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Abstract

The search for high energy gamma-ray bursts from primordial black
holes has continued for the past 20 years. No positive evidence for the
existence of evaporating black holes has been reported. We discuss a
very interesting group of gamma-ray bursts of very short time duration

and an increasing hard spectrum from the published BATSE catalog.

We point out that the trend, i.e., anti-correlation of hardness ratio
vs. gamma-ray burst duration, would be expected if some of the short
gamma-ray bursts came from black holes evaporation. We also study

the spatial distribution of these event and a possible fireball model of

the PBH evaporation.
suggested.
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1 Introduction

Eversince the theoretical discovery of the quantum-gravitational particle emis-
sions from black holes by Hawking (Hawking 1974), there have been many
experimental searches (see Halzen et al. 1991 for details) for high energy ~-
ray radiations from primordial black holes (PBHs), which would be formed
i the early universe (Carr et al. 1994; Carr & Lidsey 1993), entering their
final stages of extinction. 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, i.e., Tpgy ~ 100MeV(10'°g/mph), since the
black hole becomes hotter as it radiates more particles and can eventually
attain extremely high temperatures.

Previous theoretical efforts (MacGibbon & Carr 1991; Page & Hawking
1976) have been focused on the estimation of the PBHs number density at
the present universe by requiring the calculated diffuse photon spectrum from
evaporated PBHs at energies around 100 MeV to be smaller than the ob-
served diffuse extragalactic background data (Trombka et al. 1977; Fichtel
et al. 1978; Gibbs 1988). According to their estimates in the context of the
standard particle physics model, the PBH explosion density of events would
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be allowed as high as 10 pc ™ yr~' if holes are clustered in the galactic halo
(MacGibbon & Carr 1991; Page & Hawking 1976). Howevef, the past 20 years
of direct searches for high energy radiations from the PBHs at the final stage
of evaporation have lead to various upper limits on the density of events, which

range from 7 x 107!'° pcyr~! to 8 x 10° pc3yr~!(see Halzen et al. 1991

for a review). 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
Toen ~ 140—160 MeV for the Hagedorn model (Hagedorn 1965), the PBH mass
would rapidly convert to hadronic matters (mostly pions) within an extremely
short time and, at T},,, ~ 100 — 300 MeV for the quark-gluon deconfinement
phase transition, the emitted free quarks and gluons would hadronize after
some distance from the PBH horizon. As a result these uncertainties in the
PBH evaporation mechanism are amplified due to the present lack of under-
standing in the particle physics around these critical temperatures (see Fig.
1). Thus, the fact that model dependent observational upper limits from high
energy v-rays on the explosion density of events vary almost 10 orders is not
t0O surprising.

Based on previous calculations and numerous direct observational searches
for high energy radiation from an evaporating PBH, we might conclude that it
is not likely to single out such a monumental event. However, we pointed out
in a previous work (Cline & Hong 1992) a possible connection between very
short gamma-ray bursts (GRBs) observed by the BATSE team (Fishman et.
al. 1994) and a PBH evaporation by emitting very short energy v-rays. If we
want to accept this possibility, we may have to modify a way of calculating the
particle emission spectra from an evaporating PBH, in particular, at near the
quark-hadron plasma (QGP) (see Rafelski 1982 for a review) phase transition
temperature at which the 7pgy arrives eventually. We briefly discussed in the
previous work that inclusion of the QGP effect around the evaporating PBH

at the critical temperature may drastically change the resulting ~v-ray spec-



trum. The QGP interactions around the evaporating PBH form an expanding
hadronic (mostly pions) matter fireball. Shortly after the decays of pions the
initial hadronic fireball converts to a fireball with mixtures of photons, lep-
tons, and baryons. 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 y-ray burst (an orders of milliseconds duration). As a result the
average v-ray energy emerging from such a fireball could be lower than the
previous estimates (MacGibbon & Carr 1991; Page & Hawking 1976). Thus
it might be more likely to be detected as very short GRBs rather than as high
energy vy-rav radiation. This scenario should be consistent with the modern
pair-fireball models characteristics developed by several authors (Goodman
1986; Paczynski 1986; Shemi & Piran 1991; Meszaros & Rees 1992; Piran &
Shemi 1993; Piran, Shemi, & Narayan 1993).

In this Letter, in section 2 we suggest a qualitative model for the PBH
evaporation as a fireball which is consistent with a galactic distribution. In
section 3 we present evidences for the PBH evaporation as a fireball based on
the published BATSE catalog, i.e, tests for hardness ratio vs. PBH burst du-
ration and a homogeneous spatial distribution in our galaxy. Our conclusions

are followed in section 4.

2 Concepts of Primordial Black Hole Fireball

While quantitative calculations should be dependent on a particle physics
model, or energy injection mechanism to the fireball, we may set up gen-

eral criteria for the PBH evaporation as a fireball to be seen at an order



of parsecs from the earth. Since the BATSE detector’s observed fluencies
of &~ 10~ "ergs/cm”, we require the distance to the PBH fireball (R,p;,) and
the release of total y-ray energy (L) sy ) during a short period of time to be
I'JIN‘)BH/LIWRIZ)bh > 10~ "ergs/cm?. In fact, the total ¥-ray energy from a PBH
evaporation is closely related to the PBH mass at a QGP phase transition
temperature (roughly Togp > 160 MeV) as L;bh = Kmppy, Where £ is a QGP
model dependent constant and calculable given a detailed parameter of a par-
ticle physics model. When the PBH surface temperature approaches to Tqgp,
rapid interactions between the emitted quarks and gluons by the Hawking pro-
cess at the PBH horizon (~ 2m_y,) may result in a local thermal equilibrium
and thereafter form an expanding ultra-relativistic QGP fireball. Subsequently
the QGP fireball converts to a dense matter fireball with the mixtures of pi-
ons, baryons, leptons, and radiation at a distance above the PBH horizon. It
is expected that due to a high degree of interaction between particles in the
high temperature matter fireball (mostly pions) a local thermal equilibrium is
obtained at a temperature 7.

The thermodynamical parameters, 1.e, p density, P pressure, for the high
temperature matter fireball evolution at an adiabatic perfect fluid limit are a
function of one-parameter, i.e., the entropy density s;p ~ s' where I' is an
adiabatic index. T is a particle model dependent constant, i.e., I' = 4/3 (hard)
for the standard model, or I' = 1 (ultra soft) for the Hagedorn type models
(Hagedorn 1965; Frautschi 1971). If 1 < I' < 6/5, the matter fireball can
be treated as a perfect fluid (Carter et al. 1976). An evolution of the high

temperature matter emitted from the PBH as an adiabatic perfect fluid has



been extensively discussed by Carter et al. (1976). Their analysis shows that
the matter fireball, conserving the total entropy S, expands to a certain radius

above the PBH event horizon:
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where Lpgy is the total energy emitted from PBH. This calculation is based

on the assumption that the proper time 7 taken for the matter fireball to
reach the distance r, must be longer than the characteristic interaction time

7, required for achieving a local thermal equilibrium:

o s \1/2 1 /T 5
o on: PBH N ( PBH> > (2.2)
4TI'T{)IBH S(T) TPBH T

where 7' is determined from the equation of state by T = dp/ds and a =

1/(I' = 1). The interaction time 7, is a parameter hard to calculate without
a definitive particle physics model of the matter fireball. Thus, we assume
that 7, lies between larger than the basic thermal time scale (1/7") and the
interaction timescale in the matter fireball (1/A;n.), le., 1/T < 7 < 1/Ajn.
Depending on the equation of state (hard or ultra soft, i.e., 3 < a < o0) and
the temperature of the matter fireball, 7/7, ratio shows whether a perfect fluid

treatment of the matter fireball is acceptable:
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(2.3)



where e is the electronic charge e* = 1/137. From the last condition in
eqn.(2.3), we find that the matter fireball maintains its fluid validity so long
as ' <6/5 (a > 5) and Tppy is larger than the matter fireball temperature.
The question whether initial QGP interactions around PBH horizon create the
matter fireball with the adiabatic index (1 < I' < 6/5) should be investigated

in great details in the future.

3 Characteristics of PBH GRBs
3.1 Hardness Ratio vs. Burst Duration

Having studied the available GRB data (see Table 1) we noticed that thereis a
class of very short GRBs (< 200 msec) that in many cases seem to have a fairly
hard v-ray spectrum. Fig. 2 shows the tendency for an increasing hardness
ratio with the shorter GRBs burst durations. This hardness ratio is defined
as the fluence (erg/cm?) 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

~-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(Halzen et al. 1991). In models for rapid evapora-
tion near the critical quark-gluon phase transition temperature we may

expect similar effects(Cline & Hong 1992)



2. The PBH explosion time scales as T.yap ~ mgbh ~ Tp_bi, thus a very short
burst will produce a very high temperature, i.e. the energy spectrum av-
erage hardness should increase with short time bursts. (However detailed

predictions 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 du-

ration.

These characteristics are generic to PBH «-ray bursts. In addition we might
expect that very short bursts would have time frequency components indicative
of the source size, i.e., 6t ~ [/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.

As an illustration purpose, we calculate the hardness ratio based on the
pure Hawking process, 1.e., only the thermal emission, when the PBH evap-
orate very rapidly by emitting all the allowed particle states in the standard
model. The life time of the PBH, Tevap, over which it completely evaporates,

can be approximated as (MacGibbon & Carr 1991)

3
) Mybh
Tevap = 4.89 x 10? (—1-6"%) msec (3.1)

In fact there are some interesting theoretical debates at present as to whether
the PBH evaporation would continue until it has completely evaporated away

(Hawking 1992) or if the evaporation would stop when it shrinks down to an

stable Plank-mass object (Barrow, Copeland & Liddle 1991), in which case



1t 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 v-rays from the PBH, which has mass m,,, < 10°g, between w;, < w., < w,

and 0 < 8t < Tiyap, Is given as

Pw <w, <w2,5t):/

0]

ot w2
dt/ P L ) (3.2)

"exp(8Twymypn) — 1
The dimensionless absorption probability for the photon in the limit of low

energy (Page 1976), for our case 0.05 < w, < 0.3 MeV, can be given as

m w
D(w,, mppn) = 4.26 x 1079 10"9";‘)‘*(M;’V)* (3.3)

Thus the hardness ratio of the PBH «-ray burst in the limit of pure Hawking

process 1s

P(0.1 < wy < 0.3 MeV, 6t)

~ 250 3.4
P(0.05 < w, < 0.1 MeV, ét) )

Hardness (ét) =

The hardness ratio is constant for 0 < 6t < 200 msec since the exponential term
is very small, i.e., 8rw,mypn = 9.4 x 107%(mupn/10%g)(w,/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 vy-ray spectrum will be very hard. Thus a hard ~-
ray spectrum is a natural consequence of a PBH origin! Ultimately, a particle
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 + a; x 6t + ay x 6t°) (3.5)

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



(Kouveliotou et al. 1993). The separation between classes was taken at the
two second bursts time. Thus it is not directly related to the analysis in the
present paper. However we have inspected the time histories of the hard and
short duration bursts and found a large number that have a very simple single
spike distribution. This characteristic would also be expected for primordial

black hole evaporation.

3.2 Spatial Distribution

Since very short v-rays from the PBH fireball are expected to be seen at
the distance at most parsecs around the earth, we expect the short bursts
selected among the BATSE data (Fishman et al. 1994) to be a homogeneous
and isotropic distribution of sources in a static, Euclidean space (HISE). The
unusual testing for homogeneous source distribution is V/Viayx = (Cum/Cp)3/2,
where C}, 1s the peak photon count rate and ), is the minimum detectable
photon count rate just prior to the burst. The average value of the V/V .«
from Table 1 is < V/V, .. >= 0.24. This number seems to deviate from the
HISE , i.e., 0.5 however this test should not be taken the face value since there
may be a bias due to varying thresholds for the detection of burst.

To make any reasonable assessment about the spatial distribution of the
short GRBs, we need to study the logN(C),) vs. log(C,/Ciim) or log(Cp). This
distribution may contain a bias due to the variable threshold, burst durations
as suggested by Petrosian (Petrosian 1994; Petrosian et al. 1992). By follow-
ing their suggestions, we corrected for the bias due to the variability of Clin

obtaining the distribution shown in Figure 3. Within the statistical limita-
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tions the corrected distribution is consistent with a slope of —3/2 as expected
for HISE. The other parameters of these events are also, within error, consis-
tent with this assumption. However the low statistics and uncertainty in the
correction this provides only a consistency check for the possibility that these

events could be the result of the PBH GRBs.

4 Conclusion

To summarize, we have pointed out that there is a distinct class of very short
time GRBs that have an increasing hardness with decreasing time 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 within a fireball model. The rate of short GRBs is fully consistent with
current limits on the PBH density in the galaxy(Halzen et al. 1991; Cline
& Hong 1992). We also studied the spatial distribution of the events that is
not inconsistent with a PBH origin. 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 sub-
microsecond time structure in this class of GRBs. There are no current vy-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

(Hawking 1974).
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Tables

Table 1: GRB events seleczed from the published 1B BATSE catalog *.

Rank Trigger # 7o, (msec) Hardness Ratio

1 432 34.0 7.46+1.17
2 677 55.0 8.63+1.11
3 289 67.0 8.224+3.35
4 207 85.0 6.884+1.93
5 480 128.0 4.45=1.45
6 1088 128.0 7.2441.46
7 830 131.0 7.94+3.22
8 1076 161.0 5.34x1.71
g 1102 192.0 2.88+0.72
10 1463 192.0 1.4840.25
11 1154 193 4.57+1.26

!(Fishman et al. 1994)
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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 elementary particles (II). It is possible that intense short
7 bursts could occur at either of these temperature (the decrease of mass of
the black hole is given by dmpn/dt = —a/mibh). A rapid mass decrease or
burst can occur when mg,, < 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.

Figure 3. Plot shows the log(N) vs. log(C,) distribution for the events in Fig. 2
with the correction suggested by Petrosian et al. (1992,1993) applied. Within
the statistical determination the corrected distribution is consistent with a
slope of -3/2 as expected for a Euclidean and homogeneous distribution of

sources.
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