smaller than the critical density, we find that the reheating temperature have to be
smaller than (10" —10'%) GeV for the photino mass (10—100) GeV, irrespectively of the gravitino mass.
The effect of other decay channels is also considered.

§1. Introduction

When one thinks of new physics beyond the standard model, supersymmetry
(SUSY) is one of the most attractive candidates. Cancellation of quadratic diver-
gences in SUSY models naturally explains the stability of the electroweak scale
against radiative corrections.””® Furthermore, if we assume the particle contents of
the minimal SUSY standard model (MSSM), the three gauge coupling constants in the
standard model meet at ~2x10" GeV,* which strongly supports the grand unified
theory (GUT).

In spite of these strong motivations, no direct evidence for SUSY (especially
superpartners) has been discovered yet. This means that the SUSY is broken in
nature, if it exists. Although many efforts have been made to understand the origin
of the SUSY breaking, we have not understood it yet. Nowadays, many people
expect the existence of local SUSY (i.e., supergravity) and try to find a mechanism to
break it spontaneously in this framework. In the broken phase of the supergravity,
super-Higgs effect occurs and the gravitino, which is the superpartner of graviton,
acquires mass by absorbing the Nambu-Goldstone fermion associated with the SUSY
breaking sector. In a softly broken SUSY models induced by minimal supergravity,
we expect that the mass of the gravitino »s: lies in the same order of those of squarks
and sleptons since the following (tree level) super-trace formula among the mass
matrices H,? holds,”

StroM*= 2](—1)”(2]+ Dtr M2 =2(n—1) w2, (1)

spin

where 7 is the number of chiral multiplet. For example in models with the minimal

*) Fellow of the Japan Society for the Promotion of Science.
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kinetic term, this is the case and all the SUSY breaking masses of squarks and
sleptons are equal to gravitino mass at the Planck scale. But contrary to our
theoretical interests, we have no hope to see the gravitinos directly in the collider
experiments since the interaction of gravitino is extremely weak.

On the other hand, if we assume the standard big-bang cosmology, the mass of
gravitino is severely constrained. If the gravitino is unstable, it may decay after the
big-bang nucleosynthesis (BBN) and produces an unacceptable amount of entropy,
which conflicts with the predictions of BBN. In order to keep success of BBN, the
gravitino mass should be larger than ~10TeV as Weinberg first pointed out.®
Meanwhile, in the case of stable gravitino, its mass should be smaller than ~1 keV not
to overclose the universe.” Therefore, the gravitino mass between ~1 keV and ~10
TeV conflicts with the standard big-bang cosmology.

However, if the universe went through inflation, we may avoid the above con-
straints® since the initial abundance of gravitino is diluted by the exponential expan-
sion of the universe. But even if the initial gravitinos are diluted, the above problems
still potentially exist since gravitinos are reproduced by scattering processes off the
thermal radiation after the universe has been reheated.®~'” The number density of
secondary gravitino is proportional to the reheating temperature and hence, upper-
bound on the reheating temperature should be imposed not to overproduce gravitinos.
Therefore, even assuming inflation, a detailed analysis must be done to obtain the
upperbound on the reheating temperature. The case of stable gravitino has been
analyzed in Refs. 13), 15), 17) and we will not deal with it.

In this paper, we assume that gravitino is unstable and derive an upperbound on
the reheating temperature. The analysis of the cosmological regeneration and decay
of unstable gravitino has been done in many articles. These previous works show
that the most stringent upperbound on the reheating temperature comes from the
photo-dissociation of the light nuclei (D, T, *He, *“He). Once gravitinos are produced
in the early universe, most of them decay after BBN since the lifetime of gravitino
with mass O(100 GeV —10 TeV) is O((10—10%*)sec). If gravitinos decay radiatively,
emitted high energy photons induce cascade processes and affect the result of BBN.
Not to change the abundances of light nuclei, we must constrain the number density
of the gravitino, and this constraint is translated into the upperbound on the reheating
temperature.

In order to analyze the photo-dissociation process, we must calculate the follow-
ing two quantities precisely; the number density of the gravitino produced after the
reheating of the universe, and the high energy photon spectrum induced by radiative
decay of gravitino. But the previous estimations of these values are incomplete. As
for the number density of gravitino, most of the previous works follow the result of
Ref. 11), where the number density is underestimated by a factor ~4. Furthermore,
in many articles, the spectrum of high energy photon, which determines the photo-
dissociation rates of light elements, are calculated by using a simple fitting formula.
- In this paper, we treat these effects precisely and found the more stringent upperbound
on the reheating temperature than the previous calculations.

The plan of this paper is as follows. In § 2, we discuss the interactions of the
gravitino. In § 3, we calculate the gravitino production rate in the early universe. In
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§ 4, the high energy photon spectrum induced by the radiative decay of gravitino is
obtained by solving the Boltzmann equations numerically. The results are shown in
§ 6. Other cosmological constraints are considered in §7 and §8 is devoted to
discussion.

§ 2. Interaction of gravitino

Before investigating the effects of the gravitino on the inflationary universe, let us
discuss the interaction of the gravitino briefly. From the supergravity lagrangian,®
we can obtain the relevant interaction terms of gravitino ¢. with gauge multiplets
(Ag, A) and chiral multiplets (¢, x),

‘£=§TZW—/T?’#[ Yv, 7p]¢uFup+{7§1“ﬁ‘4“ GurvyuxiDud’ +h.c.} , (2)

where M =M //8x>=2.4x10"® GeV (with M, being the Planck mass).* Note that
other interaction terms including gravitino field are not important for our analysis
since their contributions are suppressed by a factor of M.

Combining Eq. (2) with the renormalizable part of the SUSY lagrangian, we have
calculated the helicity =3/2 gravitino production cross sections and the results are
shown in Table I. Note that the cross sections for the processes (B), (F), (G) and (H)
are singular because of the ¢-channel exchange of gauge bosons. These singularities
should be cut off when the effective gauge boson mass mes due to the plasma effect is
taken into account. Following Ref. 11), we take 6 =(1 Fcos 8)min= (/2 T?) where 8
is a scattering angle in the center-of-mass frame, and in our numerical calculations,
we choose log(mi«/T?)=0.

The effective total cross section in thermal bath X is defined by

Table . Total cross sections for the helicity £(3/2) gravitino production process. Spins of the
initial states are averaged and those of the final states are summed. /% and 7 represent
the structure constants and the generator of the gauge group, respectively. Note that for
the processes (B), (F), (G} and (H), we cut off the singularities due to the ?-, #-channel
exchange of gauge bosons, taking (1+cosf)mn=3 where @ is the scattering angle in the
center-of-mass frame. '

Process o=(9"/647M*) X

(A)  AHA®-¢+A° (8/3)| 72
(B) A*+A°-¢+A° alreee(-(3/2) + 2log(2/8) + 6 —(1/8)8%)
(C)  A'téi-dtu 4| TP

(D) A+~ ¢+ d; 2| T4}

(E) xuteéi-¢+A° 4| T4

(F) A48 ¢+i° 7222 — (62/3) +16log[(2— 8) /8] +228 — 262 +(2/3)8%}
(G) A4y~ ¢+y 4| T — 2+ 2l0g(2/8)+ )

(H) A*+¢imd+ey | T4*{—6+8log(2/0) +45—(1/2)6%)

(1)  mtx—d+ae (8/3)| T4P

(J)  gitgl-gp+a° (16/3)| T4

*) In Ref. 11), interactions between the gravitino and the chiral multiplets (the second term in Eq. (2))
are ignored in calculating the cross sections for the gravitino production processes.

Zz0z 1snbny 9| uo ysenb Aq 9¢/€£881/6.8/G/£6/001e/did/wod dno-ojwsepese//:sdiy woly papeojumoq



882 » M. Kawasaki and T. Moroi

1 .
Etot=“§‘ 2} DO +y—puta) » (3)
X )

where 6(z+y-v.+2) is the cross section for the process r+y— ¢+ 2, 7:=1 for incoming
bosons, 7:=3/4 for fermions. For the MSSM particle content, Ji: is given by

Z‘mt‘—‘#{z.%glz(T)+4.99922(T)+11.78g32(T)}, )

where g1, g2 and gs are the gauge coupling constants of the gauge group U(1)y, SU(2).
and SU(3)c, respectively. Note that in high energy scattering processes, effect of the
renormalization group flow of the gauge coupling constants should be considered.
Using the one loop B-function of MSSM, solution to the renormalization group
equation of gauge coupling constants is given by

srrioe(3r;)) ®

with &=11, b.=1, bs=—3. In this paper, we use the above formula.
From Eq. (2), we can also get the decay rate of the gravitino. In this paper, we
only consider ¢.— v+ ¥ decay mode, for which the decay rate is given by

(2 ) -
I==5am ll a2 143 msz/ |’ (6)
where m; is the photino mass. In the case m57< msp, this decay rate corresponds to
the lifetime

9{T)=~= {91_2(Mz) -

S)— 8 Maiz -3
w2(¢u— y+ 7)=3.9%x10 (——100 CeV ) sec. (D
In the cosmological applications, the gravitino lifetime 7. determines the decay time
of the gravitino, i.e., the gravitino decays when the Hubble time becomes of the same
order of 2. Thus the temperature of the background photon at the gravitino decay
time becomes lower as the lifetime gets longer.

§3. Gravitino production in the early universe

After the universe has reheated, gravitinos are reproduced by the scattering
processes of the thermal radiations and decay with the decay rate of order of m3./Ma.
Since the interaction of gravitino is very weak, gravitino cannot be thermalized if the
reheating temperature 7% is less than O(M;). In this case, Boltzmann equation for
the gravitino number density #s. can be written as

LZ%"‘ 3Hnsp= (ot Vrer? n?ad _(—'Zlﬁ- 7:.73//22 , (8)

where H is the Hubble parameter, <--> means thermal average, #raa={(3)7T3/n*
represents the number density of the scalar boson in thermal bath, vre is the relative
velocity of the scattering radiations (<zre>=1 in our case), and msz/{Esz> is the
averaged Lorentz factor. Note that the first term of the right-hand side (r.h.s) of
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Eq. (8) represents contribution from the gravitino production process, and the second
one comes from the decay of gravitino. In Eq. (8), we have omitted the terms which
represent the inverse processes since their contributions are unimportant at low
temperature that we are interested in. In the radiation dominated universe, H is
given by

R_ [N
R 90M?

H= T?, 9)
where R is the scale factor and N, is the total number of effectively massless degrees
of freedom, respectively. For the particle content of MSSM, Ni(T%)~228.75 if Tk is
much larger than the masses of the superpartners, and Ny (7T<1 MeV)~3.36.

At the time right after the end of the reheating of the universe, the first term
dominates the r.h.s. of Eq. (8) since gravitinos have been diluted by the de Sitter
expansion of the universe. Using yield variable Ys2= #3/2/#:a4 and ignoring the decay
contributions, Eq. (8) becomes

dYs» — { ZtotUre) Hrad

dT HT (10)
where we have assumed the relation
RT =const. (11)

Ignoring the small T-dependence of i, we can solve Eq. (10) analytically. Integrat-
ing Eq. (10) from the reheating temperature T¢ to 7 (7> T) and multiplying the
dilution factor Ns(T)/Ns( Tk), the yield of gravitino is found to be

Ns(T rad Tr){ ot Urer?
Ns((TR)) R (¢S (12)

For the MSSM particle content, Ns{( T%)~228.75 and Ns(T<1MeV)~3.91. Equation
(12) shows that Ysj is proportional to T:. From Eq. (12), we can derive the simple
fitting formula for Ys.,

Ys/z( T)= X

Yo T<1 MeV)~2.14 X 10-“(3)%\7){1 —0.0232 Iog(mmT#)} S a3)

where the logarithmic correction term comes from the renormalization group flow of
the gauge coupling constants. The difference between the exact formula (12) and the
above approximated one is within ~5% (~25%) for 10° GeV < T <10" GeV (10* GeV
< Tx<10* GeV). Note that the numerical value of Y32 in our case is about 4—5
times larger than the result in Ref. 11) due to the difference of {Ziwttrer>. Some
comments on this difference are given in § 8.

As the temperature of the universe drops and H ™! approaches 7., the decay term
becomes the dominant part of the r.h.s. of Eq. (8). Ignoring the scattering term,
Eq. (8) can be rewritten as

adYsy _ Yas
dt T3z (14)
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where we have taken msap»/{Es2>=1 since gravitinos are almost at rest. Using
Eq. (12) as a boundary condition, we can solve Eq. (14) and the solution is

_ nap(t) _ N( T) raa{ Te){ Dot Urer) t
Yan(t)= Zrad(t) Nis( TR) * H(Tz) . exD( " e ) (15)

where the relation between ¢ and T can be obtained by solving Eq. (9) with Eq. (11),

9oM?

’“z NuiZ

~ =T (16)

§4. Radiative decay of gravitino

Radiative decay of gravitino may affect BBN. We analyze this effect assuming
that the gravitino ¢. mainly decays to a photon y and a photino 7.

In order to investigate the photo-dissociation processes, we must know the
spectra of the high energy photon and electron induced by the gravitino decay. In
this section, we will derive these spectra by solving the Boltzmann equations numeri-
cally.

Once high energy photons are emitted in the gravitino decay, they induce cascade
processes. In order to analyze these processes, we take the following radiative
processes into account. (I) The high energy photon with energy €, can become e*e”
pair by scattering off the background photon if the energy of the background photon
is larger than m.*/e, (with m. being the electron mass). We call this process double
photon pair creation. For sufficiently high energy photons, this is the dominant
process since the cross section or the number density of the target is much larger than
other processes. Numerical calculation shows that this process determines the shape
of the spectrum of the high energy photon for €, 2 m.?/22T. (II) Below the effective
threshold of the double photon pair creation, high energy photons lose their energy by
the photon-photon scattering. But in the limit €,—0, the total cross section for the
photon-photon scattering is proportional to € and this process loses its significance.
Hence finally, photons are thermalized by (III) pair creation in the nuclei, or (IV)
Compton scattering off the thermal electron. And (V) emitted high energy electrons
and positrons lose their energy by the inverse Compton scattering off the background
photon. Furthermore, (VI) the source of these cascade processes is the high energy
photons emitted in the decay of gravitinos. Note that we only consider the decay
channel ¢.— y+ 7 and hence the energy of the incoming photon &0 is monochromatic.

The Boltzmann equations for the photon and electron distribution function £, and
fe are given by

af &) — afr(€7)| afr(er)l afr(er)l af7(€7)| af1(€7)| + afr(er)l

ot ot IDP ot PP ot IPC ot cs ot e ot loe’
17
afe(Ee) _ afe(Ee) l afe(Ee) | afe(Ee) | afe(Ee) l ’ (18)

ot ot IDP ot IPC ot |cs ot i’
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where DP, PP, PC, CS, IC and DE represent double photon pair creation, photon-
photon scattering, pair creation in nuclei, Compton scattering, inverse Compton
scattering, and the contribution from the gravitino decay, respectively. Full details
are shown in Appendix A.

In order to see the photon spectrum, we have to solve Egs. (17) and (18). Since
the decay rate of gravitino is much smaller than the scattering rates of other proces-
ses, gravitinos can be regarded as a stationary source of high energy photon at each
moment. Therefore, we only need a stationary solution to Eqgs. (17) and (18) with
non-zero (37,/0¢)|oe at each temperature.* Note that Egs. (17) and (18) are linear
equations of f; and f., and hence, once Egs. (17) and (18) have been solved with some
reference value of (97,/0t)|oe We can reconstruct the photon spectrum for arbitrary
value of (3£,/0t)|oe with T and e fixed,

7 ey x ot
fler)= fr(er)x (afy/al‘)bs . (19)

For each T and e, we have calculated the reference spectra f(e,) and fe(E.)
by solving Eqgs. (17) and (18) numerically with the condition,

of€r) _ 0felEe) _
ate ot =0. (20)

Typical spectra are shown in Fig. 1 in which we show the case €,0=100GeV and 10
TeV, T=100keV, 1keV, 10 eV and the incoming flux of the high energy photon is
normalized to be

E (b) £,=10TeV

40

(a) £,=100GeV

|II|II|

<

||Illlll

30 30

lI[

log,{#(GeV™]
log,f/(GeV?))

20

Elll!llI|IIIIIIIIll|I|llI

10 107 10" 10° 10" 10° 10° 10° 10% 102 107 10° 10" 10* 10° 10
Energy (GeV) Energy (GeV)

Fig. 1. Typical spectra of photon (the solid lines) and electron (the dotted lines). We take the
temperature of the background photon to be T=100keV, 1keV, 10 eV, and the energy of the
incoming high energy photon €n is (a) 100GeV and (b) 10 TeV. Normalization of the initial
photon is given by €,0% (8 f,(€,)/6t)loe= (&, — €n) GeV>.

*) This approximation is justified if the scattering rates of high energy photons and electrons are
sufficiently larger than the expansion rate of the universe. This condition is satisfied in the present situation.
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T rTTTTT T 1T T TTITImI L) T TTTT

€0 X%&e’l e 8(e,—€,0) GeV?®. 10%°

(21)

The behaviors of the photon spectra can
be understood in the following way.
For a given temperature 7, in the region
e, m.’/22 T, the photon number density
is extremely suppressed since the rate of
double photon pair creation process is
very large. Just below this threshold

f (GeV?)

value, the shape of the photon spectrum - - (E)'l'j: ;‘s:"-‘

is determined by the phOton-phOton scat- 25 Lol Ll 1 Ll
tering process, and if the photon energy 10 10° 10° 10° 10°
is sufficiently small, the Compton scatter- Photon energy (GeV)

ing with the thermal electron is the domi-

Fig. 2. Phot t; derived f the fitti
nant process for photons. Note that the & oton spectrum cerived from the fitting

formula used in Ref. 16) is compared with our

photon and electron spectra are deter- result. We take the temperature of the back-
mined almost only by the total amount ground photon to be 100 eV and the normaliza-
of energy injection. That is, the initial tion of the incoming flux is the same as in
energy dependence of the low energy Fig. 1. The solid line is the result of fitting

formula, and the dotted line is our result with

spectra is negligible. This is consistent €, =100 GeV.

with the previous work.!® In Fig. 2, we
compare our photon spectrum with the
results of the simple fitting formula used in Ellis et al.'®* The fitting formula in
Ref. 16) is derived from the numerical results given in Refs. 18) and 19) in which,
however, the effect of the Compton scattering is not taken into account. Our results
indicate that the number of Compton scattering events is comparable to that of the
inverse Compton events for such low energy region (&, <m.?/80T), since the number
density of the high energy electron is extremely smaller than that of the high energy
photon. Therefore, the deformation of the photon spectrum by Compton scattering
is expected below the threshold of the photon-photon scattering.

§5. BBN and photo-dissociation of light elements

BBN is one of the great successes of the standard big bang cosmology. It is
believed that light elements of mass number less than 7 are produced at an early stage
of the universe when the cosmic temperature is between 1 MeV and 10 keV. Theoret-
ical predictions for abundances of light elements are excellently in good agreement
with those expected from observations if the baryon-to-photon ratio #s is about

*) Although the photon spectrum is not explicitly given in Ref. 16), we obtain it from their photon
production spectrum divided by the Compton scattering rate {neocstre> (Where #. is the number density of
the electron and ocs the cross section for the Compton scattering process) as Ellis et al. did.’® Since the cross
section has energy dependence, the resultant spectrum (oce,7%°) becomes softer than that for photon produc-
tion (cce,'5).
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Table II. Photo-dissociation reactions.

Reaction Threshold (MeV) References
D+y-on+p 2.225 [21]
T+y->n+D 6.257 [22], [23]
T+y-op+ntn 8.482 [23]
*He+y-p+D 5.494 [24]
*He+y—p+D 7.718 [24]
‘He+y-p+T 19.815 [25]
‘He+y—n+3He 20.578 [26]
‘He+y-p+n+D 26.072 [27]

3x10°1°,

However the presence of gravitino might destroy this success of BBN. Gravitino
may have three effects on BBN. First the energy density of gravitino at 7 ~1 MeV
speeds up the cosmic expansion and leads to increase the »/p ratio and hence ‘He
abundance. Second, the radiative decay of gravitino reduces the baryon-to-photon
ratio and results in too baryon-poor universe. Third, the high energy photons
emitted in the decay of gravitino destroy the light elements. Among three effects,
photo-dissociation by the high energy photons is the most important for gravitino with
mass less than~1 TeV. In the following we consider the photo-dissociation of light
elements and discuss other effects in § 7.

The high energy photons emitted in the decay of gravitinos lose their energy
during multiple electro-magnetic processes described in the previous section. Surviv-
ing soft photons can destroy the light elements (D, T, *He, ‘He) if their energy is
greater than the threshold of the photo-dissociation reactions. We consider the
photo-dissociation reactions listed in Table II. For the process D(7, #)p, we use the
cross section in analytic form which is given in Ref. 21), and the cross sections for
other reactions are taken from the experimental data (for references, see Table II).
We neglect ‘He(7, D)D and *He(7, 2p 2#) since their cross sections are small compared
with the other reactions. Furthermore, we do not include the photo-dissociation
processes for “Li and "Be because the cross section data for "Be is not available and
hence we cannot predict the abundance of "Li a part of which comes from "Be.

The time evolution of the light elements is described by

CZ;D - 3 /E , de0b-a(€n)fr(€r)+ 2 j; i de,ob-v(€)naf+(€r), (22)
‘Z,’;T =— 3] /; ‘ derot-a(en)frle)+ 3 /; , de,0%-1(€;)naf+(€r) , (23)
At 13 [ desthvo-sle) e+ 3 [, desthmelennatier),  (@4)
e — 1100, [ desotie-a(eNfi(e)+ 3 [ desoh-umelenarler), (25)

where di_s is the cross section of the photo-dissociation process i: a+y—b+--- and E;
is the threshold energy of reaction 7. When the energy of the high energy photon is

Zz0z 1snbny 9| uo ysenb Aq 9¢/£881/6.8/G/£6/001e/did/Wwod dno-ojwepese//:sdiy woly papeojumoq



888 M. Kawasaki and T. Moroi

relatively low, i.e. 2MeV<¢e,<20MeV the D, T and ?He are destroyed and their
aboundances decrease. On the other hand, if the photons have high energy enough to
destroy *He, it seems that such high energy photons only decrease the abundance of
all light elements. However, since D, T and *He are produced by the photo-
dissociation of *“He whose abundance is much higher than the other elements, their
abundances can increase or decrease depending on the number density of high energy
photon. When the number density of high energy photons with energy greater than
~20 MeV is extremely high, all light elements are destroyed. But as the photon
density becomes lower, there is some range of the high energy photon density at which
the overproduction of D, T and *He becomes significant. And if the density is
sufficiently low, the high energy photon does not affect the BBN at all.

From various observations, the primordial abundances of light elements are
estimated® as

0.22< Y,s(%)p< 0.24, (26)
(ﬂ) >1.8%10°°, 27)
Ru /v
#p+ Hide -4 ’
(—nH )p <1.0%x107¢, (28)

where pwe and o5 are the mass densities of *“He and baryon. The abundances of light
elements modified by gravitino decay must satisfy the observational constraints
above. In order to make precise predictions for the abundances of light elements, the
evolutional equations (22)~(25) should be incorporated with the nuclear network
calculation of BBN. Therefore, we have modified Kawano’s computer code® to
include the photo-dissociation processes.

From the above arguments it is clear that there are at least three free parameters,
i.e. mass of gravitino ms., reheating temperature 7 and the baryon-to-photon ratio
7s. Furthermore we also study the case in which gravitino has other decay channels.
In the present paper we do not specify other decay channel. Instead, we introduce
another free parameter B, which is the branching ratio for the channel ¢.—y+ 7.
Therefore we must study the effect of gravitino decay on BBN in four dimensional
parameter space. However in the next section it will be shown that the baryon-to-
photon ratio 7z is not an important parameter in the present calculation because the
allowed value for 75 is almost the same as that in the standard case (i.e. without
gravitino).

§6. Results

A. B,=1 case

First we investigate the photo-dissociation effect when all gravitinos decay into
photons and photinos (B,=1). We take the range of three free parameters as 10 GeV
<ms2<10 TeV, 10°GeV< T2 <10 GeV and 107°<75<107° In this calculation, we
assume that the photino is massless. The contours for the critical abundances of the
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Fig. 3. Contours for critical abundance of light elements in the 7s- Tk plane for (a) ms2=10GeV,
(b) m:uz=100 GeV, (C) MS/z:l TeV and (d) m:-uz:lo TeV.

light elements D, (D+°He) and ‘He in the 7s- T» plane are shown in Fig. 3 for (a) ms.2
=10 GeV, (b) 100 GeV, (c) 1 TeV and (d) 10 TeV, respectively. For low reheating
temperature ( 7z <10° GeV), the number density of the gravitino is very low and hence
the number density of the induced high energy photons is too low to affect the BBN.
Therefore the resultant abundances of light elements are the same as those in the
standard BBN. The effect of the photo-dissociation due to gravitino decay becomes
significant as the reheating temperature increases.

As seen in Figs. 3, the allowed range of the baryon-to-photon ratio is almost the
same as that without gravitino for ms.2<1 TeV, i.e., very narrow range around 7s
~3%X107" is allowed. However for msz~1TeV and Tz~10°GeV or ms.~1TeV
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890 M. Kawasaki and T. Moroi

and Tz ~10" GeV, lower values of 75 are allowed (Fig. 3(c)). In this case, the critical
photon energy (~m.?/22T) for double photon pair creation process is lower than the
threshold of photo-dissociation reaction of ‘He at the decay time of the gravitino.
Therefore, Tz <10 GeV, the aboundance of ‘He is not affected by the gravitino
decay. Then the emitted photons only destroy *He and D whose abundances would
be larger than the observational constraints for low baryon density if gravitino did
not exist. Therefore one sees the narrow allowed band at Tx=10° GeV where only
a small number of *He and D are destroyed to satisfy the constraints (27) and (28).
For Tr210"“ GeV, since a large number of high energy photons are produced even
above the threshold of double photon pair creation, a part of *He are destroyed to
produce *He and D, which leads to the very narrow allowed region at Tz ~10'2GeV.
However even in this special case, the upper limit of reheating temperature changes

13 13
10 T T v T 10

T lllll”l |5 |‘1IIIIII,‘| T T TTTTT

‘He<0.22 .~

10" / 10 b= 2
. : J LB D<1.8x10°
10 &S/ 10
-~ 7
10" 4 10" \ .
= : s D+°He > 10
%’ 9 @ ]
@ 10 o 10
- -
10° 10°
107 10’
10° (@B,=1 - 10° (0) B, =0.1
5 | 1 llIlIll 1 llllJLll 1 L1 1idl 5 1 lllIlII 1 1 lllllll L Ll L1(sl
10 10° . - ,
10' 10° 10° 10* 10 10 10 10
M, (GeV) M,, (GeV)

10" T T TTTTIT T T T TTTT

1°|2

10"
D+'He > 10

10‘0

10°

T. (GeV)

10®

Fig. 4. Allowed regions in the ms.-Tr plane for

(a) B,=1, (b) B,=0.1 and (c) B,=0.0l. In the

{c)B,=0.01 region above the solid curve *He and D are over-

s T T I produced, the abundance of ‘He is less than 0.22

10101 10° 10° 10¢ above the dotted curve and the abundance of D is
M, (GeV) less than 1.8 X10° above the dashed curve.

107

10°
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very little between 73=10""" and 7z~3X107'°. This allows us to fix 75=3.0X10""° in
deriving the upperbound on the reheating temperature.

The allowed regions that satisfy the observational constraints (26)~(28) are also
shown in Figs. 4 in the #ms,2- Tk plane for 7=3X107". In Figs. 3 and 4(a) one can see
four typical cases depending on 7Tk and #es2.

O m32<1TeV, Te<10" GeV:
In this case the lifetime of the gravitino is so long that the critical energy for the
double photon process (~m.?/22T) at the decay time of gravitino is higher than
the threshold of the photo-dissociation reactions for ‘He. Thus *He is destroyed
to produce T, *He and D. (Since T becomes *He by B-decay, hereafter we mean
T and *He by the word “*“He”.) Since the reheating temperature is not so high,
the number density of gravitino is not high enough to destroy all the light
elements completely. As a result, *He and D are produced too much and the
abundance of *He decreases. To avoid the overproduction of *He and D, the
reheating temperature should be less than~(10°—10°) GeV.

® ms2<1TeV, Tr 210" GeV:
The lifetime is long enough to destroy *He and the gravitino abundance is very
large since the reheating temperature is extremely high. As the result, all the
light elements are destroyed. This parameter region is strongly excluded by the
observation.

01 TeV<Sms.<3TeV:
The lifetime becomes shorter as the mass of gravitino increases, and the decay
occurs when the double photon pair creation process works well. If the cosmic
temperature at ¢{=rs,2 is greater than ~ m.?/22Ewe (Where Ewe~20 MeV repre-
sents the typical threshold energy of *‘He destruction processes), ‘He abundance is
almost unaffected by the high energy photons as can be seen in Fig. 3(c). In this
parameter region, the overproduction of (D+3He) cannot occur since ‘He is not
destroyed. In this case, the destruction of D is the most important to set the limit
of the reheating temperature. This gives the constraint of 7»<(10°—10'2) GeV.

® m3223 TeV:
In this case the decay occurs so early that all high energy photons are quickly
thermalized by the double photon process before they destroy the light elements.
Therefore the effect on BBN is negligible. Figure 3(d) is an example of this case.
The resultant contours for abundances of light elements are almost identical to
those without the decay of gravitino.

B. B,<1 case

So far we have assumed that all gravitinos decay into photons and photinos. But
if other superpartners are lighter than the gravitino, the decay channels of gravitino
increases and the branching ratio for the channel ¢.— y+ ¥ becomes less than 1. In
this case, various decay products affect the evolution of the universe and BBN. In
this paper, instead of studying all decay channels, we consider only the y+ ¥ channel
with taking the branching ratio B, as another free parameter. With this
simplification, the effect of all possible decay products other than photon is not taken
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into account. Therefore the resultant ,

constraints on the reheating temperature 0 Lt
and the mass of gravitino should be W
taken as the conservative constraints

since other decay products may destroy

more light elements and make the con-
straints more stringent. B 10"

Although we have four free parame- !
ters in the present case, the result for B,
=1 implies that the allowed range of 7%
and w2 is obtained if we take the
baryon-to-photon ratio to be 3x107",

Since our main concern is to set the 102 R (| R B WE YT B R SR
constraints on 7k and ma2, we can safely 10 o’ M. (GeV) 1o o'
fix 75 (=3X10710), “

The constraints for B,=0.1 and B, Fig. 5. Contours for the upper limits of the reheat-
=0.01 is shown in Figs. 4(b) and (c) ing tempfarature in the msq-B, p}ar}e. The
which should be compared with Fig. 4(a) nu:‘be.rs in the figure denote the limit of the
(B,=1 case). Since the number density reheating temperature.
of the high energy photons is proportional to B,, the constraint on the reheating
temperature becomes less stringent as B, decreases. In addition, the total lifetime of
gravitino is given by

=137+ 7)XBy. (29)

Thus the gravitinos decay earlier than that for B,=1 case and the constraints from
(*He +D) overproduction become less stringent. This effect can be seen in Fig. 4(b),
where the constraint due to the overproduction of (*He+D) has a cut at ms2>=400 GeV
compared with ~1 TeV for B,=1.

In Fig. 5, the contours for the upperbound on reheating temperature are shown in
the mas2-B, plane. One can see that the stringent constraint on 7% is imposed for ms;2
<100 GeV even if the branching ratio is small. As mentioned before this constraint
should be regarded as the conservative one and the actual constraint may become
more stringent by the effect of other dacay products, which will be investigated
elsewhere.

LLARAE!

TTTT
) |

T

10°Gev

1

10°GeV

i illllll

10"°GeV

§7. Other constraints

In the previous section, we have considered the constraints from the photo-
dissociation of light elements. But as we have seen, if the mass of gravitino is larger
than a few TeV, gravitino decay does not induce light element photo-dissociation and
no constraints have been obtained. In the case of such a large gravitino mass, we
must consider other effects of gravitino.

If we consider the present mass density of photinos produced by the grav1t1no
decay, we can get the upperbound on the reheating temperature. In SUSY models
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with R-invariance (which is the usual

assumption), the lightest superparticle 10‘5? torrrr
(in our case, photino) is stable. Thus -
the photinos produced by the decay of 10" = D < 1.8010° .
gravitinos survive until today, and they = Ho»024 |
contribute to the energy density of the ww;_
present universe. Since one gravitino § 3
produces one photino, we can get the = oL o
present number density of the photino: S s
nr= Yoo T<1 MeV) xE3) 732, 0 g
(30) - P
1010 | 1 LAII"Ili -"I 1 | S |
10° 10° 10

where 7Tp is the present temperature of
the universe. The density parameter of
the photino 25=mjins/oc. can be easily Fig. 6. Upperbound on the reheating temperature.

M,, (GeV)

calculated, where m; is the photino Dashed line represents the constraint from the
mass, P> 8.1X 10~ 4% GeV* is the criti- present mass density of photino. Solid curve
cal density of the universe and % is the represents the upperbound requiring ‘He < 0.24.

i X Constraints from D photo-dissociation are also
Hubble parameter in units of 100 km shown by dotted line.

/sec/Mpc. If we constrain that 25<1 in
order not to overclose the universe, the
upperbound on the reheating temperature is given by

Ta<2.7x10% Ty #GeV (31)
where we have ignored the logarithmic correction term of Xix. To set the upper-
bound on the reheating temperature, we need to know the mass of photino. If one
assumes the gaugino-mass unification condition, the lower limit on the mass of
photino is 18.4 GeV.*®" Then we can get the following upperbound on the reheating
temperature:

Tr<1.5X10%h*GeV . (32)

Note that this bound is independent of the gravitino mass and branching ratio.

Another important constraint comes from the effect on the cosmic expansion at
BBN. As mentioned before, if the density of gravitino at nucleosynthesis epochs
becomes high, the expansion of the universe increases, which leads to more abundance
of ‘He. We study this effect by using modified Kawano’s code and show the result in
Fig. 6. In the calculation, we take 73=2.8X107"° and 7,=887 sec (where 7,=(889
+2.1) sec is the neutron lifetime®") so that the predicted *‘He abundance is minimized
without conflicting the observational constraints for other light elements. The resul-
tant upperbound on the reheating temperature is given by

Te<2X10' Gev(ﬂz—)_' (33)
S 1Tev,)
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for ms2>1TeV.
§8. Discussion

We have investigated the production and the decay of gravitino, in particular, the
effect on BBN by high energy photons produced in the decay. We have found that the
stringent constraints on reheating temperature and mass of gravitino.

Let us compare our result with those in other literatures. Our number density of
gravitino produced in the reheating epochs of the inflationary universe is about four
times larger than that in Ellis et al.'” Since Ellis et al.'” note that they have
neglected the interaction terms between gravitino and chiral multiplets (which is the
second term in Eq. (2)), they might underestimate the total cross section for the
production of gravitino. All previous works concerning gravitino problem were
based on the gravitino number density given by Ellis et al.'” Therefore our con-
straints are more stringent than others. In addition, we include all standard nuclear
reactions as well as photo-dissociation processes in our calculation. Therefore the
production of (D+3He) contains both contributions from standard BBN and photo-
dissociation of ‘He. Since only the photo-production is taken into account in Ref. 11),
our constraint from (D+3®He) overproduction is more stringent.

Furthermore, our photon spectrum is different from that in Ref. 16) as shown in
Fig. 2.¥ The spectrum adopted by Ref. 16) has more power to destroy light elements
above the threshold for the photon-photon scattering and less power below the
threshold. In Refs. 18) and 19), Compton scattering process is not taken into account
in calculating the photon spectrum which Ellis et al.'® used to derive a fitting formula
for the high energy photon spectrum. Therefore, it is expected that the difference
comes mainly from the neglect of Compton scattering off thermal electron, which is
the most dominant process for the relatively low energy photons (&, <m.?/807T2).
Our spectrum is also different from that in Ref. 14), i.e. our spectrum has larger
amplitude especially for heavy gravitino case, and hence our constraint on 7Tk seems
to be more stringent.*® The method taken in Ref. 14) is full numerical integration
(over both time and momentum) of the complicated Boltzmann equations and need
many time steps to get the final spectrum since the typical interaction time is much
smaller than the cosmic time. Therefore, it may easily contain cumulative numerical
errors. Since we obtain the steady state solution at each epoch, there are no cumula-
tive errors in the present spectrum. Therefore we believe that the spectrum that we
have obtained is more precise than those used in other works.

In summary, we have investigated the photo-dissociation processes of light
elements due to the high energy photons emitted in the decay of gravitino and set the
upperbound on the reheating temperature by using precise production rate of
gravitino and the spectrum of high energy photon. Together with other constraints
(the present mass density of photino and the enhancement of cosmic expansion due to

*) However, the upperbound on 7% does not change significantly even if we use the spectrum given in

Ref. 16).
*%) It should be noted that the constraints given in Ref. 14) are obtained by using a simple approximation
and data different from (26)~(28).
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gravitino) we have obtained the following constraint,

Te<10°7"GeV, ms2<100GeV, (34)
Te<10"°GeV, 100GeV<ms:2<1TeV, (35)
Te<10*"?GeV, 1TeV<ms.<3TeV, (36)
Te<10¥GeV, 3TeV<ms:<10TeV. (37

This provides a severe constraint in building the inflation models based on super-
gravity. In this paper we have also studied the gravitino which decays into other
channels by taking the branching ratio as a free parameter. Although this gives
conservative upperbound on the reheating temperature, the precise constraints cannot
be obtained unless various processes induced by other decay products are fully taken
into account. This will be done in the future work.’”
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Appendix A
—— Boltzmann Equation ——

In order to calculate the high energy photon spectrum, we must estimate the
cascade processes induced by the radiative decay of the gravitinos. In our calcula-
tion, we have taken the following processes into account; (I) double photon pair
creation, (II) photon-photon scattering, (III) pair creation in nuclei, (IV) Compton
scattering off thermal electron, (V) inverse Compton scattering off background
photon, and (VI) radiative decay of the gravitinos. The Boltzmann equations for this
cascade processes are given by

afr(er) _ afr(€7)| afr(er)l afr(€7)| afr(er)l afr(er)l afr(fr)l
ot ot |DP+ ot IPP+ ot IPC+ ot |cs+ ot IIC+ ot lbe’

(A1)

afe(Ee) — afe(Ee)l + afe(Ee)l + 3fe£Ee) . (AZ)

+ afegEe)
ot ot loe ot |ec ot lcs ot

Below, we see contributions from each process in detail.

() Double photon pair creation [y+y—e*+e7]

For the high energy photon whose energy is larger than ~m.?/22T, double
photon pair creation is the most dominant process.
The total cross section for the double photon pair creation process doe is given by
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ow(8) =g 1r (1~ 8] 3~ BN0g 115 2602 87} (A3)

where r.=a/me. is the classical radius of electron and 8 is the electron (or positron)
velocity in the center-of-mass frame. Using this formula, one can write down
(af,/at)lnp as

of; 7(57)

ot (A4)

1 o0 _ -, 4€rEy
_g%yz 7(67)Le/57d67—6_177f7( 67)'/:”‘%

The spectrum of the final state electron and positron is obtained in Ref. 30), and
(8f./0t)|oe is given by

DP B={T-@Am3/s)

P rime [t [Cae i 6B ), )

where f, represents the distribution function of the background photon at tempera-
ture 7T,

7 E,).=% xm:l/T)_—l , (A6)

and function G(E., €, €,) is given by

7\2 = / c.
G(E., &, &) =HEEEL og _ATELL o Erg
2{267(Ee+Ee) 7”'lez}(Ee'*'E¢-’)2
mEEE:
[ m& ) (E.+E*
{1 &(E.+E)] EZPEZ (A7)

with
Eé=€7+ €7_Ee .

(II) Photon-photon scattering [y+ 77+ 7]

If the photon energy is below the effective threshold of the double photon pair
creation, photon-photon scattering process becomes significant. This process is
analyzed in Ref. 19) and for ;< O(m.2/T), (3f,/0t)|r is given by

U] — 5 om [[aster =) e e

Séggg”f7(6§)az7‘e2m[s€§3_/o. dgrgra ]Tr( €,) . (AS)
For a larger value of €, we cannot use this formula. But in this energy region,
photon-photon scattering is not significant because double photon pair creation
determines the shape of the photon spectrum. Therefore, instead of using the exact
formula, we take m.2/T as a cutoff scale of (3f,/0t)lee, i.e., for e;<m*/T we use
Eq. (A8) and for > m.*/T we take
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af,(e,>a ;n ?/T) LP (A9)

Note that we have checked the cutoff dependence of spectra is negligible.

(III) Pair creation in nuclei [y+N-et*+e +N]

Scattering off the electric field around nucleon, the high energy photon can
produce electron positron pair if the photon energy is larger than 2m.. Denoting
total cross section of this process oec, (8f,/0¢)|xe is given by

k&)l —— orchi(e), (A10)

where %y is the nucleon number density. For odec, we use the approximate formula
derived by Maximon.?”

Differential cross section for this process doec/dE. is given in Ref. 32), and
(8f./at)|ne is given by

ofe(Ee)
ot

—n [ der (). (a1D)

NP

(IV) Compton scattering [y+e = r+e7]

Compton scattering is one of the processes by which high energy photons lose
their energy. Since the photo-dissociation of light elements occurs when the tempera-
ture drops below ~0.1 MeV, we can consider the thermal electrons to be almost at
rest. Using the total and differential cross section at the electron rest frame dcs and
docs/dEe., one can derive

CACTrY de,f,(e,)@siéw_—macsf,(e,) (A12)
3fea£ f =7, f def (e) dacs(e,+;nee Eve) (A13)

where 7. is the number density of thermal electron.

(V) Inverse compton scattering [e*+7y—>e*+7]

Contribution from the inverse Compton process is given by Jones,* and (3//0¢)|ic
is given by

e\ —parime T ap ML) [Cae K& pe, B, 8), (A1)
at IC Ert+me Ee 0 €y

ED| o 2 2" g SlEe) [, F1(&)) N -
ot IC-—272'1’¢ Me j;édEe Eez ,/o‘de7 z, F(Ee+€7 Ee,Ee, 57)

—anezmezﬂ"’Efz—e)/E:deylwdé‘, f’g_rg’) F(e,, E., &), (A15)

where function F(e,, E., €,) is given by
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I’ 2
241 - 7ML_< )
Fle, Ee, &)= qlogg+(1+29)(1~ ) +5F~(1-g): for 0<¢<1,

0: otherwise
(Al6)

with
= 4€,E. —_ €y
¢ me® 4 Fe(Ee_erj ’
(VI) Gravitino radiative decay [¢.— 7+ 7]

Source of the non-thermal photon and electron spectra is radiative decay of
gravitino. Since gravitinos are almost at rest when they decay and we only consider
two body decay process, incoming high energy photons have fixed energy €,, which
is given by

— m§/2 -—m i2
€m——2m3'2 (Al?)
Therefore, (3f,/0t)|oe can be written as
afr(ﬂ) =8(e,— 670)_’23/2 . (A18)

ot |oe 312
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