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We calculate the flux of rays emitted from primordial black holéBBH9 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 diffysey backgroundDGB). Using the observed
DGB flux from the imaging Compton Telescof€ OMPTEL) and the Energetic Gamma Ray Experiment
TelescopdEGRET) as the upper limit ofy-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
X 10' g—5x 10" g, corresponding to a cosmic reheating temperature>ol@ GeV—4x10° GeV. In
this range, we find the upper limit to be<s1.23—1.25. This limit is stronger than those derived from the
energy density in PBHs or PBH relics and matches the valuerefjuired to explain the cosmic microwave
background anisotropyS0556-282(99)05804-X]

PACS numbgs): 95.85.Pw, 97.60.Lf, 98.80.Es

l. INTRODUCTION on Qgy, the fraction of the critical energy density of the
universe which can be in PBHSs, are fouid]. Constraints
Distinct from black holes which form by recent processeson the spectral index of the density fluctuations have been
such as stellar collapses, black holes formed by mechanisngierived from these energy density lim[ts4,15 and it has
in the early universe can exist. Such black holes, named prbeen shown that PBHs in general give the strongest upper
mordial black holegPBHS, produce many interesting con- pounds on the spectral ind¢x6].
sequences in the early universe and can also be sources of The upper limit of Qg in PBHs with masses about 5
present astrophysical events. The simplest mechanism fot 104 g was also calculated from the PBpiray emission
PBH formation is the density fluctuations in the early uni- [8,9] There exists a homogeneous and isotrqpi@y back-
verse[1]. Overdense regions which strongly deviate from theground in the universe whose origin is known to be extraga-
background universe can evolve into black holes when theactic[17,18. Earlier authors postulated a contribution to the
overdense regions enter the cosmological horizon. The redGRB from the PBHy-ray emissior{5,8,9. MacGibbon and
sulting PBH mass is about the horizon mass at entry. Thusgarr have recently updated the limit on the PBH density
PBH masses can be as small as about the Planck Mass using the DGB measurement of the Energetic Gamma Ray
=2x10"° g or as large as T . In the latter case, they Experiment TelescopéEGRET) [19] and found thatQ gy,
can bound the mass of a typical galaxy after decoudl#lg < (5.1+1.3)x 10 °h~ 195015 [20]. Here h is the Hubble
PBHs surviving today, or their massive relics, can be sourcegarameter in units of 100 km$ Mpc~1. Similar values are
of dark matter. deduced from the PBH antiproton angray emission if
Particle emission from black holes due to Hawking pBHs cluster along with cold dark matter in galactic halos
evaporatiori 3] enlarges the role of PBHs. Interactions of the[21,22. The limits on Qgy in this mass range assume,
emitted particles with the matter in the universe can affecthough, that the density fluctuations have a scale-invariant
numerous early universe phenomena, such as nucleosynthigarrison-Zel'dovich spectrum with spectral index=1.
sis [4], baryogenesi5], cosmic microwave background ra- Therefore they cannot be converted into an upper limit on
diation (CMBR) distortion [6], entropy productiof7], dif-  the spectral index. Also, in these approaches the fluctuation
fuse y-ray backgroundDGB) [5,8—10, and so on. PBHs amplitude was not explicitly normalized. Instead, a param-
with initial mass~5x 10'* g are presently at the final stage eter related to the PBH density was introduced and varied to
of their evaporatiofil1] and may emit enormous amounts of match the PBHy-ray flux to the observed DGB. However, if
energy. In some grand unified thedi@UT) scale theories, one normalizes the fluctuation amplitude on the scales for
the relics of PBHs created with initial mass5x 10" gand  PBH formation to that detected by Cosmic Background Ex-
expired by today can constitute the dark maftez]. plorer (COBE) on much larger scales from the CMBR an-
From the effects of PBHs mentioned above, upper limitsisotropy amplitudes~1.9x 10 ° [23], it is impossible to
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form a significant number of PBHs with a continuous My, is related toM; via [26]
Harrison-Zel'dovich spectrum. With the normalization to the
CMBR anisotropy, significant PBH abundance is possible Mpgyi= 371 +3NMIENIA39\ 291537 (3
only if the density fluctuations have ar>1 (“blue” ) spec- )
trum. A blue spectrum with a constant spectral index is @S the universe expands, larger PBHs are formed, so that
valid assumption, for example, in the hybrid inflationary sce-PBHS with masses less thagyy; coexist in the universe at
nario [14]. timety.
For these reasons, we will reexamine tpeay flux from We assume the density fluctuations to be Gaussian. Re-
on the spectral index, using the recent DGB measurements 8fations may affect the PBH formatid@7]. This is model
the imaging Compton Telescof€OMPTEL) [24] and the ~ dependent and does not much alter the upper limit f6).
EGRET[19] on board the Compton Gamma Ray Observa-f one surveys the universe with a window having sizehe
tory (CGRO and normalizing the fluctuation amplitude to Smoothed density fieldr(x) is defined by
that on CMBR anisotropy scales. While previous authors
[14,16 have estimated limits on fro_m the y-ray emission 5R(X):f d3yS(x+y)Wg(Y), (4
of PBHs formed by a blue fluctuation spectrum, they have

not performed the explicit calculation of the PBitray where 5(X)=[p(X) — ps]/ps py is the background energy

emission and matched it to the DGB, analogous to the apdensity of the universe, artx(x) is the smoothing window

proach qf MacGibbon and Carr for=1 [9,20]. They also_ function of sizeR. The dispersiowrg, the standard deviation
did not include the effect of quark and gluon productlonOf the density contrast of the regions wi is given by
which dominates the emission above black hole temperatures '

of about 100 MeV[25]. 1 1 d3k
In Sec. II, we review the PBH formation and PBH mass oa=—(5%(X))= —f | 8 |PW2(R) (5)
y - , R\ 2 2 31 %kl VAR,
spectrum, correcting errata in Rdf5]. The black hole Vi Vi’ (2m)

evaporation and QCD fragmentation effects on the particle 3 ) )
emission are discussed in Sec. Il and the calculation of th&hereVy~R" denotes the effective volume filtered iz,
y-ray flux from PBHs is given in Sec. IV. The recent DGB a1d dk and W, are the Fourier transforms of(x) and

observations are reviewed in Sec. V. Our detailed calculatiofVr(X), respectively. For Gaussian fluctuations the probabil-
of the upper limit onn is presented in Sec. VI. The paper ity that the region of siz&® has density contrast in the range

closes with some concluding remarks in Sec. VII. (6+ds,4) is
2
II. PBHS AND THEIR MASS SPECTRUM P(M,,8)ds= 1 exn — iz ds. (6)
V2moR 201

We address PBH formation in a universe with a hard
equation of state, that {s= yp with 0<y=1. Studies of the  Thys, the probability that the region wittl; collapses to a
evolution of a spherical overdense region whose initial ra|ack hole is
dius R is greater than the particle horizon show that for the

region to collapse to a black hole, the initial density contrast A
of the region,;, should satisfy the following conditidr26]: Pen(Mi)= 5 P(M;,8)ds, @)
S\ -2 S\ -23 .
Vi ﬂ) 55i5a2<ﬂ) . (1) ~with
Mei M ~213 ~23
o[ Mi o[ Mi
Herea and 8 are constants of the order gfy, M; is the A=a [ B=p Mu . ®

mass contained in the region of radiRst the timet; when

the fluctuation develops, and ; is the horizon mass 4. The above quantityg (M) has been interpreted as the ratio
The lower bound comes from the requirement that the radiusf the density in PBHs to the density of the universe. This is
of the region at its maximum expansion should be larger thamot strictly so because regions larger ttpalso contribute.
the Jean’s length at that epoch. The upper bound comes fros in our previous work15], we proceed by omitting these
the requirement that the overdense region should not be digontributions and find the number density of black holes pro-
connected from the universe. Sinkg=R3 andRxk ™!, we  duced by the collapse of regions with mass betwierand

will use M;, R, andk interchangeably to represent the initial M;+dM; to be[15]

mass, size, or comoving wavelength. The PBHs form when

the overdense region enters into the horizon. The resulting pi \F B dogr B2
PBH massMgy;, is approximately the horizon mass at that Npn(Mj)dM;=— W ;? a_MieX - 252 dMm;.
time t, and is given by R R )
M g = y¥2M H_t_H. 2) Here pi:3/(327TGti2) is the background energy density of
' 't the universe at;. Unlike Ref.[15], we will not convert the
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mass spectrum into a function of unsmoothed quantities bufunction of Mg, and made the results of Ref15] far
retain the use of the smoothed quantities. This is to avoigveaker than those of Rgf16]. Our revised results are given
factors being dropped in the conversion. in Sec. VI.

Since fluctuations grow asa’(t) in the radiation- From Eq.(3), oy can be represented as a function of
dominated era, whera(t) denotes the cosmic expansion Mg,
factor, the dispersion corresponding ¢ becomes, at the

horizon crossing, Mgy | P
g ou=ool 37 BHl) , (15
Mi 2/3 BHiO
‘TH:<|\/|_Hi) IR 10 yith p=(1-n)/4 in the radiation-dominated eray€ 1/3)

andp=(1—n)/6 in the matter-dominated erg€ 0). Minor
whencengy(M;) can be written as discrepancies, which arise in E(@L5) at the transition into
the matter-dominated era, lead to less than a 1% change in
the constraint om [16]. The PBH initial mass spectrum un-

2p |1 904 20y spe
Ngy(M)dM,=— MY ZaM 3 M der then>1 power-law spectrum assumption is thus de-
TN oy oM ! scribed by
7’ n+3 /2
Xex;{ B T,a dM;. (1D nBH(MBHi)dMBHi:_4 ;77/4PiM&|/i2M gl-?i/z(’ﬁl
Applying Eg. (3) with y=1/3, the mass spectrum can be y? q
expressed as a function of the initial PBH madg,,; and we xexp — 52 Mai - (16)
have TH
NeH(MpHi)d Mg lll. PARTICLE EMISSION FROM BLACK HOLES

1 Jdoy (r,]l

o Meni Mgy

Due to the Hawking effecf3], a rotating charged black
hole emits particles at a rate

o—1Q—-qd
kl2m

2 _
=- \/;77/4Pi MM g2
dNs  T'g
dMBHi . (12) dwdt 2

’)/2
xXexp — >
per degree of particle freedom. Here, (), and® are the

In general, tensor perturbatiotgravitational wavegare also ~ Surface gravity, angular velocity and electric potential, re-
produced in inflationary scenarios and contribute to thesPectively,sis the particle spinl is the axial quantum num-
CMBR anisotropy. However, inclusion of the tensor pertur-ber or angular momentum, arngiis the particle charge. The
bations does not significantly affect the PBH mass spectrurabsorption probability for the emitted speclésis in general

if the fraction in tensor perturbations is not domingbg]. @ function ofw,),®, x, together with the internal degrees of
Therefore we assume that the anisotropy is only due to thfeedom and rest mass of the emitted particle. Taking the

-1
)+<—1)ZS} , (17

scalar fluctuation. above emission rate, it has been shown tQat:0 before
The four-year results of the COBE experiment resolve thénost of the black hole evaporatg28] and that a black hole
horizon crossing amplitude at present to[B&] with mass< 10PM, discharges faster than it evaporat2g].
Hence, it is natural to regard PBHs as Schwarzschild black
8o=1.91x 10 °exd 1.04(1—n)], (13)  holes.

At high energies] x w? for massless or relativistic par-
with n=1.2+0.3. This implies a smoothed amplitude today ticles and the emission spectrum mimics the radiation from a
oo of 9.5xX10 ° with a slight dependence om [16]. We  black body of temperatur@g,= «/27. Noting that the sur-
denote the mass containedtatn the region whose comov- face gravity isk=1/4GMgy whenQ=® =0, the tempera-
ing scale corresponds to the present horizon scaléigy  ture of a black hole can be defined as

Under the power-law spectrum assumptiopg k("2 and .

S0 1 Mgy
TBH=—:1.OE< Gev. (18
M, | (1= 87GMen 10 g
THT UO( M_O) ' 39 Atlow energies[' does not simply scale as? but depends

on other quantities mentioned above. The formIgqf has
[Note that the spectral index of Ref.[26] is equivalent to  been explored both analytically and numericalge refer-
(n+3)/6 in this work] M is not the present horizon mass as ences in Ref[30]). Extensive numerical studies of the direct
it was incorrectly taken to be in Ref15]. That misidentifi-  particle emission from black holes were done by Pigfd.
cation introduced further errors when convertisig into a  Hawking emission can be thought of as a process by which a
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black hole emits particles with approximately a black bodyhole, not resulting from jet decay, appear-abTgy with
radiation spectrum once the black hole temperature exceedigixes 4 to 5 orders less than the flux at the jet-dominated
the rest mass of the particle. Thus, black holes with massgseak. The jet-produced photons were omitted in previous
larger than 18 g, corresponding tdgy=0.1 MeV, emit  estimates of they-ray emission from PBHs formed by
only massless particles. As the black hole mass decreases,1 density fluctuationg14,16. In this paper, we fit the
massive particles will be emitted. instantaneous-ray fluxes fromTgy=0.2—100 GeV black

In the conventional viewpoint, it is natural to assume thatholes which are shown in Fig. 4 of RdR25] and derived

elementary particles such as quarks and gluons, rather thafcluding quark and gluon emission. We then use these re-
composite hadrons, are directly emitted from black holessyits to calculate the-ray flux from PBHSs.

once the emission energy exceeds the QCD confinement
scaleAcp. In this picture, pions are only directly emitted
from black holes in the energy range between 100 MeV and
Aqcp and are produced by quark and gluon decay above To calculate the flux ofy rays from PBHs, it is important
Aqcp- Taking into account the number of the emitted spe-to know how many PBHs have existed in the universe. This
cies, the mass loss rate of a black hole can be writtddHs can be determined from the PBH initial mass spectrum,
which in turn depends on the fluctuation amplitude and spec-
tral index, andt;, the time when the fluctuations develop.
Previous works considered only the case in which the fluc-
tuations are described by the Harrison-Zel'dovich spectrum
where¢(Mpgy), a function of the number of directly emitted and hid the effect of fluctuation amplitude afd5,8—-10.
species, is normalized to unity favig,>10'" g. Black However, it is impossible to form a significant number of
holes with masses$10** g<Mg,<10'" g emite™, neu- PBHs with the Harrison-Zel'dovich spectrum if the fluctua-
trinos and photons and have initiallg(Mgy)=1.569. If  tion amplitude on PBH formation scales is normalized to the
black holes can emit three lepton families, six quark flavorsamplitude found by the COBE experiment on much larger
the photon and direct pions, thef(Mg,)=13.9. Including scales. With normalization to the CMBR anisotropy, sub-
the emission of weak gauge and Higgs bosopéMgy)  Stantial PBH formation is possible only if the fluctuations
<15.4 forTgy=100 GeV andVig,=10" g. At higher en- increase on small scales. This occurs if the fluctuations sat-
ergies or in nonstandard models such as supersymmetry &fy ann>1 power-law spectrum. We will assume that the
superstrings¢(Mg,) may be greater but in general remains fluctuations follow a power-law spectrum and calculate the

IV. GAMMA RAYS FROM PBHS

dMgy
dt

=—5.34X 10%¢(Mgy)Mgig sec?, (19

less than 100. v-ray flux from PBHs with the initial mass spectrum given
Integrating Eq(19), the black hole lifetimere,,is found by Eq. (16).
to be[11] Since the number density of PBHs decreaseR &% the
number density of PBHs at the timg=ty, is
G2M3
BH
Tevap:1.2>< 103W , R; =3 Mgy
BH Ngn(ty)= R fM « Ngn(Mpi)dMgyi, (21
! * 1

=6.24x10 2'M3 p(Mgy) * sec. (20)

o ) o whereM, (t;), the initial mass of a PBH whose lifetime is
The jetlike fragmentation and hadronization of the quarkstl, is given by

and gluons evaporated above,cp drastically change the

observable spectrum of emitted particles. The evaporated S[M, (t1)] / ¢ 13
quarks and gluons fragment into further quarks and gluons M, (t;)= * 1_27 ! J g. (22)
which then compose themselves into hadrons on distances 6.24x10 2"\ 1 se

greater tharv\(SéD in the jet frame. These particles further )

decay into the astrophysically stable particles-photons, nedlVe denote the instantaneoysray flux from a black hole
trinos, electrons, and protons and their antiparticlesWith massMgy as f, (Mg, @). At t;, PBHs with initial
MacGibbon and Webber have shown that this picture igNassMgy; have evaporated down to a mass

analogous to the decay of quark and gluon jetsefre” 3 5 3
accelerator events and calculate the instantaneous flux of par- M evag=[ Mgy — 1.6X 107°¢(M gyt ] (23
ticles for 0.2 Ge\sTzy<100 GeV by convolving E¢17) N )

with the HERWIG QCD jet code[25]. Their results differ ~and are emitting photons with flui, (M eyap, ). The angu-
strongly from those of previous works which omitted QCD lar freq_uency at emissio is redshifted by the expansion of
emissions and particle decays. They find that the black holthe universe to a present angular frequengyof

emission at these temperatures is dominated by the jet frag-

mentation products. In the case of photons, the primary peak 0= &w (24)
in the black hole emission is due to the decay of jet-produced R, O

7% and occurs around 67 MeV. The position of the photon

peak does not shift significantly with the black hole tempera-Thus the total flux per unit solid angle at today, of y-rays
ture. In contrast, the photons directly emitted by the blackemitted from PBHSs is
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dJ 1 (to (Rp\[Ry| 3 important data on the DGB. The DGB flux measured by the
o~ am J (R_)(E) dty COMPTEL [24] at 1-30 MeV is now compatible with
0 t 1 i .
power-law extrapolations of the measured flux at lower and

Mg higher energies. The results below about 9 MeV are pre-
f f Mevap @)Ner(Mppi)dMgyi, (25 liminary but the 29 MeV flux is far less than previously
measured and no MeV bump is seen in this region at the
levels reported previously. This weakens the need to explain
; . ; ; ; . an MeV feature.
wheret,, is the earliest time after inflation at which PBHs We parametrize the preliminary COMPTEL resuz]

form. . ) -
Photons emitted by the black holes may interact with ami" the fange 0.830 MeV by the best-fit power law function
ven in Ref.[36]:

bient matter in the universe via many processes and los®
energy or be cut off during propagation. If a photon effec-

min

M. (t1)

tively interactst times during flight, the photon flux is at- wy | 238
tenuated by a factor & ". Therefore, the actual photon flux —| =6.40X 103( )
dog| 1 MeV

reaching Earth at the present time is
X[cmPs srMeV]™! (COMPTEL). (27)

dJ 1 [t [Ry\(R;\ 73
don= ) |l ] o

dwo:E tmin R_l Ri In the range 30 MeV 100 GeV, the EGRET experiment
" finds the DGB flux to be well described by the single power-
BH1 i
X fM (t )einy(Mevapvw)nBH(MBHi)dMBHi- law function[19]
*\t1
(26) dJ wqo ¢
- — - - -1
dog), k(451 Mev) [cn? ssrMeV] ! (EGRET)
The number of interactions, known as the optical depth, (28)

depends on the energy and the time or redgtaft emission.

A detailed treatment on the optical depth is given in Sec. VI.With k=(7.32+0.34)x10~° and a=2.10*0.03. No large

scale spatial anisotropy or deviations in the energy spectrum
V. EXTRAGALACTIC DIFFUSE GAMMA-RAY is discernible in the extragalactic component above
BACKGROUND 30 MeV. The observed flux above 10 MeV, and possibly

Since its first discovery in the 012 MeV range by de- UP t0 100 GeV, may be explained by unresolved blazers
tectors on the lunar probd82], the homogeneous and iso- [19]. Below 10 MeV, the measurements still have large un-
tropic diffuse y-ray flux, whose origin is extragalactic, has certainties and the exact nature of the emission is not well

been observed in numerous satellite and balloon-borne einderstood.
periments. The SAS-2 satellite provided the first clear evi-
dence for the existence of an extragalagticay background VI. CONSTRAINTS ON THE SPECTRAL INDEX

between 36150 MeV [18]. Several Apollo and balloon- We now derive the constraints on the spectral index from

borne experiments also saw evidence of a bump in the fey,o congition that the PBH-ray flux should not be larger
MeV range in excess of the extrapolated x-ray continUumy., the observed DGB flux. With the normalization of the

[33]. fluctuation amplitude to the CMBR anisotropy, PBH forma-

A number of models were proposed to explain the early,n is |imited to the epoch when the fluctuation arises. This
measurements of the extragalactic spectrum. Active gaIaX|e§me is related to the reheating temperature in inflationary
which can be observable sources of discrete extragalacti,,qels by[37]

y-ray emission when they are located close to our Galaxy,
are believed to contribute at least in p@4]. Another model

which has been considered is matter-antimatter annihilation M Tou | 2
at the boundaries of superclustdBs]. In this model, the tire= 0.30]g;1’27P'~ MR:'/) sec. (29)
MeV bump is attributed to the redshifted peaks# decays TrH e

at 67 MeV. PBHvy-ray emission has also been proposed as
a contributor to the DGB flux. In some exotic models, PBH )
emission may additionally explain the MeV burf@. How-  Hereg, ~100 counts the degrees of freedom of the constitu-

themselves, is sufficient to explain the measured flux angorresponding tdgy is

spectrum. 1 T -2
With higher sensitivity and wide-field of view, the detec- M = = 13'2M PI( ﬂ) ' (30)
tors on the CGRO enlarge the detection range and gather 8 Tpi
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PBHs created before the onset of reheating will be diluted tc 0 : . .
an insignificant density during inflation. Since we are con-
sidering the case> 1, the resulting PBH initial mass spec- n=1.250
trum has a very narrow mass range. Thus we will make thi
approximation that the photons are solely emitted by PBH: ~ s}
whose initial mass iMgy. 3

The photon interactions in the matter-dominated era, rel g
evant to the DGB observations, are Compton scattering, paZ
production, photoionization, and photon-photon interactions &
Via these processes and cosmological redshift, the energy ' —
the emitted photons is degraded. Zdziarski and Svenssc
have studied the attenuation gfray flux at cosmological (@)
distance[38]. They found that the maximum redshift from s . . ,
which photons can be detected today peaks,gt=700 and -3 2 A 0
for present energies 1 MeVwy=<1 GeV. All photons
emitted at higher redshifts are cut off by interactidns, log (0)0/ GeV)
7(wp,2)>1] and do not reach Earth. This means that PBHs
which completely evaporated beforg,,,=700 cannot con-
tribute to the present DGB. From E@O0), this corresponds
to a minimum detectable initial PBH mass of about 2
x10"% g and a reheating temperature ofgy=4
x10® GeV. Noting thatM, (t;)=5X 10" g, the range of
PBHs which can contribute to the observed DGB is then 2
X 10" g—5x 10" g and the corresponding reheating tem-
perature range is X10’ GeV—4x10° GeV. Outside the
range 1 MeEwy=<1 GeV, the maximum redshift for a
given energyzmad{ wo) is less than 700 and depends on the
details of the interactions. We takg,,{ wo) from Ref.[38].
Only photons for whichr<<1 are here included and we re-
gard these photons as being free from attenuation. The int: 20 R s . .
gratedy-ray flux from PBHs does not depend significantly, 3 2 - 0
though, on the details of the optical depth.

We now proceed to calculate the integrated PBHay log (@o/GeV)
flux, Eq. (26), using the instantaneous emission from indi- FIG. 1. The integrated-ray flux from PBHs,dJ/dw, in units
vidual black holesf,, obtained by fitting the simulations of of (cn? s srMeV) 2, for (8) Try=7x10" GeV corresponding to
Ref.[25]. Our results are shown in Fig. 1. It can readily be Mg,=5x10" g, and(b) Try=10° GeV corresponding t gy
seen that they-ray flux from PBHs cannot fully explain the =2x10" g. The bold lines are the observed fldd/dwg) 4ps from
observed DGB flux although the PBH emission may contribthe COMPTEL (1 MeWwy<30 MeV) and the EGRET
ute significantly to the observed DGB flux around 10 (30 MeV<w,<100 GeV).

—100 MeV. In then>1 case, the PBH flux arises from the

lifetime emission of PBHs with initial maskl gy, whereas

the Harrison-Zel'dovich spectrum produces a broad range of

initial PBH masses. In both cases, the PBH flux falls off as n<1.23-1.25. (31
roughly o, above 100 Me\[5,8,9]. This high-energy tail

mainly comes from the lifetime direct photon emission in theEven though photons emitted in models with highgyy,
most recent evaporation epofhl]. At low energies, where suffer more interactions and larger redshifts, the exponential
the flux is strongly determined by QCD jet fragmentation,dependence of the PBH mass spectrum, @), implies

the flux spectrum fon>1 does not scale as,*, as forn  that the number density of PBHSs strongly increases With

=1, but instead flattens out due to the narrow PBH initialfor a given spectral index. Thus, the upper limit orde-
mass range. In addition, the turnover in the spectrum occursreases as the reheating temperature grows. That is, the con-
at lower energies as the reheating temperature increases astthint onn becomes stronger as the reheating temperature
MRy decreases. This is because the turnover corresponds ittcreases. These values are similar to the upper limits ob-
the redshifted peak emission of &hg, black hole emitting tained from the deuterium destruction constraint in the lower
at its initial temperature. mass range f0g<Mpg,<10" g[16].

From the constraint that the PBH-ray flux cannot be Also shown in Fig. 2 are the weaker limits onderived
larger than the observed DGB flux, we derive the upper limfrom the maximum allowable energy density in PBHs. We
its of the spectral index in the rangex10’ GeV=Tgy<4 plot the upper limits found from the requirement that the
x 10 GeV (Fig. 2). The upper limit om is PBH energy density does not overclose the universe at any

-10 +

0 T T

-10
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amplitude on the scales of PBH formation is normalized to
that on large scales deduced from the COBE observations of
the CMBR anisotropy, PBHs cannot form in cosmologically
significant humbers from a Harrison-Zel'dovich spectrum.
Thus, we describe the fluctuations by a1 power-law
spectrum and find the upper limit amfrom the condition
that they-ray flux from PBHs should not be larger than the
DGB flux. The smallness of the fluctuation amplitude from
the CMBR anisotropy limits PBH formation to the time

>~ when the fluctuations develop. In inflationary models, this
122 1 Sl ] time is related to the reheating time. To model theay
emission, we fit previous simulations of the emission from
individual black holes which included QCD fragmentation
and decays. Due to the interactionsyafays with the back-
ground matter in the universe, only PBHs surviving later
thanz,,=700 can contribute to the DGB flux observed to-
FIG. 2. The upper limits on the spectral index. The solid line day. The initial mass range of PBHs relevant to the observed
between K 10' GeV—4x10® GeV is obtained from the condi- DGB is then 2X 10" g=<Mpg,=5X 10" with a correspond-
tion that the PBHy-ray flux should not exceed the observed DGB ing cosmic reheating temperature betweew 10’ GeV
flux. The dashed line is obtained from the condition tha,<1 =Try=4X%X10° GeV. We find the resulting upper limit am
throughout the history of the univer¢ease ). The dotted line is  in this range to ben<1.23—1.25. Our constraint om is
obtained from the condition th& ;<1 (case I). stronger than those obtained by requiring that the energy
density in PBHs does not overclose the universe at any ep-
och (Qgy<<1) and that found by requiring that any present
PBH relic density similarly does not overclose the universe
epochQgy<1 (case |, the dashed lineand the similar re-  (Q,.;.<1). The upper limit onQgy, implied by the PBH
striction on any present relic density in PBHs which did not-y-ray flux is far less than 1. If the fluctuation amplitude is
evaporate completely but left residual masses of about thgonstrained by the CMBR anisotropy and PBH emission, the
Planck masd) ;<1 (case Il, the dotted line The latter  upper limit onn is fine-tuned and highly insensitive to the
constraint strengthens somewhat if the relic mass is greatgfrecise upper limit o)z or the precision in the CMBR
than Mp [14,15. Constraint case | applies regardless ofmeasurement.
whether PBHs evolve into massive relics. The new upper Recently, Niemeyer and JedamB9] have argued, sup-
limits on n from the energy densities are much tighter thanported by preliminary numerical simulations, that subhorizon
those of Refs[14,15 and decrease abgy grows. In Ref.  mass PBHs may form in considerable numbers at any forma-
[16], upper limits onn were found from the condition that tion epoch. For Gaussian fluctuations, they deduce that the
the present PBH density and any relic density sati3fy,,  PBH initial mass distribution at a given formation time peaks
<1 and{) .. <1, respectively. There it was shown that the at about 0.6 times the horizon mass and extends from much
constraintQgp<1 is weaker than the relic constraint case smaller masses up to the horizon mass. Such a distribution
Il. However, when we now extend that condition to requirewould have an effect on our limits similar to raisifg,,.
that the PBH density fraction at any epoch does not over- We also note that it has been proposed that the emitted
close the universe, we find that case | is stronger than case djuarks and gluons from a black hole may interact and form a
if Try=10" GeV. The energy density in PBHs or PBH photosphere around the black hole above black hole tem-
relics give weaker constraints than the DGB because the uperatures of a few GeV40]. This scenario, however, re-
per limit on Q gy from the PBHy-ray flux is far less than 1. mains controversial. In the photosphere model, the flux
Because of the vast difference between the scales on whigkhould be more concentrated around 100 MeV than if the
the CMBR anisotropy occurs and the scales on which PBHguarks and gluons directly fragment into hadrgas]. The
form, the limit on the spectral index obtained from PBH high-energy tail from the PBH distribution would also scale
emission is highly insensitive to the true value of the CMBRgs wg“', not w53, Photosphere formation may somewhat
anisotropy of)gy. weaken the constraint ambut such changes would be small
due to the fine-tuned nature of the constraint.

log (Tgy/GeV)

VII. CONCLUSIONS

In this paper, we calculate the-ray flux from PBHs
formed by density fluctuations in the early universe and com-
pare it with the observed extragalactic DGB flux. Previous This work was supported in part by the Basic Science
works considered the case in which the density fluctuationtnstitute Program, Korea Ministry of Educati¢Rroject No.
have amn=1 Harrison-Zel'dovich spectrum and did not ex- BSRI-97-2441], and in part by the Korea Science and Engi-
plicitly normalize the fluctuation amplitude. If the fluctuation neering Foundation through the SRC program of SNU-CTP.
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