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It is possible that black holes hide a core of Planckian density, sustained by quantum-gravitational 
pressure. As a black hole evaporates, the core remembers the initial mass and the final explosion occurs 
at macroscopic scale. We investigate possible phenomenological consequences of this idea. Under several 
rough assumptions, we estimate that up to several short gamma-ray bursts per day, around 10 MeV, with 
isotropic distribution, can be expected coming from a region of a few hundred light years around us.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. The model

Recently, a new possible consequence of quantum gravity has 
been suggested [1]. The idea is grounded in a robust result of loop 
cosmology [2]: when matter reaches Planck density, quantum grav-
ity generates pressure sufficient to counterbalance weight. For a 
black hole, this implies that matter’s collapse can be stopped be-
fore the central singularity is formed: the event horizon is replaced 
by a “trapping” horizon [3] which resembles the standard horizon 
locally, but from which matter can eventually bounce out. Because 
of the huge time dilation inside the gravitational potential well of 
the star, the bounce is seen in extreme slow motion from the out-
side, appearing as a nearly stationary black hole. The core, called 
“Planck star”, retains memory of the initial collapsed mass mi (be-
cause there is no reason for the metric of the core to be fully 
determined by the area of the external evaporating horizon) and 
the final exploding object depends on mi and is much larger than 
Planckian [1]. The process is illustrated by the conformal diagram 
in Fig. 1.

In particular, primordial black holes exploding today may pro-
duce a distinctive signal. The observability of a quantum gravita-
tional phenomenon is made possible by the amplification due to 
the large ratio of the black hole lifetime (Hubble time tH ) over the 
Planck time [4].

If this scenario is realized in nature, can the final explosion of 
a primordial Planck star be observed? This is the question we in-
vestigate here.
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Fig. 1. Penrose diagram of a collapsing star. The dotted line is the external boundary 
of the star. The shaded area is the region where quantum gravity plays an important 
role. The dark line represents the two trapping horizons: the external evaporating 
one, and the internal expanding one. The lowest light-line is where the horizon of 
the black hole would be without evaporation. P is where the explosion happens. 
The thin arrows indicate the Hawking radiation. The thick arrow is the signal stud-
ied in this paper.

2. Dynamics

As a first step, we evaluate the energy of the particles emit-
ted by the explosion of a primordial Planck star. Let m f = ami be 
the final mass reached by the black hole before the dissipation of 
the horizon (at the point P in Fig. 1). In [1], an argument based 
on information conservation was given, pointing to the preferred 
value

http://dx.doi.org/10.1016/j.physletb.2014.11.020
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
SCOAP3.

http://dx.doi.org/10.1016/j.physletb.2014.11.020
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/3.0/
mailto:Aurelien.Barrau@cern.ch
mailto:rovelli@cpt.univ-mrs.fr
http://dx.doi.org/10.1016/j.physletb.2014.11.020
http://creativecommons.org/licenses/by/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2014.11.020&domain=pdf


406 A. Barrau, C. Rovelli / Physics Letters B 739 (2014) 405–409

a ∼ 1√
2
, (2.1)

where mi is the initial mass. This value contradicts the expec-
tation from the semiclassical approximation; it follows from the 
hypothesis that the black hole information paradoxes might be 
resolved and firewalls avoided if the semiclassical approximation 
breaks down earlier than naively expected, as a consequence of the 
strong quantum gravitational effects in the core and the fact that 
they alter the effective causal structure of the evolving spacetime 
(the point P is in the causal future of the quantum gravitational 
region). In [5,6] the extreme opposite case derived from the same 
ideas is explored. As shown by Hawking, non-rotating uncharged 
black holes emit particles with energy in the interval (E, E + dE)

at a rate [7]

d2N

dEdt
= Γs

h

[
exp

(
8πGmE

h̄c3

)
− (−1)2s

]−1

(2.2)

per state of angular momentum and spin s. The absorption coeffi-
cient Γs , that is the probability that the particle would be absorbed 
if it were incident in this state on the black hole, is a function of 
E , m and s. By integrating this expression it is straightforward to 
show that the mass loss rate is given by

dm

dt
= − f (m)

m2
, (2.3)

where f (m) accounts for the degrees of freedom of each emitted 
particle. As time goes on, the mass decreases, the temperature in-
creases and new types of particles become “available” to the black 
hole. Above each threshold, f (m) is given approximately by [8]

f (m) ≈ (7.8αs=1/2 + 3.1αs=1) × 1024 g3 s−1, (2.4)

where αs=1/2 and αs=1 are the number of degrees of freedom (in-
cluding spin, charge and color) of the emitted particles. If f (m)

is assumed to be constant, e.g. f (m) = f (mi), the initial and final 
masses of a black hole reaching its final stage today, that is in a 
Hubble time tH , are easy to calculate. In the Planck star hypoth-
esis, the final stage is reached when m = m f � mPl . Integrating 
Eq. (2.3) leads to

mi =
(

3tH f (mi)

1 − a3

) 1
3

. (2.5)

In practice, to account for the smooth evolution of f (m) when 
the different degrees of freedom open up, a numerical integration 
has to be carried out. This leads, for a = 1/

√
2, to

mi ≈ 6.1 × 1014 g, (2.6)

and

m f ≈ 4.3 × 1014 g. (2.7)

The value of mi is very close to the usual value m∗ corresponding 
to black holes requiring just the age of the Universe to fully evapo-
rate. This was expected as the process is explosive. The details may 
change depending on the exact shape chosen for f (m). In princi-
ple, the accurate value of mi should be altered by the fact that 
the Hawking formula used to calculate it is purely semi-classical 
whereas the end of the process is strongly dominated by quantum 
gravity effects. In practice this has no effect as the evaporation 
time is very strongly dominated by the first stages. For example, 
increasing by a factor of 100 the mass loss rate in the last tenth 
of the mass interval spanned by the evaporating black hole would 
change its lifetime by less than 0.1%.

The value of the radius when m reaches m f is r f ≈ 6.4 ×
10−14 cm. The size of the black hole is the only scale in the prob-
lem and therefore fixes the energy of the emitted particles in this 
last stage. We assume that all fundamental particles are emitted 
with the same energy taken at

Eburst = hc/(2r f ) ≈ 3.9 GeV. (2.8)

Of course, a more reliable model would be desirable but this is 
the most natural hypothesis at this stage. In future works, differ-
ent hypothesis will be considered. However, as the spectrum of 
gamma-rays is very widely spread even for monochromatic jets of 
quarks, it can be safely assumed that some broadening of the emit-
ted spectrum would not qualitatively change the result.

3. Single event detection

We now study the signal that evaporating Planck star would 
produce. From the phenomenological viewpoint, it is natural to fo-
cus on emitted gamma-rays: charged particles undergo a diffusion 
process in the stochastic magnetic fields and cannot be used to 
identify a single event whereas neutrinos are hard to detect. The 
important fact is that most of the emitted gammas are not emitted 
at the energy Eburst . Only those directly emitted will have this en-
ergy. But assuming that the branching ratios are controlled, as in 
the Hawking process, by the internal degrees of freedom, this rep-
resents only a small fraction (1/34 of the emitted particles). Most 
gamma-rays will come from the decay of hadrons produced in the 
jets of quarks, notably from neutral pions. Eburst is already much 
smaller than the Planck scale but the mean emission of emitted 
photons is even smaller.

To simulate this process, we have used the “Lund Monte Carlo” 
PYTHIA code (with some scaling approximations due to the un-
usually low energy required for this analysis). It contains theory 
and models for a number of physics aspects, including hard and 
soft interactions, parton distributions, initial- and final-state parton 
showers, multiple interactions, fragmentation and decay. PYTHIA 
allowed us to generate the mean spectrum expected for secondary 
gamma-rays emitted by a Planck star reaching the end of its life. 
The main point to notice is that the mean energy is of the order 
of 0.03 × Eburst , that is in the tens of MeV range rather than in 
the GeV range. In addition, the multiplicity is quite high at around 
10 photons per qq̄ jet. Fig. 2 shows the mean spectrum of photons 
resulting from 105 jets of 3.9 GeV uū quarks.

It is straightforward to estimate the total number of particles 
emitted m f /Eburst and then the number of photons 〈Nburst〉 emit-
ted during the burst. As for a black hole radiating by the Hawk-
ing mechanism, we assume that the particles emitted during the 
bursts (that is those with m < Eburst) are emitted proportionally to 
their number of internal degrees of freedom: gravity is democratic. 
The spectrum resulting from the emitted u, d, c, s quarks (t and b
are too heavy), gluons and photons is shown in Fig. 3. The little 
peak on the right corresponds to directly emitted photons that are 
clearly sub-dominant. By also taking into account the emission of 
neutrinos and leptons of all three families (leading to virtually no 
gamma-rays and therefore being here a pure missing energy), we 
obtain 〈Nburst〉 ≈ 4.7 × 1038.

The question of the maximum distance at which a single burst 
can be detected naturally arises. If one requires to measure Nmes
photons in a detector of surface S , this is simply given by

Rdet =
√

S〈Nburst〉
4π Nmes

. (3.1)

If we set, e.g., Nmes ≈ 10 photons in a 1 m2 detector, this 
leads to R ≈ 205 light-years. Otherwise stated, the “single event” 



Download English Version:

https://daneshyari.com/en/article/1850440

Download Persian Version:

https://daneshyari.com/article/1850440

Daneshyari.com

https://daneshyari.com/en/article/1850440
https://daneshyari.com/article/1850440
https://daneshyari.com

