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Diffuse g-ray background and primordial black hole constraints
on the spectral index of density fluctuations
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We calculate the flux ofg rays emitted from primordial black holes~PBHs! which are formed by a ‘‘blue’’
power-law spectrum of density fluctuations in the early universe. Gamma-ray emission from such PBHs may
contribute significantly to the observed extragalactic diffuseg-ray background~DGB!. Using the observed
DGB flux from the imaging Compton Telescope~COMPTEL! and the Energetic Gamma Ray Experiment
Telescope~EGRET! as the upper limit ofg-ray flux from PBHs, we derive the upper limit on the spectral index
n of the density fluctuations. The range of initial PBH masses which can contribute to the DGB is 2
31013 g2531014 g, corresponding to a cosmic reheating temperature of 73107 GeV243108 GeV. In
this range, we find the upper limit to ben&1.2321.25. This limit is stronger than those derived from the
energy density in PBHs or PBH relics and matches the value ofn required to explain the cosmic microwave
background anisotropy.@S0556-2821~99!05804-X#

PACS number~s!: 95.85.Pw, 97.60.Lf, 98.80.Es
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I. INTRODUCTION

Distinct from black holes which form by recent process
such as stellar collapses, black holes formed by mechan
in the early universe can exist. Such black holes, named
mordial black holes~PBHs!, produce many interesting con
sequences in the early universe and can also be sourc
present astrophysical events. The simplest mechanism
PBH formation is the density fluctuations in the early u
verse@1#. Overdense regions which strongly deviate from t
background universe can evolve into black holes when
overdense regions enter the cosmological horizon. The
sulting PBH mass is about the horizon mass at entry. Th
PBH masses can be as small as about the Planck massMPl

.231025 g or as large as 107M( . In the latter case, they
can bound the mass of a typical galaxy after decoupling@2#.
PBHs surviving today, or their massive relics, can be sour
of dark matter.

Particle emission from black holes due to Hawki
evaporation@3# enlarges the role of PBHs. Interactions of t
emitted particles with the matter in the universe can aff
numerous early universe phenomena, such as nucleosy
sis @4#, baryogenesis@5#, cosmic microwave background ra
diation ~CMBR! distortion @6#, entropy production@7#, dif-
fuse g-ray background~DGB! @5,8–10#, and so on. PBHs
with initial mass;531014 g are presently at the final stag
of their evaporation@11# and may emit enormous amounts
energy. In some grand unified theory~GUT! scale theories,
the relics of PBHs created with initial mass&531014 g and
expired by today can constitute the dark matter@12#.

From the effects of PBHs mentioned above, upper lim
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on VBH , the fraction of the critical energy density of th
universe which can be in PBHs, are found@13#. Constraints
on the spectral index of the density fluctuations have b
derived from these energy density limits@14,15# and it has
been shown that PBHs in general give the strongest up
bounds on the spectral index@16#.

The upper limit ofVBH in PBHs with masses about 5
31014 g was also calculated from the PBHg-ray emission
@8,9#. There exists a homogeneous and isotropicg-ray back-
ground in the universe whose origin is known to be extra
lactic @17,18#. Earlier authors postulated a contribution to t
DGB from the PBHg-ray emission@5,8,9#. MacGibbon and
Carr have recently updated the limit on the PBH dens
using the DGB measurement of the Energetic Gamma
Experiment Telescope~EGRET! @19# and found thatVBH

&(5.161.3)31029h21.9560.15 @20#. Here h is the Hubble
parameter in units of 100 kms21 Mpc21. Similar values are
deduced from the PBH antiproton andg-ray emission if
PBHs cluster along with cold dark matter in galactic ha
@21,22#. The limits on VBH in this mass range assum
though, that the density fluctuations have a scale-invar
Harrison-Zel’dovich spectrum with spectral indexn51.
Therefore they cannot be converted into an upper limit
the spectral index. Also, in these approaches the fluctua
amplitude was not explicitly normalized. Instead, a para
eter related to the PBH density was introduced and varie
match the PBHg-ray flux to the observed DGB. However,
one normalizes the fluctuation amplitude on the scales
PBH formation to that detected by Cosmic Background E
plorer ~COBE! on much larger scales from the CMBR a
isotropy amplituded;1.931025 @23#, it is impossible to
©1999 The American Physical Society04-1



us
he
bl

s
e

it
ts

va
to
or

v

a

on
ur

ss

ic
th
B
tio
er

rd

ra
he
as

iu
ha
fro
d

al
e

tin
a

that
t

Re-
uc-

y

bil-
e

io
is

e
ro-

f

HEE IL KIM, CHUL H. LEE, AND JANE H. MACGIBBON PHYSICAL REVIEW D 59 063004
form a significant number of PBHs with a continuo
Harrison-Zel’dovich spectrum. With the normalization to t
CMBR anisotropy, significant PBH abundance is possi
only if the density fluctuations have ann.1 ~‘‘blue’’ ! spec-
trum. A blue spectrum with a constant spectral index i
valid assumption, for example, in the hybrid inflationary sc
nario @14#.

For these reasons, we will reexamine theg-ray flux from
PBHs formed by ann.1 spectrum and find the upper lim
on the spectral index, using the recent DGB measuremen
the imaging Compton Telescope~COMPTEL! @24# and the
EGRET @19# on board the Compton Gamma Ray Obser
tory ~CGRO! and normalizing the fluctuation amplitude
that on CMBR anisotropy scales. While previous auth
@14,16# have estimated limits onn from theg-ray emission
of PBHs formed by a blue fluctuation spectrum, they ha
not performed the explicit calculation of the PBHg-ray
emission and matched it to the DGB, analogous to the
proach of MacGibbon and Carr forn51 @9,20#. They also
did not include the effect of quark and gluon producti
which dominates the emission above black hole temperat
of about 100 MeV@25#.

In Sec. II, we review the PBH formation and PBH ma
spectrum, correcting errata in Ref.@15#. The black hole
evaporation and QCD fragmentation effects on the part
emission are discussed in Sec. III and the calculation of
g-ray flux from PBHs is given in Sec. IV. The recent DG
observations are reviewed in Sec. V. Our detailed calcula
of the upper limit onn is presented in Sec. VI. The pap
closes with some concluding remarks in Sec. VII.

II. PBHS AND THEIR MASS SPECTRUM

We address PBH formation in a universe with a ha
equation of state, that isp5gr with 0,g&1. Studies of the
evolution of a spherical overdense region whose initial
dius R is greater than the particle horizon show that for t
region to collapse to a black hole, the initial density contr
of the region,d i , should satisfy the following condition@26#:

b2S Mi

MHi
D 22/3

&d i&a2S Mi

MHi
D 22/3

. ~1!

Herea andb are constants of the order ofAg, Mi is the
mass contained in the region of radiusR at the timet i when
the fluctuation develops, andMHi is the horizon mass att i .
The lower bound comes from the requirement that the rad
of the region at its maximum expansion should be larger t
the Jean’s length at that epoch. The upper bound comes
the requirement that the overdense region should not be
connected from the universe. SinceMi}R3 andR}k21, we
will use Mi , R, andk interchangeably to represent the initi
mass, size, or comoving wavelength. The PBHs form wh
the overdense region enters into the horizon. The resul
PBH mass,MBHi , is approximately the horizon mass at th
time tH and is given by

MBHi.g3/2MHi

tH

t i
. ~2!
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MBHi is related toMi via @26#

MBHi.g3g/~113g!Mi
~11g!/~113g!MHi

2g/~113g! . ~3!

As the universe expands, larger PBHs are formed, so
PBHs with masses less thanMBHi coexist in the universe a
time tH .

We assume the density fluctuations to be Gaussian.
cently it was claimed that a non-Gaussian nature to the fl
tuations may affect the PBH formation@27#. This is model
dependent and does not much alter the upper limit onn @16#.
If one surveys the universe with a window having sizeR, the
smoothed density fielddR(x) is defined by

dR~x!5E d3yd~x1y!WR~y!, ~4!

where d(x)[@r(x)2rb#/rb , rb is the background energ
density of the universe, andWR(x) is the smoothing window
function of sizeR. The dispersionsR, the standard deviation
of the density contrast of the regions withR, is given by

sR
25

1

VW
2 ^dR

2~x!&5
1

VW
2 E d3k

~2p!3
udku2Wk

2~R!, ~5!

whereVW;R3 denotes the effective volume filtered byWR ,
and dk and Wk are the Fourier transforms ofd(x) and
WR(x), respectively. For Gaussian fluctuations the proba
ity that the region of sizeR has density contrast in the rang
(d1dd,d) is

P~Mi ,d!dd5
1

A2psR

expS 2
d2

2sR
2 D dd. ~6!

Thus, the probability that the region withMi collapses to a
black hole is

PBH~Mi !5E
B

A
P~Mi ,d!dd, ~7!

with

A5a2S Mi

MHi
D 22/3

, B5b2S Mi

MHi
D 22/3

. ~8!

The above quantityPBH(M ) has been interpreted as the rat
of the density in PBHs to the density of the universe. This
not strictly so because regions larger thanMi also contribute.
As in our previous work@15#, we proceed by omitting thes
contributions and find the number density of black holes p
duced by the collapse of regions with mass betweenMi and
Mi1dMi to be @15#

nBH~Mi !dMi52
r i

M i
A2

p

B
sR

2

]sR

]Mi
expS 2

B 2

2sR
2 D dMi .

~9!

Here r i53/(32pGti
2) is the background energy density o

the universe att i . Unlike Ref. @15#, we will not convert the
4-2
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mass spectrum into a function of unsmoothed quantities
retain the use of the smoothed quantities. This is to av
factors being dropped in the conversion.

Since fluctuations grow asa2(t) in the radiation-
dominated era, wherea(t) denotes the cosmic expansio
factor, the dispersion corresponding tosR becomes, at the
horizon crossing,

sH5S Mi

MHi
D 2/3

sR, ~10!

whencenBH(Mi) can be written as

nBH~Mi !dMi52A2

p

r i

M i
gF 1

sH
2

]sH

]Mi
2

2

3

sH
21

Mi
G

3expS 2
g2

2sH
2 D dMi . ~11!

Applying Eq. ~3! with g51/3, the mass spectrum can b
expressed as a function of the initial PBH massMBHi and we
have

nBH~MBHi !dMBHi

52A2

p
g7/4r iMHi

1/2MBHi
23/2F 1

sH
2

]sH

]MBHi
2

sH
21

MBHi
G

3expS 2
g2

2sH
2 D dMBHi . ~12!

In general, tensor perturbations~gravitational waves! are also
produced in inflationary scenarios and contribute to
CMBR anisotropy. However, inclusion of the tensor pert
bations does not significantly affect the PBH mass spect
if the fraction in tensor perturbations is not dominant@14#.
Therefore we assume that the anisotropy is only due to
scalar fluctuation.

The four-year results of the COBE experiment resolve
horizon crossing amplitude at present to be@23#

d051.9131025exp@1.01~12n!#, ~13!

with n51.260.3. This implies a smoothed amplitude tod
s0 of 9.531025 with a slight dependence onn @16#. We
denote the mass contained att i in the region whose comov
ing scale corresponds to the present horizon scale byM0 .
Under the power-law spectrum assumption,sH}k(n21)/2 and
so

sH5s0S Mi

M0
D ~12n!/6

. ~14!

@Note that the spectral indexn of Ref. @26# is equivalent to
(n13)/6 in this work.# M0 is not the present horizon mass
it was incorrectly taken to be in Ref.@15#. That misidentifi-
cation introduced further errors when convertingsH into a
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function of MBHi and made the results of Ref.@15# far
weaker than those of Ref.@16#. Our revised results are give
in Sec. VI.

From Eq. ~3!, sH can be represented as a function
MBHi

sH5s0S MBHi

MBHi0
D p

, ~15!

with p5(12n)/4 in the radiation-dominated era (g51/3)
andp5(12n)/6 in the matter-dominated era (g50). Minor
discrepancies, which arise in Eq.~15! at the transition into
the matter-dominated era, lead to less than a 1% chang
the constraint onn @16#. The PBH initial mass spectrum un
der the n.1 power-law spectrum assumption is thus d
scribed by

nBH~MBHi !dMBHi5
n13

4
A2

p
g7/4r iMHi

1/2MBHi
25/2sH

21

3expS 2
g2

2sH
2 D dMBHi . ~16!

III. PARTICLE EMISSION FROM BLACK HOLES

Due to the Hawking effect@3#, a rotating charged black
hole emits particles at a rate

dNs

dvdt
5

Gs

2pFexpS v2 lV2qF

k/2p D1~21!2sG21

, ~17!

per degree of particle freedom. Here,k, V, andF are the
surface gravity, angular velocity and electric potential,
spectively,s is the particle spin,l is the axial quantum num
ber or angular momentum, andq is the particle charge. The
absorption probability for the emitted speciesGs is in general
a function ofv,V,F,k, together with the internal degrees o
freedom and rest mass of the emitted particle. Taking
above emission rate, it has been shown thatV→0 before
most of the black hole evaporates@28# and that a black hole
with mass&106M( discharges faster than it evaporates@29#.
Hence, it is natural to regard PBHs as Schwarzschild bl
holes.

At high energies,Gs}v2 for massless or relativistic par
ticles and the emission spectrum mimics the radiation from
black body of temperatureTBH5k/2p. Noting that the sur-
face gravity isk51/4GMBH when V5F50, the tempera-
ture of a black hole can be defined as

TBH5
1

8pGMBH
.1.06S MBH

1013 g
D 21

GeV. ~18!

At low energies,Gs does not simply scale asv2 but depends
on other quantities mentioned above. The form ofGs has
been explored both analytically and numerically~see refer-
ences in Ref.@30#!. Extensive numerical studies of the dire
particle emission from black holes were done by Page@31#.
Hawking emission can be thought of as a process by whic
4-3
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black hole emits particles with approximately a black bo
radiation spectrum once the black hole temperature exc
the rest mass of the particle. Thus, black holes with mas
larger than 1017 g, corresponding toTBH.0.1 MeV, emit
only massless particles. As the black hole mass decrea
massive particles will be emitted.

In the conventional viewpoint, it is natural to assume th
elementary particles such as quarks and gluons, rather
composite hadrons, are directly emitted from black ho
once the emission energy exceeds the QCD confinem
scaleLQCD. In this picture, pions are only directly emitte
from black holes in the energy range between 100 MeV
LQCD and are produced by quark and gluon decay ab
LQCD. Taking into account the number of the emitted sp
cies, the mass loss rate of a black hole can be written as@11#

dMBH

dt
525.3431025f~MBH!MBH

22g sec21, ~19!

wheref(MBH), a function of the number of directly emitte
species, is normalized to unity forMBH@1017 g. Black
holes with masses 531014 g!MBH!1017 g emit e6, neu-
trinos and photons and have initiallyf(MBH)51.569. If
black holes can emit three lepton families, six quark flavo
the photon and direct pions, thenf(MBH)&13.9. Including
the emission of weak gauge and Higgs bosons,f(MBH)
&15.4 forTBH&100 GeV andMBH*1011 g. At higher en-
ergies or in nonstandard models such as supersymmet
superstrings,f(MBH) may be greater but in general remai
less than 100.

Integrating Eq.~19!, the black hole lifetimetevap is found
to be @11#

tevap.1.23103
G2MBH

3

f~MBH!

56.24310227MBH
3 f~MBH!21 sec. ~20!

The jetlike fragmentation and hadronization of the qua
and gluons evaporated aboveLQCD drastically change the
observable spectrum of emitted particles. The evapora
quarks and gluons fragment into further quarks and glu
which then compose themselves into hadrons on dista
greater thanLQCD

21 in the jet frame. These particles furthe
decay into the astrophysically stable particles-photons, n
trinos, electrons, and protons and their antiparticl
MacGibbon and Webber have shown that this picture
analogous to the decay of quark and gluon jets ine1e2

accelerator events and calculate the instantaneous flux of
ticles for 0.2 GeV&TBH&100 GeV by convolving Eq.~17!
with the HERWIG QCD jet code@25#. Their results differ
strongly from those of previous works which omitted QC
emissions and particle decays. They find that the black h
emission at these temperatures is dominated by the jet f
mentation products. In the case of photons, the primary p
in the black hole emission is due to the decay of jet-produ
p0 and occurs around 67 MeV. The position of the phot
peak does not shift significantly with the black hole tempe
ture. In contrast, the photons directly emitted by the bla
06300
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hole, not resulting from jet decay, appear at.5TBH with
fluxes 4 to 5 orders less than the flux at the jet-domina
peak. The jet-produced photons were omitted in previo
estimates of theg-ray emission from PBHs formed byn
.1 density fluctuations@14,16#. In this paper, we fit the
instantaneousg-ray fluxes fromTBH50.22100 GeV black
holes which are shown in Fig. 4 of Ref.@25# and derived
including quark and gluon emission. We then use these
sults to calculate theg-ray flux from PBHs.

IV. GAMMA RAYS FROM PBHS

To calculate the flux ofg rays from PBHs, it is important
to know how many PBHs have existed in the universe. T
can be determined from the PBH initial mass spectru
which in turn depends on the fluctuation amplitude and sp
tral index, andt i , the time when the fluctuations develo
Previous works considered only the case in which the fl
tuations are described by the Harrison-Zel’dovich spectr
and hid the effect of fluctuation amplitude andt i @5,8–10#.
However, it is impossible to form a significant number
PBHs with the Harrison-Zel’dovich spectrum if the fluctu
tion amplitude on PBH formation scales is normalized to
amplitude found by the COBE experiment on much larg
scales. With normalization to the CMBR anisotropy, su
stantial PBH formation is possible only if the fluctuation
increase on small scales. This occurs if the fluctuations
isfy an n.1 power-law spectrum. We will assume that th
fluctuations follow a power-law spectrum and calculate
g-ray flux from PBHs with the initial mass spectrum give
by Eq. ~16!.

Since the number density of PBHs decreases asR23, the
number density of PBHs at the timet1>tH is

nBH8 ~ t1!.S R1

Ri
D 23E

M
* ~ t1!

MBH1
nBH~MBHi !dMBHi , ~21!

whereM* (t1), the initial mass of a PBH whose lifetime i
t1 , is given by

M* ~ t1!.F f@M* ~ t1!#

6.24310227S t1

1 secD G 1/3

g. ~22!

We denote the instantaneousg-ray flux from a black hole
with massMBH as f g(MBH ,v). At t1 , PBHs with initial
massMBHi have evaporated down to a mass

Mevap.@MBHi
3 21.631026f~MBHi !t1#1/3 ~23!

and are emitting photons with fluxf g(Mevap,v). The angu-
lar frequency at emissionv is redshifted by the expansion o
the universe to a present angular frequencyv0 of

v5
R0

R1
v0 . ~24!

Thus the total flux per unit solid angle at today,t0 , of g-rays
emitted from PBHs is
4-4
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dJ

dv0
5

1

4pEtmin

t0 S R0

R1
D S R1

Ri
D 23

dt1

3E
M

* ~ t1!

MBH1
f g~Mevap,v!nBH~MBHi !dMBHi , ~25!

wheretmin is the earliest time after inflation at which PBH
form.

Photons emitted by the black holes may interact with a
bient matter in the universe via many processes and
energy or be cut off during propagation. If a photon effe
tively interactst times during flight, the photon flux is at
tenuated by a factor ofe2t. Therefore, the actual photon flu
reaching Earth at the present time is

dJ

dv0
5

1

4pEtmin

t0 S R0

R1
D S R1

Ri
D 23

dt1

3E
M

* ~ t1!

MBH1
e2t f g~Mevap,v!nBH~MBHi !dMBHi .

~26!

The number of interactionst, known as the optical depth
depends on the energy and the time or redshiftz at emission.
A detailed treatment on the optical depth is given in Sec.

V. EXTRAGALACTIC DIFFUSE GAMMA-RAY
BACKGROUND

Since its first discovery in the 0.122 MeV range by de-
tectors on the lunar probes@32#, the homogeneous and iso
tropic diffuseg-ray flux, whose origin is extragalactic, ha
been observed in numerous satellite and balloon-borne
periments. The SAS-2 satellite provided the first clear e
dence for the existence of an extragalacticg-ray background
between 302150 MeV @18#. Several Apollo and balloon
borne experiments also saw evidence of a bump in the
MeV range in excess of the extrapolated x-ray continu
@33#.

A number of models were proposed to explain the ea
measurements of the extragalactic spectrum. Active galax
which can be observable sources of discrete extragala
g-ray emission when they are located close to our Gala
are believed to contribute at least in part@34#. Another model
which has been considered is matter-antimatter annihila
at the boundaries of superclusters@35#. In this model, the
MeV bump is attributed to the redshifted peak ofp0 decays
at 67 MeV. PBHg-ray emission has also been proposed
a contributor to the DGB flux. In some exotic models, PB
emission may additionally explain the MeV bump@9#. How-
ever, none of the scenarios for the DGB production,
themselves, is sufficient to explain the measured flux
spectrum.

With higher sensitivity and wide-field of view, the dete
tors on the CGRO enlarge the detection range and ga
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important data on the DGB. The DGB flux measured by
COMPTEL @24# at 1230 MeV is now compatible with
power-law extrapolations of the measured flux at lower a
higher energies. The results below about 9 MeV are p
liminary but the 229 MeV flux is far less than previously
measured and no MeV bump is seen in this region at
levels reported previously. This weakens the need to exp
an MeV feature.

We parametrize the preliminary COMPTEL results@24#
in the range 0.8230 MeV by the best-fit power law function
given in Ref.@36#:

dJ

dv0
U

obs

56.4031023S v0

1 MeVD 22.38

3@cm2s sr MeV#21 ~COMPTEL!. ~27!

In the range 30 MeV2100 GeV, the EGRET experimen
finds the DGB flux to be well described by the single pow
law function @19#

dJ

dv0
U

obs

5kS v0

451 MeVD
2a

@cm2 s sr MeV#21 ~EGRET!

~28!

with k5(7.3260.34)31029 and a52.1060.03. No large
scale spatial anisotropy or deviations in the energy spect
is discernible in the extragalactic component abo
30 MeV. The observed flux above 10 MeV, and possib
up to 100 GeV, may be explained by unresolved blaz
@19#. Below 10 MeV, the measurements still have large u
certainties and the exact nature of the emission is not w
understood.

VI. CONSTRAINTS ON THE SPECTRAL INDEX

We now derive the constraints on the spectral index fr
the condition that the PBHg-ray flux should not be large
than the observed DGB flux. With the normalization of t
fluctuation amplitude to the CMBR anisotropy, PBH form
tion is limited to the epoch when the fluctuation arises. T
time is related to the reheating temperature in inflation
models by@37#

t iRH50.301g
*
21/2MPl

TRH
2

;S TRH

MeVD 22

sec. ~29!

Hereg* ;100 counts the degrees of freedom of the const
ents in the early universe. The minimum initial PBH ma
corresponding toTRH is

MRH.
1

8
g3/2MPlS TRH

TPl
D 22

. ~30!
4-5
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PBHs created before the onset of reheating will be diluted
an insignificant density during inflation. Since we are co
sidering the casen.1, the resulting PBH initial mass spec
trum has a very narrow mass range. Thus we will make
approximation that the photons are solely emitted by PB
whose initial mass isMRH.

The photon interactions in the matter-dominated era,
evant to the DGB observations, are Compton scattering,
production, photoionization, and photon-photon interactio
Via these processes and cosmological redshift, the energ
the emitted photons is degraded. Zdziarski and Svens
have studied the attenuation ofg-ray flux at cosmological
distance@38#. They found that the maximum redshift from
which photons can be detected today peaks atzmax.700 and
for present energies 1 MeV&v0&1 GeV. All photons
emitted at higher redshifts are cut off by interactions@i.e,
t(v0 ,z).1# and do not reach Earth. This means that PB
which completely evaporated beforezmax.700 cannot con-
tribute to the present DGB. From Eq.~20!, this corresponds
to a minimum detectable initial PBH mass of about
31013 g and a reheating temperature ofTRH.4
3108 GeV. Noting thatM* (t0).531014 g, the range of
PBHs which can contribute to the observed DGB is then
31013 g2531014 g and the corresponding reheating te
perature range is 73107 GeV243108 GeV. Outside the
range 1 MeV&v0&1 GeV, the maximum redshift for a
given energyzmax(v0) is less than 700 and depends on t
details of the interactions. We takezmax(v0) from Ref. @38#.
Only photons for whicht,1 are here included and we re
gard these photons as being free from attenuation. The
gratedg-ray flux from PBHs does not depend significant
though, on the details of the optical depth.

We now proceed to calculate the integrated PBHg-ray
flux, Eq. ~26!, using the instantaneous emission from in
vidual black holesf g obtained by fitting the simulations o
Ref. @25#. Our results are shown in Fig. 1. It can readily
seen that theg-ray flux from PBHs cannot fully explain the
observed DGB flux although the PBH emission may contr
ute significantly to the observed DGB flux around
2100 MeV. In then.1 case, the PBH flux arises from th
lifetime emission of PBHs with initial massMRH, whereas
the Harrison-Zel’dovich spectrum produces a broad rang
initial PBH masses. In both cases, the PBH flux falls off
roughly v0

23 above 100 MeV@5,8,9#. This high-energy tail
mainly comes from the lifetime direct photon emission in t
most recent evaporation epoch@11#. At low energies, where
the flux is strongly determined by QCD jet fragmentatio
the flux spectrum forn.1 does not scale asv0

21 , as forn
51, but instead flattens out due to the narrow PBH init
mass range. In addition, the turnover in the spectrum oc
at lower energies as the reheating temperature increase
MRH decreases. This is because the turnover correspon
the redshifted peak emission of anMRH black hole emitting
at its initial temperature.

From the constraint that the PBHg-ray flux cannot be
larger than the observed DGB flux, we derive the upper l
its of the spectral index in the range 73107 GeV&TRH&4
3108 GeV ~Fig. 2!. The upper limit onn is
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Even though photons emitted in models with higherTRH
suffer more interactions and larger redshifts, the exponen
dependence of the PBH mass spectrum, Eq.~16!, implies
that the number density of PBHs strongly increases withTRH
for a given spectral index. Thus, the upper limit onn de-
creases as the reheating temperature grows. That is, the
straint onn becomes stronger as the reheating tempera
increases. These values are similar to the upper limits
tained from the deuterium destruction constraint in the low
mass range 109 g&MBH&1013 g @16#.

Also shown in Fig. 2 are the weaker limits onn derived
from the maximum allowable energy density in PBHs. W
plot the upper limits found from the requirement that th
PBH energy density does not overclose the universe at

FIG. 1. The integratedg-ray flux from PBHs,dJ/dv0 in units
of (cm2 s sr MeV)21, for ~a! TRH573107 GeV corresponding to
MBH5531014 g, and ~b! TRH5108 GeV corresponding toMBH

5231014 g. The bold lines are the observed fluxdJ/dv0uobs from
the COMPTEL (1 MeV,v0,30 MeV) and the EGRET
(30 MeV,v0,100 GeV).
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epochVBH,1 ~case I, the dashed line!, and the similar re-
striction on any present relic density in PBHs which did n
evaporate completely but left residual masses of about
Planck massV relic,1 ~case II, the dotted line!. The latter
constraint strengthens somewhat if the relic mass is gre
than MPl @14,15#. Constraint case I applies regardless
whether PBHs evolve into massive relics. The new up
limits on n from the energy densities are much tighter th
those of Refs.@14,15# and decrease asTRH grows. In Ref.
@16#, upper limits onn were found from the condition tha
the present PBH density and any relic density satisfyVBH0
,1 andV relic ,1, respectively. There it was shown that th
constraintVBH0,1 is weaker than the relic constraint ca
II. However, when we now extend that condition to requ
that the PBH density fraction at any epoch does not ov
close the universe, we find that case I is stronger than ca
if TRH&1013 GeV. The energy density in PBHs or PBH
relics give weaker constraints than the DGB because the
per limit onVBH from the PBHg-ray flux is far less than 1.
Because of the vast difference between the scales on w
the CMBR anisotropy occurs and the scales on which PB
form, the limit on the spectral index obtained from PB
emission is highly insensitive to the true value of the CMB
anisotropy orVBH .

VII. CONCLUSIONS

In this paper, we calculate theg-ray flux from PBHs
formed by density fluctuations in the early universe and co
pare it with the observed extragalactic DGB flux. Previo
works considered the case in which the density fluctuati
have ann51 Harrison-Zel’dovich spectrum and did not ex
plicitly normalize the fluctuation amplitude. If the fluctuatio

FIG. 2. The upper limits on the spectral index. The solid li
between 73107 GeV243108 GeV is obtained from the condi-
tion that the PBHg-ray flux should not exceed the observed DG
flux. The dashed line is obtained from the condition thatVBH,1
throughout the history of the universe~case I!. The dotted line is
obtained from the condition thatV relic ,1 ~case II!.
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amplitude on the scales of PBH formation is normalized
that on large scales deduced from the COBE observation
the CMBR anisotropy, PBHs cannot form in cosmologica
significant numbers from a Harrison-Zel’dovich spectru
Thus, we describe the fluctuations by ann.1 power-law
spectrum and find the upper limit onn from the condition
that theg-ray flux from PBHs should not be larger than th
DGB flux. The smallness of the fluctuation amplitude fro
the CMBR anisotropy limits PBH formation to the tim
when the fluctuations develop. In inflationary models, t
time is related to the reheating time. To model theg-ray
emission, we fit previous simulations of the emission fro
individual black holes which included QCD fragmentatio
and decays. Due to the interactions ofg-rays with the back-
ground matter in the universe, only PBHs surviving la
thanzmax&700 can contribute to the DGB flux observed t
day. The initial mass range of PBHs relevant to the obser
DGB is then 231013 g&MBH&531014 with a correspond-
ing cosmic reheating temperature between 73107 GeV
&TRH&43108 GeV. We find the resulting upper limit onn
in this range to ben&1.2321.25. Our constraint onn is
stronger than those obtained by requiring that the ene
density in PBHs does not overclose the universe at any
och (VBH,1) and that found by requiring that any prese
PBH relic density similarly does not overclose the unive
(V relic,1). The upper limit onVBH implied by the PBH
g-ray flux is far less than 1. If the fluctuation amplitude
constrained by the CMBR anisotropy and PBH emission,
upper limit onn is fine-tuned and highly insensitive to th
precise upper limit onVBH or the precision in the CMBR
measurement.

Recently, Niemeyer and Jedamzik@39# have argued, sup
ported by preliminary numerical simulations, that subhoriz
mass PBHs may form in considerable numbers at any for
tion epoch. For Gaussian fluctuations, they deduce that
PBH initial mass distribution at a given formation time pea
at about 0.6 times the horizon mass and extends from m
smaller masses up to the horizon mass. Such a distribu
would have an effect on our limits similar to raisingTRH.

We also note that it has been proposed that the emi
quarks and gluons from a black hole may interact and form
photosphere around the black hole above black hole t
peratures of a few GeV@40#. This scenario, however, re
mains controversial. In the photosphere model, the fl
would be more concentrated around 100 MeV than if
quarks and gluons directly fragment into hadrons@41#. The
high-energy tail from the PBH distribution would also sca
as v0

24 , not v0
23 . Photosphere formation may somewh

weaken the constraint onn but such changes would be sma
due to the fine-tuned nature of the constraint.
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