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ABSTRACT

Aims. Following the detection of the fast radio burst FRB150418 by the SUPERB project at the Parkes radio telescope, we aim to search for
very-high energy gamma-ray afterglow emission.

Methods. Follow-up observations in the very-high energy gamma-ray domain were obtained with the H.E.S.S. imaging atmospheric Cherenkov
telescope system within 14.5 h of the radio burst.

Results. The obtained 1.4 h of gamma-ray observations are presented and discussed. At the 99% C.L. we obtained an integral upper limit on the
gamma-ray flux of ®,(E > 350GeV) < 1.33 x 10 m~2s~!. Differential flux upper limits as function of the photon energy were derived and used
to constrain the intrinsic high-energy afterglow emission of FRB 150418.

Conclusions. No hints for high-energy afterglow emission of FRB 150418 were found. Taking absorption on the extragalactic background light
into account and assuming a distance of z = 0.492 based on radio and optical counterpart studies and consistent with the FRB dispersion, we
constrain the gamma-ray luminosity at 1 TeV to L < 5.1 x 10% erg/s at 99% C.L.

Key words. gamma rays: general — astroparticle physics

1. Introduction telescopes, although additional bursts have been detected with
the Arecibo telescope (Spitler et al. 2014) and the Green Bank
Telescope (GBT; Masui et al. 2015). A summary of known FRBs
including the details of the observations can be found in the on-

Fast radio bursts (FRBs) are one of the major astronomical
mysteries that have emerged in the last decade. First noticed
in 2007 in archival data taken with the Parkes radio tele- |
scope (Lorimer et al. 2007), seventeen of these millisecond- line catalog FRBCAT" (Petroft et, al. 2(,)16)' .

duration bursts have been detected so far (Thornton et al. 2013; The frequency-dependent dispersion properties of FRBs

Petroff et al. 2015). The majority were found with the Parkes have constrained their distance to z ~ 0.1—1 (Petroff et al. 2016).
Distance confusion can, however, arise due to the unknown

plasma density within the supposed host galaxy of the FRB, and

" Deceased.
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that of our own Galaxy (the latter is especially relevant in cases
where the FRB was observed toward the Galactic plane).

The typical radio energy output of a few 1039D% Gpe €I, as-
suming isotropic emission at distance Djgpc = D/1 Gpc, and
the millisecond duration of FRBs have led to proposed sce-
narios involving compact objects — white dwarfs (WDs), neu-
tron stars (NSs) and/or black holes (BHs). A review of po-
tential sources can be found for example in Kulkarni et al.
(2014). The merger of various combinations of WDs, NSs
and/or BHs are generally favoured (e.g., Totani 2013; Zhang
2014; Kashiyama et al. 2013; Mingarelli et al. 2015) in what
would be a cataclysmic event similar to short gamma-ray
bursts (sSGRBs). Other models involve young pulsars created in
core-collapse supernovae of massive stars (Connor et al. 2016)
and blitzars (BH forming rapidly from a NS via accretion,
Falcke & Rezzolla 2014). The recent discovery of repeating
bursts from FRB121102 (Spitler et al. 2016; Scholz et al. 2016)
has renewed attention in non-cataclysmic scenarios such as flares
and giant pulses from NSs and/or magnetars (Lyubarsky 2014;
Katz 2016; Pen & Connor 2015; Cordes & Wasserman 2016).

A potentially significant advance in our understanding of
FRBs came with the detection of a radio afterglow at the loca-
tion of FRB150418 with the Australia Telescope Compact Ar-
ray (ATCA, Keane et al. 2016). The burst FRB150418 was ini-
tially detected at Parkes on the 18th April 2015 by the SUPERB
team. The fading radio afterglow lasted up to six days after
the FRB, and could be linked to an elliptical host galaxy at
z = 0.492 + 0.008 (WISE J071634.59-190039.2). If connected
to the afterglow, the energetics of FRB150418 suggest a cata-
clysmic origin of the bursts (e.g. Zhang 2016). However, alter-
native explanations for the temporal behavior of the radio flux
have been suggested in the form of an unrelated active galactic
nucleus (AGN) activity in the host galaxy (Williams & Berger
2016), or interstellar scintillation (Akiyama & Johnson 2016).
Several other possible scenarios could also explain the ATCA
source, including an AGN related to the FRB (Vedantham et al.
2016), a magnetar (so the FRB repeats at the same dispersion
measure as FRB150418), localized star formation, a long GRB
afterglow (as seen in GRB130925A, Horesh et al. 2015), or a yet
unknown mechanism. Ongoing radio monitoring may resolve
the issue in the future.

FRBs release enormous amounts of energy in the radio do-
main (e.g., FRB150418 released 8f; x 10% erg at the posi-
tion of the potential host galaxy with a luminosity greater than
1.3x10* erg/s) and their potential origins are thought to be sim-
ilar to other transients seen in the X-ray and multi-GeV gamma-
ray bands such as short and/or long GRBs (Zhang 2014). Sev-
eral FRB models have also specifically suggested the existence
of flares in the TeV band (e.g., Lyubarsky 2014; Murase et al.
2016) and proposed follow-ups of FRBs at very high energies.

In this paper, we report the first follow-up observations of
FRBs in very high energy (VHE) gamma-rays of TeV (10'2eV)
energies. We present observations searching for the very high-
energy afterglow of FRB150418 with the High Energy Stereo-
scopic System (H.E.S.S.) following an alert from the SUPERB
collaboration.

2. Observations from H.E.S.S. and data analysis

Dedicated follow-up observations of FRB150418 were obtained
in the very-high energy gamma-ray domain with the H.E.S.S.
imaging atmospheric Cherenkov telescope array. H.E.S.S. is lo-
cated on the Khomas Highland plateau of Namibia (23°16”18"”
South, 16°30°00” East), at an elevation of 1800 m above sea
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Fig. 1. VHE gamma-ray emission around the direction of FRB150418
illustrated by the event counts exceeding the background. The circle in
the center has a diameter of 0.24° and denotes the width of the Parkes
beam in which the burst has been observed.

level. With its original four-telescope array, H.E.S.S. is sensi-
tive to cosmic and gamma-rays in the 100 GeV to 100 TeV en-
ergy range and is capable of detecting a Crab-like source close to
zenith and under good observational conditions at the 50 level
within less than one minute (Aharonian et al. 2006). In 2012 a
fifth telescope with 28 m diameter was commissioned, extend-
ing the covered energy range toward lower energies. This fifth
telescope was unavailable at the time of the observation and data
for the follow-up presented here have therefore been obtained
with the four 12 m H.E.S.S. telescopes.

The notification of FRB150418 was received from the
SUPERB team on 2015-04-18 during daytime at the site of the
H.E.S.S. experiment, thus prohibiting prompt follow-up obser-
vations. The necessary observation conditions were reached the
evening of the same day at 17:55 UTC (about 14.5h after the
FRB) and 1.4 h of data could be recorded until the source set be-
low an elevation of 45°, which is the typical horizon for observa-
tions retaining a relatively low energy threshold. The data, taken
in standard wobble mode operations with source offsets of 0.7°,
fulfill all standard data quality criteria including requirements on
atmospheric conditions, and detector stability. The zenith angle
of the observations ranged from 21° to 42°. After correcting for
acceptance effects due to the wobble source offsets, a total ef-
fective live-time of 1.1h at the FRB position was available for
analysis.

The data were analyzed using Model Analysis (de Naurois
& Rolland 2009), an advanced Cherenkov image reconstruc-
tion method in which the recorded shower images of all trig-
gered telescopes are compared to a semi-analytical model of
gamma ray showers by means of a log-likelihood optimization.
The “standard cuts” of Model Analysis were adopted. These cuts
require, among other criteria, the total charge in the shower im-
age to be greater than 60 photoelectrons. The resulting energy
threshold, defined as the energy where the acceptance is 20% of
its maximum value, is 350 GeV for this dataset.

The robustness and stability of the described analysis
have been verified with an independent analysis relying on
an independent data calibration chain and using the Image
Pixel-wise fit for Atmospheric Cherenkov Telescopes (ImPACT,
Parsons & Hinton 2014) reconstruction method. The results
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Fig. 2. Left plot: map of significances of the gamma ray emission using the formalism proposed by Li & Ma (1983) in the region around
FRB150418. The circle in the center has a diameter of 0.24° and denotes the width of the Parkes beam in which the burst was observed. Right plot:
distribution of significances (black histogram) compared to the distribution obtained by excluding a circular region of 0.25° radius (red histogram).
The red line and the shown parameters correspond to a Gaussian function fit to the latter distribution.

from this cross-check analysis are consistent with the ones pre-
sented here.

The H.E.S.S. field-of-view (FoV) with a diameter of 5° eas-
ily covers the Parkes beam with a FWHM of 0.24° (Keane et al.
2016). The H.E.S.S. observations therefore cover all potential lo-
cations of FRB150418 within the Parkes beam in which the FRB
was detected. On the other hand, the H.E.S.S. point-spread func-
tion has a diameter of ~0.12° (68% containment), that is, half
the Parkes beam size. We can therefore, based solely on H.E.S.S.
data, not expect to easily resolve the origin of a potential after-
glow within the Parkes beam and would not be able to discrimi-
nate between the potential host galaxy discussed by Keane et al.
(2016) and other locations within the beam.

No high-energy gamma ray source has been detected within
the region of interest in the four-year long observations by the
LAT instrument onboard the Fermi satellite (Acero et al. 2015).
Also no emission at very-high gamma-ray energies has been re-
ported so far from the region’.

The background level in the FoV was determined from
the dataset itself using the standard “ring background” tech-
nique (Berge et al. 2007), a robust method ideally suited to de-
riving gamma-ray emission maps in FoVs with low numbers of
sources. In order to derive the acceptance function required as
input to the ring background method we exploited the azimuthal
symmetry of the acceptance across the field-of-view of the tele-
scopes. We derive the acceptance from the same dataset and, in
order to reduce systematic uncertainties due to the limited statis-
tics, we refrained from a detailed modeling of the zenith angle
dependence of the acceptance function and use the acceptance
derived at the average zenith angle of 32°.

3. Results

The map of gamma-ray events exceeding the background is
shown for the full region of interest (ROI) around FRB150418
in Fig. 1. We then converted the excess counts into significance
levels using the formalism described by Li & Ma (1983). The
resulting map of significances is shown in the left plot of Fig. 2.

2 http://tevcat.uchicago.edu

It should be noted that trial factors due to the large number of in-
dividual bins are not accounted for in this representation. For an
ROI dominated by statistical fluctuations of the background the
distribution of the significances should follow a Gaussian with a
mean at zero and a width of one. The right plot in Fig. 2 shows
the corresponding distribution (black histogram). The distribu-
tion obtained by excluding a circular “signal” region of 0.25° ra-
dius around the FRB position is shown in red. Both histograms
agree very well. In addition, when fitting the latter distribution
with a Gaussian shape, very good agreement with the “back-
ground only” hypothesis was found. It can be noted that the er-
rors on the obtained parameters are underestimated due to cor-
relations in the entries of the significance distributions which
are introduced by the background estimation on overlapping re-
gions. We conclude that the ROI is well described and clearly
dominated by background events.

As the obtained results were fully compatible with the back-
ground expectation we conclude that no significant gamma-ray
afterglow was detected from the direction of FRB150418 (cf.
Fig. 2). Consequently we derive 99% C.L. upper limits on the
gamma-ray flux as function of energy following the approach
by Feldman & Cousins (1998). Assuming a generic E~> en-
ergy spectrum for the potential emission and integrating above
the threshold of 350GeV we obtain ®,(E > 350GeV) <
1.33x 108 m=2s~!. Assuming a E~* energy spectrum, we obtain
®,(E > 350GeV) < 2.12x 1078 m~2 s~!. Differential upper lim-
its as function of the energy are shown as black arrows in Fig. 3.
Due to the small size of the bins, the influence of the assumed
spectrum (e.g. E~2 vs. E~*) on the differential upper limits is less
than 1.3%.

While propagating through the extragalactic radiation fields,
high-energy gamma rays interact with the extragalactic back-
ground light (EBL) via e*/e™ pair-creation processes. This leads
to the collective effect of an absorption of gamma-rays at the
highest energies. The resulting gamma-ray opacity depends on
the energy as well as on the distance of the source. Using
the EBL model published in Gilmore et al. (2012) we were
able to correct the derived upper limits on the gamma-ray flux
measured on Earth for EBL absorption effects and thus derive
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Fig. 3. Limits (99% CL) on the very high energy gamma-ray flux
derived from the H.E.S.S. follow-up on FRB150418 assuming an
E~2 energy spectrum. The EBL de-absorption is based on the model
from Gilmore et al. (2012) and assumes the FRB distance of z =
0.492 (Keane et al. 2016). The uncertainty induced by different EBL
models is shown as red band.

energy dependent intrinsic flux limits of the FRB. The result
shown in Fig. 3 has been derived using the redshift of the po-
tential host galaxy of FRB150418, z = 0.492 (Keane et al.
2016). While this distance is consistent with the one de-
rived from the dispersion measure of the FRB, there is still
controversy as to the relationship between FRB150418 and
WISE J071634.59—-190039.2. The intrinsic limits shown should
therefore not be taken as definitive, but rather as an illustration
of how the EBL absorption impacts the constraints as a function
of energy. The red band in Fig. 3 illustrates the effect of dif-
ferent EBL models (e.g. Gilmore et al. 2012; Franceschini et al.
2008; Dominguez et al. 2011) on the EBL correction of the de-
rived flux limits.

4. Discussion and conclusion

We have reported the first follow-up observations of fast radio
bursts in the very high-energy gamma-ray domain. The origin
of FRBs remains elusive, and observational constraints such as
those presented here are crucial pieces for solving this puzzle.
In addition to an enlarged wavelength coverage, timely observa-
tions are essential in order to be able to cover as many of the
potentially very rapid emission scenarios as possible.

The luminosity in the radio domain of FRB150408 has been
estimated to L > 1.3 x 10* erg/s (Keane et al. 2016). The first
non-radio observations of the emission region of FRB150418
were carried out 8 h after the radio burst by the Swift X-
ray satellite and a 30 upper limit on the X-ray flux of ®x <
7.1 x 107"%ergem™s7! has been derived (Keane et al. 2016).
Our VHE gamma-ray observations constrain emission at slightly
longer timescales (starting 14.5h after the burst, due to the in-
ability of Imaging Atmospheric Cherenkov Telescopes to ob-
serve during daytime) and provide valuable input to models
specifically suggesting flares in the TeV band (Lyubarsky 2014;
Murase et al. 2016). Taking absorption on the extragalactic
background light into account, as shown in Fig. 3, and assuming
a distance of z = 0.492 based on radio and optical counterpart
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studies and consistent with the FRB dispersion, we constrain the
gamma-ray luminosity of the afterglow of FRB150418 at 1 TeV
to L < 5.1 x 10* erg/s at 99% C.L.
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