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Abstract: Data collected by the H.E.S.S. array between 2004 and 2012 have been used to search for photon
bursts from primordial black hole explosions. Bursts were searched for in a 30 second time-window. The duration
of the search window has been optimized to increase the burst signal while keeping the statistical background
low. No evidence for a burst signal was found. Preliminary upper limits on the local rate of PBH explosions
of 1.4× 104 pc−3yr−1 have been obtained, which improve previously published limits by almost an order of
magnitude.
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1 Introduction
Primordial black holes (PBH) [1] are compact objects that
may have been formed in the early Universe via a variety of
mechanisms. These include (see e.g. [2] for a review) the
gravitational collapse of overdense regions with significant
density fluctuations, pressure reduction or bubble collisions
during cosmic phase transitions, and collapse of topological
defects such as cosmic strings or domain walls. The mass
function of PBHs depends on the formation mechanism.
PBHs could have masses ranging from 10−5g for PBHs
created at the Planck time [5] upwards.

Black holes were predicted by Hawking [3] to radiate
off particles with a black body spectrum of energies. The
emission can thus be described by an effective temperature

TBH =
M2

p

8πMBH
, (1)

where Mp and MBH are the Planck mass and the PBH mass
respectively. For black holes of stellar masses or higher,
Hawking’s radiation is quite negligible but for small enough
PBHs, it becomes the predominant process that governs
the black hole evolution. Black holes lose their mass by
Hawking radiation at a rate inversely proportional to their
squared mass:

dMBH

dt
=−α(MBH)

MBH
2 , (2)

where α(MBH) is a parameter counting the number of de-
grees of freedom available to the radiated particles. The
parameter α is an increasing function of the black hole
temperature and strongly depends on the particle physics
model at high energies [4]. Since the particle emission rate
increases with black hole temperature, PBH evaporation is
a runaway process that eventually leads to a violent explo-
sion and bursts of particles. PBHs can evaporate more or
less rapidly depending on the number of available particle
species that can be produced. In a Friedman universe and in
the standard model of particle physics, PBHs whose initial
mass does not exceed 5 × 1014g are expected to have fully

evaporated within the 1010 years of our Universe history.
Consequently, PBHs a little more massive than this will
still be emitting particles at a rate large enough so that they
would be detectable.
The cosmological constraints on PBHs have been reviewed
by Carr et al [5]. The best method for constraining low
mass PBHs (MBH ≤ 5× 1014 g) is thus through their γ-
ray emission. Previous searches have attempted to detect a
diffuse photon signal from a distribution of PBHs [6] or to
search directly for the final stage emission of an individual
hole [9, 7, 8, 10]. The EGRET observation of the diffuse
γ-ray background allowed to set an upper limit on the low
mass PBH density ΩPBH of 0.2× 10−9 to 2.6× 10−9 [6].
The search for direct PBH explosions through γ-ray bursts
did not find any evidence of their presence yet. The current
upper limits on the local PBH explosion rate lie in the 105-
106 pc−3 yr−1 range [5]. Note however that it has been
argued that a class of very short gammay ray bursts are
actually the final stage of PBH evaporation[11].

The present paper reports on the search for TeV γ-ray
bursts with a timescale of a few seconds, as expected from
the final stage of PBHs evaporation, using the H.E.S.S. array
of Imaging Atmospheric Cherenkov Telescopes (IACTs).
The H.E.S.S. array is presented in Sec. 2. A modelling of
the expected PBH γ-ray signal is carried out in Sec. 3. The
data analysis procedure and the burst search strategy are
presented in Sec. 4 and 5. Finally, preliminary upper limits
on the local PBH explosion rate are derived in Sec. 6.

2 The H.E.S.S. array
H.E.S.S. is an array of five imaging atmospheric Cherenkov
telescopes dedicated to observing very-high energy (VHE)
γ-rays with energies above 50 GeV from astrophysical
sources. It is located in the Khomas Highland of Namib-
ia. The first four telescopes have been installed in 2003
(H.E.S.S-1 phase of the experiment, with an energy thresh-
old of ∼100 GeV) and have been operational since 2004.
Each telescope of H.E.S.S-1 comprise a tesselated optical
reflector of 107m2 [12] and a camera with 960 photomul-
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tiplier tubes. The camera field of view is 5◦ in diameter.
The stereoscopic technique [13] allows for an accurate re-
construction of the direction and the energy of the prima-
ry gamma-ray. H.E.S.S-1 has an angular resolution of less
than 0.1◦, a source location accuracy of ∼ 30′′ for strong
sources and an effective detection area of ∼ 105 m2. The
sensitivity for point-like sources reaches 2×10−13 cm2 s−1

above 1 TeV for a 5σ detection in 25 hours of a source at
a 20◦ zenith angle [14]. A fifth telescope with a reflective
area of 596m2 and a camera of 2048 photo multipliers has
started its operations in 2012. This paper uses only data
collected with the four telescopes of H.E.S.S-1.

3 Predictions for the PBH evaporation
signal

The theoretical number of γ-rays emitted from a PBH
located at a distance r and in the direction (α ,δ ) in the sky,
during the last ∆t seconds of its life is given by:

Nγ(r,α,δ ,∆t)=
1

4πr2

∫
∆t

0
dt

∫
∞

0
dEγ

d2N
dEγ dt

(Eγ , t)A(Eγ ,α,δ ),

(3)
where d2N/dEγ dt is the instantaneous γ-ray spectrum emit-
ted by the PBH at a time t before complete evapora-
tion. This spectrum is folded with the H.E.S.S. acceptance
A(Eγ ,α,δ ) to take into account the instrument’s efficien-
cy in collecting γ-rays of energy Eγ at equatorial coordi-
nates (α,δ ) in the sky. The response of the H.E.S.S. in-
strument to γ rays depends on the zenith angle and off-
set angle of observation. The acceptance A(Eγ ,α,δ ) is an
average over many runs with different zenith and offset
angles. It can be approximately factored into an energy
dependent term and a spatially dependent term by writ-
ing A(Eγ ,α,δ )=A(0)(Eγ)A(1)(α,δ ). The factor A(1)(α,δ )
corresponds basically to the normalised sky acceptance map
to γ-rays, which is maximum at the center of the camera
and drops toward the edges. It is directly estimated from
the data. The A(0) term is the effective area and is obtained
from Monte Carlo simulations with different zenith angles
and offsets.

The instantaneous γ-ray spectrum d2N/dEγ dt emitted by
the PBH depends on specific particle physics models [4]. It
is assumed in this paper that the standard model of particle
physics remains valid at high (> 200 GeV) temperatures.
The presence of an atmosphere around the PBH is an
important theoretical question which is still debated [15].
The PBH atmosphere would drastically alter the evaporation
signal [16, 17] by suppressing the high energy component.
In this paper, we assume that any existing PBH atmosphere
has a negligible effect on the evaporation signal.

The integrated spectrum above the energy ED is given by
by Halzen et al [4] and shown on Fig 1 for several values of
the time remaining before total evaporation ∆t.

The signature of a PBH explosion consists in the detec-
tion of several photons within a time-window of a few sec-
onds. The number of photons in the burst is the size of the
burst.

The probability of detecting a burst of size b when
observing a PBH which emits Nγ (r,δ ,α ,∆t) γ-rays follows
a Poisson statistics:

P(b,Nγ) = e−Nγ
Nb

γ

b!
(4)
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Fig. 1: Integrated PBH spectrum at several values of the
remaining time before explosion ∆t.

Integrating this probability over space, and summing over
each run give the number of expected bursts of size b to be
detected in the data:

nsignal(b,∆t) = ρ̇PBHVeff(b,∆t) (5)

where ρ̇PBH is the local PBH explosion rate and the effective
space-time volume of PBH detection is defined by

Veff(b,∆t) = ∑
i

Ti

∫
dΩi

∫
∞

0
drr2Pi(b,Nγ), (6)

where the indice i goes over each run of the H.E.S.S. dataset,
Ti and dΩi being the corresponding run live time and obser-
vation solid angle respectively.

The average number of photon detected by H.E.S.S. as a
function of distance is shown in Fig. 2.
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Fig. 2: Average number of photons from a PBH explosion
detectable by H.E.S.S. as a function of the distance to
the burst, for several values of the remaining time before
explosion ∆t.

The total number of bursts ntot is the sum of the signal
from PBH explosions nsig, given by equation (5) and a
contribution from statistical background bursts nback. A
likelihood analysis is performed on the observed nobs(b)
bursts of size b≥2 to find the optimal PBH explosion rate
ρ̇PBH.
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4 Data processing
4.1 Data set selection
The data set used for the burst search includes a large
fraction of targeted and survey observations made with the
H.E.S.S-1 array from March 2004 through May 2012. Ob-
servations are organized in runs of approximately 28 min du-
ration. Poisson fluctuations of photon candidates (“gamma-
like events”) arrival times could accidentally mimic PBH
bursts. Since the major fraction of the H.E.S.S. observations
is taken towards astrophysical sources, the contribution of
these sources to background bursts has to be considered.
A few thousands photon candidates, mostly misidentified
hadrons, are reconstructed in a typical observation run of
an empty field. The actual number depends on the data tak-
ing condition and the reconstruction method. The candidate
photon background in a point source search is thus a few
photons per minutes, at the level of the count rate of the
Crab nebula. Thus, strong sources such as the active galax-
ies PKS 2155-304, MRK 421 and the Crab pulsar wind
nebula have to be excluded. However, most VHE gamma-
ray sources are too weak to accidentally mimic PBH bursts.
The evaluation of the effective sensitivity volume of obser-
vations (equation 6) implies the calculation of spatial ac-
ceptance maps. To obtain maps with sufficient statistical
accuracy, targets with only a small observation time were
excluded from the data set. Only observations where at least
three of the four telescopes participated in data taking were
used to improve the angular resolution. Finally, each run
has to pass certain quality criteria which ensure that the
data used for analysis was taken under good environmental
and instrumental conditions. After these cuts cuts, the data
set includes 6424 runs, covering ∼ 45% of all H.E.S.S-1
observations between 2004 and 2012, and corresponds to
roughly 2600 hours of observation time.

4.2 Data reduction
The vast majority of imaged air showers in the data is not
caused by VHE γ-rays but by an unwanted background
of hadronic cosmic rays. To suppress this background and
reconstruct the direction and energy of the γ-ray candidates,
an implementation of the ’model’ technique[14], Model++
has been used. In the ’model’ technique, the air showers are
described by a semi-analytical model. Expected properties
of the camera images are then compared to the observational
data based on a maximum likelihood method. The model
technique is known to provide an improved sensitivity,
particularly at lower energies, and a better hadron rejection
compared to the more traditionnal Hillas reconstruction.
The angular resolution, defined as the 68% containment
radius, is 0.06◦. Additional cuts such as a minimum charge
of 60 photo-electrons were applied. Gamma-like events
with a distance to the center of the camera larger than 2◦
are excluded. The analysis chain and the algorithms have
been cross-checked with an independent analysis chain.
Finally, arrival times and geometrically reconstructed arrival
directions in the RA-Dec (J2000) coordinate system of all
γ-like events (a few thousands per run) were stored in event
lists.

5 Searching for TeV γ-ray bursts
5.1 The burst search algorithm
The event lists have been searched for bursts of different
durations τ = 1, 5, 10, 30, 45, 60 and 120 seconds. As these

time scales are much shorter than the duration of a single
run, all runs can be analyzed individually. Each of the Nev
entries i stored in the run’s event list marks the start time
ti of a possible burst that could include additional γ-like
events reconstructed within the time interval [ti, ti+τ]. Since
PBHs are point sources, these additional γ candidates were
searched in a circle of radius θ = 0.1◦in the RA-DEC plane.
This radius corresponds to a 90% containment probability
for point sources. As the sensitivity within the H.E.S.S. FoV
for VHE gamma-ray events drops off rapidly for angular
distances greater than approximately 2◦ from the telescopes
pointing direction, the burst search is restricted to the inner
2◦ of the FoV. To account for the finite size of PSF we
include all events within a maximum distance of 2.1◦ to the
telescopes’s pointing direction. For all events lying within
the time interval [ti, ti + τ], the burst search algorithm finds
the maximal subset that fits in a circle with radius θ in the
RA-Dec plane. This maximal subset is said to be a burst
of a size b. Each photon candidate is thus associated with
a burst size b. To prevent multiple counting of bursts, the
number N(b) of detected bursts of size b is defined as the
number of events Nev(b) that have been assigned the burst
size b divided by b [9]:

N(b) =
Nev(b)

b
(7)

Using this convention, the following intuitive normalization
relation holds:

Nev = ∑
b

Nev(b) = ∑
b

bN(b) (8)

Note that the maximal subset defining b is not necessarily
unique, as there may be more than one valid maximal subset.
Also, by optimizing for the largest possible burst size, the
algorithm may underestimate the number of smaller size
bursts. However, because the number of bursts N(b) found
at burst size b is always much greater than N(b+ 1) this
effect can safely be neglected.

5.2 Background estimation
The major background to physical bursts is caused by cos-
mic ray primaries that accidentally happen to arrive from
neighboring directions within a narrow time window. Es-
timating the contribution of this statistical background is
essential for extracting a possible VHE gamma-ray burst
signal. In our analysis, the estimation of background relies
on the “scrambling” method. In the scrambling method,
new simulated datasets are created by keeping the arrival
direction of each γ candidate and scrambling their arrival
times. This method automatically accounts for all instru-
mental characteristics and effects determining the spatial
distribution of events in the FoV. To reduce statistical errors
of the background estimate, ten simulated datasets were
produced for each H.E.S.S. observation run.
The simulated background burst size spectrum, calculated
for the whole H.E.S.S. dataset, is shown on Fig. 3 for sever-
al values of the search time window τ.

5.3 Time-window selection
Previous PBH explosion searches with Cherenkov tele-
scopes [9, 10] have used a τ = 1 s time-window. However,
the optimal time-window to search for PBH explosions is
given by a compromise between the effective volume and
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Fig. 3: Simulated background burst size spectrum for bursts
searches in the H.E.S.S. dataset within different τ search
time windows.

the statistical background, which both increase with τ , al-
beit at different rates. The optimal time-window obviously
depends strongly on the rejection of hadrons by the photon
analysis program. Since Model++ has a very good rejec-
tion of hadrons, it turns out that it is possible to extend the
time-window τ. The optimal time-window was selected by
computing a sensitivity limit with 250 hours on the field
of view of radiogalaxy Centarus A. The sensitivity limit is
obtained by optimizing the likelihood L under the assump-
tion that nobs(b) = nback(b). The variation of the sensitivity
limit as a function of the duration of the search window τ

has a broad minimum around τ = 30s. This value of τ was
used for the limits on the PBH evaporation rate derived in
section 6.

6 Results and discussion
Bursts were searched for in the dataset defined in Sec 4. The
observed burst size spectrum is shown by a solid line on Fig.
4 for the nominal value of the search window τ = 30 s. The
estimated statistical background is displayed with a dash
line. Fitting the observed size spectrum by the expected
statistical background gives χ2/d.o.f = 4.2/7. This shows
that the observed spectrum is in excellent agreement with
the statistical background.

The H.E.S.S. dataset shows thus no indication for an
excess of bursts over the statistical background.

The agreement between the observed burst distribution
and the estimated statistical background can be translated
into an upper limit on the PBH explosion rate ρ̇PBH. The
95% CL upper limit on ρ̇PBH is obtained by demanding that
2 lnL < 3.84.

The preliminary upper limit on the explosion rate is
ρ̇PBH < 1.4× 104pc−3yr−1 at the 95% CL for τ = 30s.
The sensitivity limit, defined in section 5.3 is 1.7 ×
104pc−3yr−1. By comparison, the preliminary upper limit
obtained with the τ = 1s search time-window is ρ̇PBH <
4.9×104pc−3yr−1 (95% CL).

The 95% upper limit on the local rate of PBH explosion
obtained with the τ = 30s search time-window improves
the best published result obtained with Cherenkov telescope
arrays [10] by almost an order of magnitude. Improvement
of a factor of 104 is still needed before the hypothesis
that the very short gamma ray bursts originate from PBH
explosions [11] can be tested. Our limit depends strongly
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Fig. 4: Preliminary observed burst size distributions (solid
line) and estimated statistical background (dashed line). The
search time window has the nominal value τ = 30s.

on the hypothesis that the PBH atmospheric effects are
negligible. In the second phase of H.E.S.S, H.E.S.S-2, it
will become possible to constrain models of PBH with
atmospheres such as that of Dahigh and Kapusta [17] thanks
to the lowering of the energy threshold below 50 GeV.
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