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The search for gamma-ray bursts from pri{nordial black holes has continued
for the past 20 years. We discuss a very interesting group of gamma-ray bursts
of very short time duration and an increasing hard spectrum from the BATSE
catalog and other observations. These events could be due to primordial black
hole evaporation. ‘We also indicate how a unique observation might be carried
out in future.

Ever since the theoretical discovery of the quantum-gravitational particle emissions from
black holes by Hawking [1], there have been many experimental searches [2] for high energy
v-ray radiations from primordial black holes (PBHs) entering their final stages of extinc-
tion. The violent final stage evaporation or explosion is the striking result of the expectation

that the PBH temperature is inversely proportional to the PBH mass, since the black hole
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becomes hotter as it radiates more particles and can eventually attain extremely high tem-
peratures. PBHs would be formed in the early universe with arbitrarily small masses and
number density, depending on the possible formation mechanisms [4]. A positive or even a
negative result for the existence of PBH evaporation would be very crucial for testing many
fundamental assumptions in the early universe, for example, the nature of inflation [4]. Pre-
vious efforts [3, 5] have been focused on the calculations of the PBHs number density bounds
at the present epoch under the cosmological constraints such as the diffuse mega-electronvolt
extragalactic y-ray background data [6], the standard nucleosynthwls the microwave back-
ground, and the galaxy formation condltlons (see for a review ref. [3]). In particular, the
PBH explosion density of events would be allowed as high as 10 pc~3yr~! if holes are clus-
tered in the galactic halo [3, 5, 8] , under the assumption that the diffuse photon spectrum
from evaporated PBHs at energies around 100 MeV is smaller than the observed background
data [6]. On the other hand, the past 20 years of direct searches for high energy radiations
from the PBHs at the final stage of evaporation have lead to upper limits in the literature
on the density of events, which range from 7 x 1071 pc~3yr~! to 8 x 10° pc~3yr~! [2].

In fact, these observational upper limits depend very strongly on the particle physics
models for the PBH final stage evaporation. According to the standard model of three
quarks-leptons families the PBH evaporates its mass (~ 10%) in an explosion by converting
to very high energy quarks and leptons (average energy ~ 5 TeV) and luminosity of ~ 103°
erg, lasting 0.1 sec. The quark-gluon fragmentation then yield a very intense bursts of low
energy particles [2]. On the other hand, one extreme particle model invoked by Hagedorn [7]
would predict an outburst of relatively lower particle energy (average energy ~ 0.25 GeV) and
higher luminosity (~ 10%* erg from ~ 10'*g PBH), lasting about 0.1 microsecond [5]. These

final stage evaporation pictures are closely related to how the emitted particle spectrum from



the PBH evaporation changes as the black hole surface temperature approaches a critical
point. To be more precise, at Ty, ~ 140 — 160 MeV for the Hagedorn model, the PBH
mass will rapidly convert to hadronic matters (mostly pions) within an extremely short time
and, at Tpun ~ 100 — 300 MeV for the quark-gluon deconfinement phase transition [8], the
emitted free quarks and gluons will hadronize after some distance from the PBH horizon.
As a result these uncertainties in the PBH evaporation mechanism a.ré amplified due to the
present lack of understanding in the particle physics around these critical temperatures (see
Fig. 1). Thus, the fact that model dependent observational upper limits from high energy
~-ray on the explosion density of events v&ry almost 10 ofders is not too surprising. We
pointed out in a previous work [8] that there is a lack of consideration of the quark-gluon
plasma effect around the critical temperature and there could be particle interactions around
the evaporating PBH that form an expanding fireball. The photons could be captured inside
this fireball until the photon optical depth becomes thin enough for the photons to escape as
a very short 4-ray burst (an order of milliseconds duration). As a result the average photon
energy emerging from such a fireball could be much lower than the previous estimates [2, 8].
It is quite intriguing that in this context some of the short 4-ray bursts observed by the
BATSE detector on the Compton Gamma Ray Observatory (CGRO) [9] could originate
from exploding PBHs. Having studied the available GRB data we néticed that there is a
class of very short GRBs (< 200 mse) that in many cases seem to have a fairly hard +-ray
spectrum. Fig. 2 shows the profile of some of these events and the tendency for an increasing
hardness ratio with the shorter GRBs burst durations. This hardness ratio is defined as the -
fluence (ergcm™2) in the ~ 100 to ~ 300 KeV energy range divided by the fluence in the
~ 50 to ~ 100 KeV range. We can find no prediction in the literature for conventional GRB

models that give this dramatic behavior. Based on this observation, we may classify some



expected characteristics for y-ray burst from the low energy spectra of the evaporating PBHs

as:

1. There should be a short time burst of §t <1 sec even in the standard particle physics
model [2]. In models for rapid evaporation near the critical quark-gluon phase transi-

tion temperature we may expect similar effects [8]

2. The PBH explosion time scales as Tevap ~ My, ~ p'bi, thus a very short burst will
produce a very high temperature, i.e. the energy spectrum average hardness should
increase with short time bursts. (However detailed pfedictions in the 0.05 - 0.3 MeV

range are not possible at present).
3. The highest energy particles should be emitted in the shortest time duration.

These characteristics are generic to P‘ﬁH ~-ray bursts. In addition we might expect that
very short bursts would have time frequency components indicative of the source size, i.e.,
8t ~ 1/c < 107%sec. This could lead to a definite proof for the existence of a very compact
object as the source of GRB. Conditions 1,2,3 can be tested with experiments on the CGRO
whereas the testing of the theory that very short time structure indicates a very compact
source must wait for future v-ray telescopes in space.

Unfortunately, the exact hardness spectrum of the GRB from a PBH is impossible to
calculate in any existing model due to uncertainties of the hadronic interaction. As an
approximation, we have calculated the hardness ratio based on the‘ pure Hawking process,
i.e., only the thermal emission, when the PBH evaporate very rapidly by emitting all the

allowed particle states in the standard model. The life time of the PBH, 7evap, over which it



completely evaporates, can be approximated as [3]

3
~ 2 [ Mpbh
Tevap =~ 4.89 x 10 (————1099) msec (1)

In fact there are some interesting theoretical debates at present as to whether the PBH
evaporation would continue until it has completely evaporated away [10] or if the evaporation
would stop when it shrinks down to an stable Planck-mass object [11], in which case it might
serve as a component of the dark matter in the universe. In the following we will not consider
the latter case. The total power (ergs) emitted as 7y-rays from the PBH, which has mass

mpph < 10°g, between w; < wy < wp and 0 < 6t < Teyap, is given as

s e T'(wympbh)wy
P (w1 < wy < wy,61) _/o dt wn dw’exp(Swvmpbh) -1 *

The dimensionless absorption probability for the photon in the limit of low energy [12], for

our case 0.05 < wy, < 0.3 MeV, can be given as

—q,M w.
P(wv,mpbh) ~ 426 x 10 9(#:;)4(_1\4;\/)4 (3)

Thus the hardness ratio of the PBH <-ray burst in the limit of pure Hawking process is

P(0.1 < w, < 0.3 MeV,ét)
P(0.05 < wy < 0.1 MeV, 6t)

Hardness (6t) = o~ 250 (4)

The hardness ratio is constant for 0 < 6t < 200 msec since the exponential term is very small,
i.e., 8rwymppy = 9.4 X 1073 (mppn/10%g)(wy/MeV). Of course, this is a crude approximation
for the real process around the exploding PBH, which does not include any of the hadronic
interactions, yet still might indicate that the final low energy 7-ray spectrum will be very
hard. Thus a hard v-ray spectrum is a natural consequence of a PBH origin! Ultimately,

a pa,rticl_e physics model which includes the hadronic interaction for the evaporating PBH



could fit the hardness ratio as a function of the burst duration, i.e.,
Hardness (6t) = exp(ao + a1 x 6t + a; x 6t°) (5)

as indicated by the apparent increase among the observed short GRBs in Fig. 2. A general
classification of GRB into two classes has been recently presented [13]. The separation
between classes was taken at the two second bursts time and is not directly related to the
analysis in the present paper.

To summarize, we have pointed out that there is a fiistinct class of very short time
GRBs that have an increasing hardness wiﬂi decreasing tirﬁe duration below a few hundred
milliseconds. We also pointed out that this is the generic behavior that would be expected
from the evaporation of PBH in the final stages. The rate of short GRBs is fully consistent
with current limits %o’n the PBH density in the galaxy [2, 8]. Finally, we described some
future tests of the PBH origin of such events that would provide definite evidence for this
hypothesis. The most important test would be to discover very short submicrosecond time
structure in this class of GRBs. There are no current y-ray telescopes in space that have
this ability. We can think of few observations in Nature that would be as significant as the
discovery of Primordial Black Holes [1].

Acknowledgement: We wish to thank members of the BATSE team for sending us
recent information on the short GRB events and in particular to G. Fishman for helpful

discussion.
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Figure Captions

Figure 1. The running coupling or density of states factor a showing regions of uncertainty
due to the quark-gluon phase transitions (I) or the increase in the number of new elemen-
tary particles (II). It is possible that intense short 4 bursts could occur at either of these
temperature (the decrease of mass of the black hole is given by dmypn/dt = —a/m2,). A
rapid mass decrease or burst can occur when mpp, < 10° grams or if a changes rapidly near

the quark-gluon phase transition.

Figure 2. Hardness ratio for some of the v bursts reported in the literature. Note that the
short time bursts have a much harder spectrum, a trend that would be expected if some of
the short bursts came from PBH evaporation. A simple fitting of these data indicates an
anti-correlation of hardness vs. burst duration. The dash-dot curve represents the average

hardness for the bursts of time duration from 1 second to 2 seconds.



PRIMORDIAL BLACK HOLE EVAPORATION
AND ,
UNCERTAINTY IN THE DENSITY OF STATES

MPBH"'!Osgm MPBH""O gm
% ~
“ 71~ ). I l I l
(In) V /7/ 7 T~ -
/é I .,fNew ) / \\ Quark
100 ) 3};9195 ? & 7 ] Gluon —
- 1995 ' . Phase 3
- SUSY (I;\/I\ Transition ]
:  efc. //- i
al(s) | _
10g~ E
i I I I | ] l |
seé«zfﬁs 102 | ms—sec 1072 107
Explosi
zpiosion/ T pgn(GeV)

Time



(o9sw) uorjean( Isang

0002 0001 009 002 001 0S

_ LR ¥ [ | _ _ _ LI i I _
- ]
Wl T -
| T —
[ nu -
= J . — J
i & -
} | i
- /.1 —
i LN 8 ]
i 7/ - 0
— 11 ley]frf}lll
i L 1 I +
[ _ (M 001-09)d _ + _
8 (A9 00T <)d .
i — 1 1 1 _ L br... L |

-

o1

al

O118Y SSaUpJRYH



