VOLUME 55, NUMBER 21

PHYSICAL REVIEW LETTERS

18 NOVEMBER 1985

Diffuse Cosmic Gamma-Ray Background as a Probe of Cosmological
Gravitino Regeneration and Decay

Keith A. Olive
Astrophysics Theory Group, Fermilab, Batavia, Illinois 60510

and

Joseph Silk

Department of Astronomy, University of California, Berkeley, California 94720
(Received 22 March 1985)

We predict the presence of a spectral feature in the isotropic cosmic gamma-ray background asso-
ciated with gravitino decays at high red shifts. With a gravitino abundance that falls in the relatively
narrow range expected for thermally regenerated gravitinos following an inflationary epoch in the
very early universe, gravitinos of mass several gigaelectronvolts are found to yield an appreciable

flux of 1-10-MeV diffuse gamma rays.

PACS numbers: 98.70.Vc, 11.30.Pb, 14.80.Pb, 95.30.Cq

Decays of long-lived particles can have significant
astrophysical implications. Decay products may pro-
duce far-ultraviolet background photons,! and even
yield a uniform cosmological density of dark matter.2
There is one class of particle, common to most
phenomenological supersymmetry theories, whose
long-lived decay has a significant effect that appears to
have been hitherto overlooked. We shall show below
that gravitino decays are likely to lead to an appreciable
diffuse cosmic gamma-ray background. Decays of pri-
mordial gravitinos can also present a severe embarrass-
ment to cosmological models, via effects on primordial
nucleosynthesis and microwave background distor-
tions.>"® One promising solution is that an epoch of
inflation diluted the primordial gravitino abundance to
an acceptable level.’ Gravitinos are regenerated dur-
ing the reheating process after inflation, and hence the
reheating will be subject to the constraints from gravi-
tino decays. Remarkably in this case, we find that the
predicted flux of diffuse cosmic gamma rays resulting
from gravitino decays in the early universe is similar to
the observed gamma-ray background for a wide range
of gravitino masses, provided that the maximum tem-
perature to which the universe reheats after inflation
lies in a acceptable range.

Despite all the uncertainties regarding the model-
dependent particle spectrum in locally supersymmetric
theories, there are at least two things which are com-
mon to all: (1) There is one stable supersymmetric
(SUSY) particle and (2) one somewhat long-lived
SUSY particle. By a long-lived SUSY particle (LSP),
we mean one for which its decay rate is proportional to
the gravitational constant Gy = Mp‘z. The gravitino is
an example of such a SUSY particle and, depending on
its mass, may indeed be very long lived.

The identity of the LSP is of course the subject of
debate. In a wide class of models, the LSP is either
the photino!®!! or Higgs fermion (or mixed state of

2362

the two),'? while other candidates are the scalar neutri-
no!3 and the SUSY partner of the axion.!* In this
Letter, we will assume that the LSP is the photino.
Provided that the gravitino is not the LSP, then it will
be unstable to decay into lighter SUSY particles. For
simplicity, we will take the photino to be the only
SUSY particle lighter than the gravitino. Other models
in which, for example, both photinos and gluinos are
lighter than the gravitino will not drastically affect our
ensuing discussion. The decay rate for grav-
itino— photon+photino has been calculated!!"¢ and
can be expressed as I' = 8w am3),/ M# where the *‘cou-
pling”> « depends on the photino mass:
a=(327)" 1~ (m;,/m3/2)2]3. Hence a gravitino
with mass mj, <100 GeV will have a lifetime
7> 4x108 s. (The actual values of « differ in Refs. 6
and 11. We have chosen the value of Ref. 6 and treat
« as a parameter to cover for this uncertainty, in addi-
tion to uncertainties coming from higher-order correc-
tions.)

Because of their late decays into photons, the abun-
dance of gravitinos (with respect to photons, for exam-
ple) becomes very important. Various limits from en-
tropy production,* overall mass density of the decay
products,'l1%8 distortions of the microwave back-
ground,>%® and the destruction of primordial deuteri-
um place limits on the gravitino abundance Y which
we define as Y = n3,/ n, where n, is the number den-
sity of photons today. The strongest of these limits
implies that® ¥ <6x107'%/m3,. In a standard
(noninflationary) model, one would expect that initial-
ly (before decoupling) Y =1 and that through the an-
nihilation of all other particle species the abundance
would be brought down to Y~ 1/N,~ 102 today
where Np is the total number of degrees of freedom at
gravitino decoupling. This leads to a catastrophe if
gravitinos are long lived, since the expansion of the
universe becomes dominated by nonrelativistic parti-
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cles far too early. Inflation resolves’ this problem by
diluting the primordial gravitino abundance to a negli-
gible level. However, after inflation, the Universe will
reheat to some temperature T, during which addi-
tional gravitinos will be produced. One can estimate
the secondary production of gravitinos as!2 Y
= (a//N ) Tr/ M, ~2x1073Tx/M, for the gauge
coupling ag—~ 2 and N~300. This agrees very
closely with a more exact calculation® which yields
Y=2.8x1073Tx/M,. Thus the final abundance Y of
gravitinos will be determined by 7%, and the limits on
Y become limits on 7.

Many models of supersymmetric inflation!> general-
ly predict a low value for 7. In these models, the su-
perpotential f (which generates the scalar potential for
inflation) contains only one parameter whose value
differs from O(1). For example f(¢)=pug($)
where all couplings in g (¢) are O (1). The scalar po-
tential is then ¥V ~u* and the mass of ¢ is M,
~,u2Mp, etc. More importantly, u also determines
both the magnitude of density fluctuations produced
during inflation!® and the reheating temperature Tg
(Ref. 15). In this type of model, the density fluctua-
tions are given by 8p/p ~ 10°u?~ 10"4-10% so that
w2~ 10"7-10"8 according to limits on the isotropy of
the microwave background.!” The reheating tempera-
ture, on the other hand, is given by Tz=My?/

1/2~ 0.2u3 M, = (6x 10~ 1222 10-B)M, 1mp1ymg
that the abundance of gravitinos is Y~ 1014
4x 10716 below the limit given earlier.

Given the abundance Y of gravitinos and their decay
rate, one can determine the time or red shift of decay.
The age of the Universe at a given (recent, i.e.,
matter-dominated, regime) red shift ( >> 1) can be
expressed as 1 =ty(1 +z)_3/2, where the present age
of the Universe is taken to be 7g=2x107p~1Q ~V2 g
the Hubble parameter is defined as Hy=100/4 km
Mpc~! s~1, and Q =p/p,., where the critical density
p.=1.88 g/cm’. The quantity 1+ z is related to the
background temperature by 7/Ty=1+z where T
=2.7 K is the present temperature. Gravitinos will
decay when I' = #; ! or when

amj, =2x1075h (14 25)¥2Q "2 GeV? , )

where zp is the red shift of decay. In the rest of the
gravitino, if we define the energy of the photon pro-
duced in the decay to be ms/y (with y=2) and 8 to
be its energy today in megaelectronvolts, then

B=103y_1m3/2(1+zD)_1, (2)

where we are using units such that all masses are given
in gigaelectronvolts.

It is now relatively straightforward to calculate the
spectrum of y’s coming from the decay. At any time ¢
the number of y’s is n(?) = Yn(1—e~T%). If we de-
fine x=Tt=(14+2zp)/(1+z), we can write the dif-

ferential flux as
dn(D) 3 xl/z 3/2

B T8 Yn, 2 ——exp( ). 3)
In this notation the photon energy is £ = xB. The pro-
duced flux of y’s must now be compared to the ob-
served flux at £~ 1 MeV,

®=12x10"2x"38"3cm 25~

q)(D) —

Lgr=1 Mev— L.
4

One can check that the ratio of Egs. (3) and (4) is
maximized at x = (£)¥3=1.76. At this value of x the
y-ray flux produced by gravitino decays is comparable
to the observed diffuse vy-ray flux for Y =1.2
x 10~ 148~2 We argue below that the ~ 1-MeV y-ray
bump is due to gravitino decays. As one can see, for 8
in the range 1-10, the abundance of gravitinos agrees
remarkably with the estimated abundance given by in-
flation and the predicted magnitude of density pertur-
bations. From Egs. (1) and (2) the inferred gravitino
mass is m3;, ~— 1-10 GeV. Unfortunately, there is no
accepted source for the origin of the diffuse y-ray
background flux in the vicinity of 1 MeV, or for that
matter at any other energy. However, it is likely that
distant discrete sources make up the continuous part
of the spectrum. Moreover, the quality of the existing
data is such that one can do little more than model
these data as the superposition of a continuous source
with a feature of the general form given by Eq. (3).
Hence, the best that we can do is to use the data to
constrain the gravitino parameters which we will now
go on to do.

A limit to the decay red shift from which an observ-
able gamma flux can originate may be inferred from
the absorption of the energetic decay photons by am-
bient intergalactic matter. In the energy range of in-
terest for decays to yield gamma rays at present, the
relevant absorption process near z; is pair production.
The pair-production cross section is given by

(o —afre [ln(2E /mocz) - 1029 ]"“' aroT, (5)

pp

where o= 3w r2 (r, is the classical electron radius) is
the Thompson cross section. The absorption probabil-
ity is then approximately given by

T=LDanTC(H0~1/Ql/2)nb(1+Z)1/2dZ

=33x10"4(Q,/QV)hl(1+2p)¥2=11,  (6)

and ay is the fine-structure constant, n, is the baryon
density, and Q, is the fraction of Q in the form of
baryons. Requiring 7 < 1 in order to observe the de-
cay photons, we then constrain 1-+zp <200Q, %3
x Q3p=23

The requirement that the decay photons survive un-
til today enables us now to set limits on 3, mj/,, and Y
in regimes where gravitino decays contribute to the y-
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ray background. Now from Eq. (1) and the definition
of B we can write 1+ z,="7301%3(a?38%2) 1013,
We obtain from the upper limit on 1 + zp

1.9(Q k¥ )3y~ 1< B, (7a)

msy < 0.4Q 5 V=133 (7b)
and

Y <3.3x10715(Q /o) = %32, (7¢)

These constraints are summarized in Fig. 1 where we
have plotted the allowable regions in the 8-m 3/, plane.
The limits from 7 < 1 show the excluded region in the
lower right-hand corner for A=+ and A=1. All
results plotted in the figure have assumed y =2. The
line perpendicular to the limits represents a range of
values about a=1/327. Depending on the value of
the photino mass, « may be much smaller (one must
then readjust the limits for y > 2). Of course in order
to explain the feature in the observed <y-ray back-
ground, we need B8 to be around 1-2 MeV I[cf. Eq.
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FIG. 1. Constraints in the B8-mj3/; plane, due to photon
absorption (cross-hatched lines); and to threshold for an-
itproton production from ¥ annihilation (Ref. 20) (dashed-
hatched line). The diagonal line corresponds to our predict-
ed y-ray yield for @« =1/32#7 and the scaling to other values
of « is indicated. This determines an upper limit on Y to be
read on the vertical scale on the right. Also indicated is the
expected range for Y from density perturbations 3p/p
~1074-10"35. The cross represents a particular example.
We have taken Q,4?=0.01 from big-bang nucleosynthesis
(Ref. 25) and Q =1.
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3)1.

Photinos themselves may also play an important role
in cosmology. For example, photinos with a mass!? in
the range!®12 1-2 GeV would provide a sufficient en-
ergy density so as to make Q =1. This would make
photinos a prime candidate for the dark matter of the
Universe. Annihilations of photinos with mass around
2 GeV in the halos of galaxies have also been suggest-
ed as a source for low-energy cosmic-ray antiprotons.??
We have drawn a dashed vertical line in Fig. 1 to
represent the cutoff in the gravitino mass for which
this effect is still possible. Our results with regard to
the y-ray background, however, apply to both sides of
this line. We can now see that our expected range for
Y corresponds rather well to the values of 8 needed to
explain a possible feature in the +vy-ray background
spectrum!® near 1 MeV, and falls within the limits due
to photon absorption. All y-ray experiments flown to
date in the range 1-20 MeV have confirmed the ex-
istence of a bump in the spectrum of diffuse y’s, and
no satisfactory explanation exists.? The gravitino
mass needed for the proposed decay mechanism is
fairly unrestricted, although larger masses would re-
quire smaller couplings «.

Because of the absence of observed supersymmetric
particles such as the SUSY electron, most standard su-
persymmetric theories would require mj/, > 20 GeV.
This is, however, a tree-level estimate which is subject
to gravitational radiative corrections.?! A mass on the
order of a few gigaelectronvolts is not unreasonable.
There is also a class of supersymmetric theories called
SU(N, 1) no-scale models*? which are particularly at-
tractive in that the only scale put in by hand is the
Planck scale. The weak scale is then determined
through radiative corrections. In these models, how-
ever, the gravitino mass is not necessarily related to
the weak scale or the mass splittings between particles
and SUSY particles. Hence mjy); is arbitrary, leaving
the horizontal axis in the figure completely uncon-
strained. The cross on the figure represents a concrete
example. For mj3,;=4 GeV, a=1/327, and my < 2
GeV (y=2), decays occur at a red shift 1+z,
=103Q~Y3p=23 and a contribution comparable to
the observed +v-ray background will appear at
B=2hn"3Q'3 (E=3.5n3Q"3 MeV, for x=1.76).
The required gravitino abundance lies in the expected
range, Y =3x10"154=430~%3 and we have there-
fore arrived at a specific mechanism for explaining the
y-ray background spectum near 1 MeV.

Before concluding, we would like to point out that
the gravitino is not the unique slowly decaying particle.
Nearly all models of supergravity employ what is
known as a hidden sector in order to break local super-
symmetry. In these models there may be two or more
scalar fields which couple only gravitationally to our
standard low-energy world. In the event that there are
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several scalars (which may also interact only gravita-
tionally among themselves) it may be possible to pro-
duce photons of various energies.?

In summary, a plausible range of parameters (max-
imum reheating temperature, «, and mass m3/2)
results in gravitinos decaying at high red shift
(z ~1000) and producing a possibly detectable diffuse
gamma-ray flux near 1-10 MeV. A most intriguing
possibility is that a possible feature in the diffuse
gamma-ray spectrum near 1 MeV could actually be the
signature of such decays. Far more exotic interpreta-
tions of this feature can be found in the literature.?*
Unfortunately, the spectral region near 1 MeV is no-
toriously difficult to observe, and the reality of a spec-
tral feature is not unambiguous, nor is the isotropy of
the diffuse gamma rays well known in this region.
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