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ABSTRACT

Context. Fast radio bursts (FRBs) are a recently discovered class of GHz-band, ms-duration, Jansky-level-flux astrophysical transients.
Although hundreds of models have been proposed so far for FRB progenitors (the most popular ones involve magnetars), their physical
origin and emission mechanism are still a mystery, making them one of the most compelling problems in astrophysics.

Aims. FRBs are caused by astrophysical processes that are not yet understood. Exploring their high-energy counterpart is crucial for
constraining their origin and emission mechanism.

Methods. Thanks to more than 13 years of gamma-ray data collected by the Large Area Telescope on board the Fermi Gamma-ray
Space Telescope, and to more than 1000 FRB events (from 561 non-repeating and 22 repeating sources), one of the largest samples
created thus far, we performed the largest and deepest search for high-energy emission from FRB sources to date (between 100 MeV
and 1 TeV). In addition to the analysis involving individual FRB events on different timescales (from a few seconds up to several
years), we performed, for the first time, a stacking analysis on the full sample of FRB events as well as a search for triplet photons in
coincidence with the radio event.

Results. We do not detect significant emission, reporting the most stringent constraints, on short timescales, for the FRB-like emission
from SGR 1935+2154 with E, < 10*! erg, corresponding to a factor 7 < 107 with respect to the emitted radio energy. Similarly, for the
stacked signal of steady emission from all repeaters, the obtained upper limit (UL) on the FRBs luminosity (L, < 1.6 x 10* erg s™!) is
more than two orders of magnitude lower than those derived from the individual sources. Finally, no individual or triplet photons have
been significantly associated with FRB events. We derived the LAT ms-sensitivity to be ~0.3 ph cm™ s~! and constrained the gamma-
ray energy Eys.-1ms S 104(Dy./150 Mpc)? erg, ruling out a gamma-ray-to-radio energy ratio greater than 10° on ms timescales.
Conclusions. The results reported here represent the most stringent UL reported so far on the high-energy emission from FRBs on
short and long time scales, as well as on cumulative emission and individual photon searches. While the origin of FRBs is still unclear,

our work provides important constraints for FRB modelling, which might shed light on their emission mechanism.

Key words. gamma rays: general

1. Introduction

Fast radio bursts (FRBs) are a new transient phenomenon con-
sisting of bright and short-duration radio pulses that flash unpre-
dictably in the sky (Thornton et al. 2013; Petroff et al. 2019;
Cordes & Chatterjee 2019). They usually present large disper-
sion measures! (DMs) exceeding Galactic values, suggesting
a possible extragalactic origin (Macquart et al. 2020). Despite
having been discovered more than 15 years ago (Lorimer et al.
2007), their origin and emission mechanism are not clearly
understood.

* Full results (full Table C.1) are only available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
675/A99
' Column density of free electrons along a line of sight which is mea-
sured with delay of pulse arrival time as a function of frequency.

Since their discovery in 2007, more than a thousand FRB
events (from about 500 published FRB sources) have so
far been reported (see e.g. FRB catalogs Petroff et al. 2016;
CHIME/FRB Collaboration 2021). The first repeating FRB
(FRB 20121102) was discovered by Spitler et al. (2016). Since
then, many FRBs have been found to exhibit repeating bursts
randomly in time. Despite several attempts (e.g., Beraet al.
2016; Caleb et al. 2018), no clear indications for physically dif-
ferent populations distinguishing repeating and non-repeating
sources have been identified. Very recently, Pleunis et al. (2021)
showed that bursts from repeating sources have, on average,
larger widths and are narrower in bandwidth. A couple of
repeaters present a periodic pattern in their activity cycle.
This is the case for FRB 20180916 (CHIME/FRB Collaboration
2020a), and for the first repeater FRB 20121102 (Rajwade et al.
2020), for which only a ~30 significance periodicity has been
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reported. More recently, also considering the multi-components
of individual bursts, a significant (6.50°) periodicity of 216.8 ms
has been observed in the pulse profile of the FRB 20191221A.
Such short periodicity provides strong evidence for a neutron-
star origin of the event (CHIME/FRB Collaboration 2022).

While a wide variety of theoretical models have been
proposed for FRBs? (Platts et al. 2019), their origin and emis-
sion mechanism are still an open question (see e.g. Zhang
2020, 2022; Xiaoetal. 2021). In April 2020 an FRB-like
emission was first associated with the Galactic magnetar
SGR 1935+2154 (CHIME/FRB Collaboration 2020b). An X-ray
burst, recorded by the INTEGRAL, AGILE, Konus-Wind and
Insight-HMXT telescopes (Mereghetti et al. 2020; Tavani et al.
2021; Ridnaia et al. 2021; Li et al. 2021, respectively) was seen
in coincidence with a very bright FRB-like emission. This event
supports the magnetar scenario for the origin of FRBs and
opens the possibility of detecting their high-energy emission
counterpart (Margalit et al. 2020). Recently (October 2022), a
couple of more coincident radio and X-ray events were detected
from the same source (Dong & CHIME/FRB Collaboration
2022; Frederiks et al. 2022; Lietal. 2022; Wang et al. 2022;
Younes et al. 2022). Although this does not prove that FRB
events are due to magnetar activity, magnetars seem to be the
current best candidate for FRB origin.

Besides the FRB-like emission from a Galactic magnetar,
only two other FRB sources (FRB 121102 and FRB 20190520B)
have been unambiguously associated with compact persis-
tent radio sources with faint emission ~200uJy and no clear
counterpart (Chatterjee et al. 2017; Niu et al. 2022). In addi-
tion, about 20 FRBs have been accurately localised (at arc-
second or milli-arcsecond scale) to a host galaxy (Heintz et al.
2020). While the localization of some FRBs in a star-
forming region within their host galaxies (e.g. FRB 20121102,
FRB 20180916 Chatterjee et al. 2017; Marcote et al. 2017,
2020; Tendulkar et al. 2017) is consistent with active repeating
FRBs associated with young extreme objects such as magnetars,
a precise localization of the FRB 20200120E repeater to a glob-
ular cluster (GC) within the M 81 galaxy challenges this sce-
nario (Bhardwaj et al. 2021; Kirsten et al. 2022). The extragalac-
tic origin of the FRB events is also in agreement with their large
values of DM. The luminosity distances of these host galax-
ies ranges from 3.6 Mpc (for FRB 20200120E located in the
M 81 galaxy, Bhardwaj et al. 2021) to 4 Gpc (corresponding to
z = 0.66, for FRB 20190523A, Ravi et al. 2019), giving a solid
basis to their cosmological origin.

Many attempts to search for multi-wavelength and multi-
messenger emission both for neutrinos and gravitational waves
(GW) from FRBs have been performed in order to con-
strain the origin of these radio phenomena among the hun-
dreds of different models predicted (see, e.g., Aartsen et al.
2018; Platts et al. 2019; Nicastro et al. 2021; Abbasi et al. 2023;
The LIGO Scientific Collaboration 2022). The predicted neu-
trino and GW emissions are usually very faint and an event needs
to be close enough for them to be detected. Besides the case
of SGR 1935+2154, the rarity of nearby FRB sources may be
the main reason for the absence of further multi-wavelength and
multi-messenger counterparts.

The most popular models for the origin of FRBs invoke
strongly magnetised neutron stars (i.e., magnetars) and pre-
dict gamma-ray emission associated with these radio bursts
(see e.g. Popov & Postnov 2013; Lyubarsky 2014; Zhang 2014;
Murase et al. 2017; Yang & Zhang 2021; Wei et al. 2023). In

2 See https://frbtheorycat.org
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particular, according to Lyubarsky (2014), Metzger et al. (2019)
and Margalit et al. (2020), FRBs are expected to arise from syn-
chrotron maser emission at ultra-relativistic magnetised shocks,
such as those produced by flare ejecta from young magnetars.
In this scenario FRBs are produced by magnetar flares pre-
senting an afterglow emission peaking at gamma-ray energies
Epeak > MeV-GeV with luminosities of L, ~ 10*-10% erg s~
on a timescale of 0.1-10 ms, i.e. comparable to the FRB event
itself (Metzger et al. 2019). Moreover, for Margalit et al. (2020)
the expected gamma-ray energy is expected to be at least a factor
1 > 10 larger than the emitted radio energy, while an even larger
fluence ratio (10°-10°) was predicted by Lyubarsky (2014).

The recent detection of high-energy emission, at GeV
energies, from a magnetar giant flare in the Sculptor galaxy
by Fermi-LAT Collaboration (2021) motivates the search for
gamma-ray counterparts in the known FRB events. In the
last years, a small number of searches for FRB counterparts
at gamma-ray energies have been performed without find-
ing any significant detection, but they only analysed a lim-
ited sample of FRB events (up to a few dozen; see, e.g.,
Yamasaki et al. 2016; Cunningham et al. 2019; Guidorzi et al.
2020; Tavani et al. 2020; Verrecchia et al. 2021),

Thanks to its large field of view and good sensitivity, the
Fermi Large Area Telescope (LAT, Atwood et al. 2009) is an
ideal instrument for monitoring transient events that occur at
unpredictable positions in the sky. Taking advantage of over
13 years of data collected by Fermi-LAT, and 1020 published
FRBs events (see Sect. 2 for more details on the selected sam-
ple), we performed the largest and deepest systematic search
for high-energy counterparts of the reported repeating and non-
repeating FRB sources.

We used different analysis techniques with the intent of
unveiling temporal coincidences between FRBs and gamma-ray
events on different timescales, ranging from a few seconds up
to days, weeks, and several years, with Fermi-LAT (for prelim-
inary results on the periodic FRB 20180916 see Principe et al.
2022). In addition to the study of each individual FRB source,
we performed a stacking analysis to investigate the cumulative
emission for the several events from each repeating FRB, as well
as from all the events in our sample. Finally, we also applied a
triplet photon counting method, previously used for magnetar-
flares searches (Fermi-LAT Collaboration 2021), to search for
clusters of photons coming from the FRB sources.

Throughout this article, we report the radio flux density at
600 MHz and we assume the following cosmological values:
Hy = 70kms™! Mpc™! , Q) = 0.3, and Qo = 0.7 in a flat
Universe.

2. Sample of FRB events

In this work we considered all the published FRB events
reported up to September, 2021. The FRBs included in our
sample were selected the following resources: 118 events
from the FRBCAT® (Petroff et al. 2016), 535 repeating and
non-repeating FRBs reported in the first CHIME/FRB cata-
log (CHIME/FRB Collaboration 2021), 230 bursts* from the
20 repeating FRBs reported by the CHIME/FRB Collaboration
as of September 15, 2021 (which includes 73 bursts from the
periodic FRB 20180916), and 235 bursts from FRB 121102 col-
lected by Rajwade et al. (2020).

3 https://frbcat.org
4 http://www.chime-frb.ca/repeaters
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Table 1. FRB sources with known host galaxies.

Name RA Dec DM Dy Z S, @ L® E. ©
deg deg pcem™  Mpc Jy erg s~ erg
FRB 20190711 329.42 -80.36  593.1 3000  0.522 4.5 49x10%  2.09 x 10"
FRB 20190611 32075 -79.40 3214 2050 0.3778 10 5.03 x 108 1.14 x 10
FRB 20190608 334.02 -7.90 3387 550  0.1179 2.7 9.88 x 10*"  7.52 x 10%
FRB 20190523 207.06 7247  760.8 4000 0.66 - - -
FRB 20190102 32242 -79.48  363.6 1500  0.291 73 20x10%  3.01 x 10%
FRB 20181112 32735 -5297 5893 2700 0.4755 310 2.69x 10  1.54 x 10
FRB 20180924 326.11 —409 3614 1700 0.3214 9.5 327 x 108 430 x 10%
FRB 20180916 29.50  65.73 349.2 150  0.0337 1.7 452%x10%  7.02x10%
FRB 20121102 8299  33.15 560.0 950 0.19273 031 3.33x 10 8.72x 10
SGR1935+2154 ™ 29373 2190 3327 0.014 - 110000 7.00 x 10%  3.00 x 10%*
FRB20201124A ) 77.0  26.05  413.5 450  0.09795 - - -
FRB20200120E )  149.25  68.82 87.8 3.6 0.00014 1.8 2.79 x 1037 2.66 x 103
FRB 20190520A 27352 2632 4319 1200  0.241 .10 1.96x10% 272 x10%
FRB 20171020 333.75 -19.67 114.1 38 0.0087 52 8.84 x 10"  3.15x 108

Notes. Radio flux density at peak time. ®Radio luminosity. ¢’Radio energy. ”FRB sources known to repeat, in their case we report the observed

maximum value of S, L, and E|.

Because several events are reported in more than one
of the above-listed samples, we removed the repetitions. Six
FRB events were not considered ‘a priori’ in our analysis as
they occurred before the launch of the Fermi-LAT satellite
in June, 2008 (FRB 20010724, FRB 20010621, FRB 20010312,
FRB 20010305) or during the period at the end of March 2018
(FRB 20180324, FRB 20180321), when the LAT was in safety
mode for over 23 days without taking any data due to a problem
with a solar panel orientation (Ajello et al. 2021). In addition to
the listed samples of FRB events, we also considered the FRB-
like emission from the Galactic magnetar SGR 1935+2154. For
most of the FRB events in our sample, we collected information
on the name, dedispersed time®> (UTC), position (RA, Dec) with
relative uncertainties, DM, width, flux and fluence with relative
uncertainties. Regarding the FRB name, we adopted the TNS
name format FRB YYYYMMDDx for the non-repeating FRB
events from the first CHIME/FRB catalog, which includes also
the information of the number of sources reported on a given
UTC day in the final letter ‘x’, while for all the others events we
used a general format FRB YYYYMMDD.

Among the 20 FRB sources with known host galaxies to
date, 14 have been included in our sample (Chatterjee et al.
2017; Prochaska et al. 2019; Ravi et al. 2019; Heintz et al. 2020;
Bhandari et al. 2020; Mannings et al. 2021; Xu et al. 2022); the
radio properties of these FRBs are presented in Table 1. A
possible galaxy association has been reported for only two
of the repeaters included in our sample: FRB 20180814A and
FRB 20190303A (z ~ 0.068 and z ~ 0.064, Michilli et al. 2023,
respectively).

For many of the events from repeating FRBs reported in the
CHIME/FRB website®, only preliminary time and positions are
available and further information will be provided in a forthcom-
ing publication by the CHIME/FRB Collaboration. All the infor-
mation on the FRB events in our sample can be found online’

5 Time of arrival with reference to infinite frequency for the specific
burst.

% http://www.chime-frb.ca/repeaters

7 https://www-glast.stanford.edu/pub_data/1807/

[ ALL FRBs

I....% non repeating
604 C__ repeating

T ]-L
102
Dispersion measure (pc cm™3)

Fig. 1. Dispersion measure (DM) distribution of the FRB sources con-
tained in our sample.

accompanied by the results obtained in our analysis of their
gamma-ray counterpart emission.

Our final sample counts 1020 FRB events from 583 differ-
ent celestial objects: 561 non-repeating FRB sources and 459
events from 22 repeaters. Among the repeaters, most of the
events (232) are related to the first repeater (FRB 20121102,
Chatterjee et al. 2017), while 72 events are from the peri-
odic FRB 20180916 (CHIME/FRB Collaboration 2020a), and
32 events from FRB 20201124A located in a Milky way-sized,
barred-spiral galaxy (Xu et al. 2022). The remaining repeaters
have between 2 and 21 events included in our sample (see also
Table 2).

The distribution of the DM of the FRB sources contained in

our sample is shown in Fig. 1.
The fluence of the FRB events in our sample presents a median
value of a few Jy ms, with a broad range of values starting at
0.1 Jy ms up to over 100000 Jy ms for the FRB-like emission
from SGR 1935+2154 (see Fig. 2).
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Fig. 2. Distribution of radio fluence versus DM for the FRB events in
our sample. FRBs with known host galaxies are outlined in black.

2.1. FRB distance and luminosity derivation

We used FRUITBAT® (Batten 2019), an open source python
package, in order to estimate the redshift of FRB sources with
unknown host galaxies in our sample using their dispersion mea-
sures and Galactic coordinates. The latter are used to correct for
the Galactic contribution on the DM value, which depends on
the source position (particularly relevant for the sources located
in the Galactic plane). For the redshift derivation we adopted the
method derived by Zhang (2018) and the cosmological parame-
ters obtained by Planck Collaboration VI (2020).

Apart from the three FRBs with known hosts, namely
SGR 193542154, FRB 20200120E and FRB 20171020 which
are located in our Galaxy (14 kpc) and in the nearby M 81
(3.6 Mpc) and Sc (37.7 Mpc) galaxies, respectively, all the other
FRBs present a luminosity distance larger than 100 Mpc, with a
maximum value of about 21 Gpc (z ~ 2.55) for FRB 20180906B.
For two FRB sources in our sample, namely FRB 20180430
(DM =264.1, 1 = 221.75°, b = —-4.61°) and FRB 20170606
(DM =247.0,1 = 167.87°, b = 4.79°), it was not possible to
derive a reliable distance estimate, since both of them are located
along the Galactic plane (b < 5°) and present low-DM val-
ues (DM < 300 pc cm™3), which are compatible with that of the
Galaxy.

In addition to the redshift and distance estimation, we used
the flux and fluence information to derive the total energy emit-
ted and luminosity of each individual FRB event. Figure 3 shows
the radio luminosity (upper plot) and energy (bottom) as a func-
tion of distance for all of the FRB events in our sample that have
flux measurements. The FRBs’ luminosities (energies) range
between 10* and 10% erg s~ (1032 and 10* erg).

2.2. FRB-events sample and 4FGL-DR2 comparison

Figure 4 shows the sky map of the selected FRB sources,
compared with the gamma-ray sources in the second data
release of the fourth Fermi-LAT source catalog (4FGL-DR2,
Abdollahi et al. 2020). The spatial distribution is highly asym-
metric between the northern and southern hemispheres, due to
the large number of bursts detected by the CHIME/FRB tele-

8 https://fruitbat.readthedocs.io/
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Fig. 3. Radio luminosity (upper plot) and energy (bottom) versus lumi-
nosity distance for all of the FRBs in our sample that have flux mea-
surements. FRBs with known host galaxies are outlined in black.

scope (CHIME/FRB Collaboration 2018), which is located in
Canada.

Comparing the location of the FRB sources with the 4FGL-
DR?2 sources we found that 16 of them have compatible posi-
tions, falling within the large positional error (0.2°-0.4°) of
CHIME/FRB. Among these, three lie within the positional
uncertainty of the 4FGL-DR2 sources (~0.05°) and are there-
fore the most promising for an association with a Fermi-LAT
source: FRB 20180309, FRB 20180924A and FRB 20190220A.
Assuming that all the 4FGL-DR?2 extragalactic sources (~3000)
are homogeneously distributed in the sky and considering a tol-
erance radius of 0.05° (similar to the averaged localisation uncer-
tainty in 4FGL-DR2), as well as the number of different celestial
objects in our sample (583), we would expect to have three asso-
ciations by chance with a probability of about 10-15%

FRB 20180309 is located in the vicinity of the millisecond
pulsar 4FGLJ2124.7-335 (PSRJ2124-3358 DM =4.6152,
Manchester et al. 2005). While neutron stars are one of
the most popular candidates for the progenitors of FRB
(Falcke & Rezzolla 2014; Platts et al. 2019), this FRB event,
which is among the brightest detected so far (with a fluence of
F > 83.5 Jy ms), presents a DM of 263.42 pc cm™ favouring an
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Fig. 4. Sky map, in Galactic coordinates and Mollweide projection, showing the sky coordinates of the FRB sources in our sample: 561 non-
repeating and 22 repeating FRB sources. Repeating FRBs are labelled in the plot. All the 4FGL-DR2 sources (Abdollahi et al. 2020) are also

plotted, with grey points, for a comparison.

extragalactic origin (zegr = 0.200). Multi-wavelength follow-up
observations with Gemini, VLA, and ATCA have not yet
found a clear host galaxy for this burst (Aggarwal et al. 2021).
FRB 20180924A lies within the localisation uncertainty of the
LAT source 4FGL J0221.84+3730. This gamma-ray source has
been classified as a blazar candidate of an unknown type (BCU)
and has no redshift information available. FRB 20180924A
presents quite a high dispersion measure (DM =1114.5 pc
cm~3, indicating a distant origin with an estimated redshift of
about zes; ~ 0.85, and it had a fluence of 3.5 + 1.2 Jy ms during
its burst episode. Finally, the position of FRB20190220A
(DM = 216.120 pc cm™, ze = 0.1561, fluence of 0.68 + 0.44
Jy ms) is close to the gamma-ray source 4FGL J1549.4+7409,
a BCU with no redshift information available. Both the BCUs
present a gamma-ray spectrum described by a power law with
no sign of an energy cutoff below 100 GeV suggesting z < 1
(Finke et al. 2010), still compatible with the expected lumi-
nosity distance of the FRBs. Further MWL observations will
be needed to either confirm or reject the possible association
of FRB 20180924A and FRB 20190220A with the two BCUs
4FGL J0221.8+3730 and 4FGL J1549.4+7409, respectively.

2.3. The periodic FRB20180916

Among the repeaters, FRB 20180916 (JO158+65) has recently
been reported to present a significant periodicity of 16.35 +
0.15 days, obtained from the first 38 events recorded by
CHIME/FRB Collaboration (2020a). In particular all bursts
arrive in a 5.4-day phase window, while 50% of them are
constrained to a 0.6-day phase window. This source has been
localised to a star-forming region in a nearby massive spiral
galaxy at redshift z = 0.0337 + 0.0002 (Marcote et al. 2020).

Our sample contains 72 radio burst episodes from this peri-
odic FRB source. Particular attention will be given to the analy-
sis of this source. Besides the search for gamma-ray emission for
each individual event and a cumulative analysis of all the events
reported for this FRB source, we also performed a folding anal-
ysis on the 0.6-day and 5.4-day phase windows.

3. Analysis description and results

The LAT detects photons by converting them into electron-
positron pairs and has an operational energy range from 20 MeV
to more than 300 GeV (Atwood et al. 2009). Thanks to its large
field of view and continuous sky survey, the LAT represents an
optimal instrument for the search for transient events flashing at
random locations in the sky, such as FRB events.

In this work we applied several analysis methods in order to
search for the gamma-ray emission from FRB events on differ-
ent timescales, ranging from 10 s (short-timescale emission) to
13 years (steady emission from the repeaters). For the search for
the short-timescale emission we considered four time windows
ot = 10, 100, 1000 and 10000 s in order to extend the searches
to time windows large enough to take into account the radio dis-
persion delays that can amount to many seconds. Finally, we
investigated possible triplets of photons close in time with the
FRB event.

The analysis applied in this work is divided into five parts.
First, we analysed the gamma-ray data from each individual FRB
event on a short timescale (6 = 10-10000 s, see Sect. 3.1).
Secondly, we searched for possible steady emission from the
22 repeaters in our sample (see Sect. 3.2). Particular attention
was paid to the periodic FRB 20180916, for which the 0.6 and
5.4 days active phase windows were also investigated using a
folding analysis (see Sect. 3.3). Subsequently we performed a
stacking analysis on the undetected sources in the individual
study in order to search for cumulative emission from the popu-
lation of FRB events (see Sect. 3.4). Finally, we used a photon-
counting method to search for photon triplets possibly associated
with the FRB events (see Sect. 3.5). In the following part we
present the description of each analysis method accompanied by
the relative results.

3.1. Short-timescale analysis of individual FRB events

For each FRB event, we performed the analysis on 10, 100, 1000
and 10000 s time windows (6t1) centred on the FRB-event time.
For our analysis, we only considered the FRBs that occurred
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during the first 13 years of Fermi-LAT operation: between
August 5, 2008, and August 2, 2021 (MJD 54683 — 59428).
We selected events that have been reprocessed with the
P8R3_SOURCE_V3 instrument response functions (IRFs,
Bruel et al. 2018), in the energy range between 100 MeV and
1 TeV. The low-energy bound is justified by the large uncer-
tainties in the arrival directions of photons below 100 MeV,
leading to a possible confusion between point-like sources and
the Galactic diffuse component (see Principe et al. 2018, 2019,
for a different analysis implementation to solve this and other
issues at low energies with Fermi-LAT), while the upper bound
is related to poor effective area and photons collection above 1
TeV (Ajello et al. 2021). To reduce the contamination from the
low-energy Earth limb emission (Abdo et al. 2009) we applied a
zenith angle cut of § < 105° to the data.

The binned likelihood analysis (which consists of model
optimisation, localisation, spectrum and variability analyses)
was performed with Fermipy’ (Wood etal. 2017), a python
package that facilitates the analysis of LAT data with the Fermi
Tools!?, of which version 2.0.18 was used. In order to determine
whether an FRB is detected or not we used a test statistic!' TS >
25 as the threshold. The resulting significance is ~(TS)*>c'2,
and thus TS > 25 is equivalent to a significance of >50.

For each source in our sample we selected a region of interest
(ROI) of 10° in radius centred on the source position, and each
ROI was analysed separately. We binned the data with a pixel
size of 0.1° and eight energy bins per decade. The model used
to describe the sky includes all point-like and extended sources
located at a distance <15° from the source position listed in the
4FGL-DR2 (Abdollahi et al. 2020), as well as the Galactic dif-
fuse and isotropic emission. For the two latter contributions, we
used the same templates'® adopted to derive the 4FGL catalog.
A point-like source was also always added at the position of the
FRB event.

For the likelihood analysis, we first optimised the model of
the ROI, then searched for possible additional faint sources in
each ROI, not included in 4FGL-DR2, by looking for bright
excesses in the TS maps (significance maps). Subsequently, we
re-localised the sources of our sample corresponding to the FRB
event with TS > 10 (~30). We performed the spectral analysis
leaving the diffuse background template normalisation and the
spectral parameters of the sources within 2° of our targets free
to vary . For the sources within a radius of 2°-4° and all vari-
able sources, only the normalisation was fitted, while we fixed
the parameters of all the remaining sources within the ROI.

For the refined spectral energy distribution (SED) plot of
the detected sources, we repeated the spectral analysis divid-
ing the photons into seven energy bands: six logarithmically and
equally-spaced bands between 100 MeV and 100 GeV and one
band between 100 GeV and 1 TeV. We modelled the spectrum of

9 Version 1.0.1, http://fermipy.readthedocs.io/en/latest/
10 https://github.com/fermi-lat

! The test statistic (TS) is the logarithmic ratio of the likelihood .£ of a
model with the source being at a given position in a grid to the likelihood
of the model without the source, TS = 2 log % (Mattox et al. 1996).
12 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_Likelihood/TS_Maps.
html

3 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
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Fig. 5. Diagram of 95% confidence level UL on the gamma-ray flux
as a function of radio fluxes. The UL from the LAT analysis on 61 10—
10000 s are plotted in blue, green, orange and red, respectively.

each source with a power-law (PL) function

dN E\"
— =Ny X|—] ,
de = (E,,)

using E;, = 1 GeV. Upper limits at a 95% confidence level are

reported for the sources with no significant gamma-ray emission
(TS < 25).

Results on short timescale on individual FRB events.
Depending on the FRB position and date as well as on the dura-
tion of the time windows considered in the analysis, some of the
events may happen outside the LAT field of view or may have
a low exposure. For the short-timescale analyses the following
numbers of events have non-negligible exposure, with at least
one photon in the LAT field of view (FoV), allowing us to per-
form a likelihood analysis on 258 events (6t = 10 s), on 276
events (0t = 100 s), on 415 events (6t = 1000 s), and on 958
events (0T = 10000 s).

No significant detection was found from the analysis of the
individual bursts on the various short-timescales (see Fig. 5),
therefore only upper limits (UL) corresponding to the 95% con-
fidence level were provided.

The most stringent ULs on the flux values are 2.4 X 1075, 1.9 x
107%,8.9x 1073 and 1.5x 1078 ph cm™ s~! for the analysis over
or = 10, 100, 1000 and 10 000 s; respectively.

In order to perform a direct comparison between the radio
emission and the UL derived for the gamma rays we estimated
the energy flux (vF,). Figure 6 shows a comparison of the UL
on the energy flux obtained in the analysis over the oy = 10 s
and 6t = 10000 s time windows as a function of the measured
energy flux observed in the radio band.

The limit on the energy flux for 10 s ranges from 1.3 x 1078
8.9 x 1077 erg cm~2 s~!, while for 10000 it ranges from 5.0 x
10711-9.5 x 1077 erg cm™2 s~!. The lowest limits obtained here
are one order of magnitude more stringent than all the values
previously reported over the same timescale, 10 s (AGILE-GRID
UL=1.8x 1077 erg cm~2 57!, Verrecchia et al. 2021).

Assuming a direct proportionality between the radio and
gamma-ray energy fluxes, the most stringent limit is obtained
for SGR 1935+2154 for 6t = 10000 s, ruling out a gamma-ray
energy flux larger than 0.4 times the radio one. For this source we

ey
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Fig. 6. Diagram of the upper limits on the gamma-ray energy flux as
a function of radio energy fluxes (vFv). The FRB events reported are
those with available information on their radio flux density and with a
correctly estimated gamma-ray flux UL (i.e. sufficient gamma-ray expo-
sure). Gamma-ray upper limits from the analysis on 10 s (10000 s)
are plotted in blue (red). To avoid further confusion we plot only the
or = 10 and 10000 s results, the results on 6t = 100 and 1000 s provide
UL in between the two extreme time windows (10 and 10000 s). FRB
sources with known host-galaxy are highlighted with a black outline.

do not have constraints over shorter timescales as it entered the
LAT field of view only about 2000 s after the burst. For the anal-
ysis over 01 = 10 s the most stringent limit is for FRB 20190102,
ruling out a gamma-ray energy flux larger than 2.5 x 10* times
the radio one.

3.2. Long-term analysis of repeating FRBs

For the search for steady emission from the repeaters, we consid-
ered about 13 years of Fermi-LAT data between August 5, 2008,
and August 2, 2021 (MJD 54683 — 59428). In order to optimise
the analysis, we applied different cuts for the data selections at
low energies and selected event types with the best point spread
function'* (PSF). In particular, for energies below 300 MeV we
excluded events with a zenith angle larger than 85°, as well as
photons from the PSFO and PSF1 event types. Between 300 MeV
and 1 GeV, we excluded events with zenith larger than 95°, as
well as photons from the PSFO event type. Above 1 GeV we
used all events with zenith angles under 105°. This time, for the
spectral analysis we left the sources within 5° of our targets free
to vary, we only fitted only the normalisation of sources in a
radius between 5° and 10°, and we fixed the parameters of all
the sources within the ROI at larger angular distances from our
targets.

In addition to the likelihood and spectral analysis (see
Sect. 3.1), we also extracted a light curve for each repeating FRB
source using temporal bins of three months in order to search for
gamma-ray emission on this timescale. The fluxes in each time
window were obtained by leaving only the normalisation free
to vary and freezing the other spectral parameters to the best fit
values obtained from the full range analysis.

14" A measure of the quality of the direction reconstruction is used to
assign events to four quartiles. Gamma rays in Pass 8 data can be sepa-
rated into four PSF event types: 0, 1, 2 and 3, where PSFO has the largest
PSF and PSF3 has the best one.

Results of long term analysis on repeating FRBs. We
searched for steady gamma-ray emission from the 22 repeaters.
We reduced the analysed period considered for FRB 20190117
(J2207+17) because it lies in proximity (<0.85°) of a bright
and strongly variable 4FGL-DR2 source (4FGL J2203.4+1725,
sign.> 600, I'y;y = 940, Abdollahi et al. 2020) that had strong
flaring activity between 2008 and 2015. Therefore we limited
the analysis of this repeater between Jan 2016 and Aug 2021 (for
more information on the analysis of this source see Appendix A).

We did not detect significant emission from any of the
repeaters. We therefore provide ULs at a 95% confidence level
concerning their steady emission. Table 2 contains the results of
the gamma-ray analysis with the ULs on their gamma-ray flux
and luminosity.

Our flux and energy flux ULSs on the steady gamma-ray emis-
sion from the repeaters are of the order of 107! ph cm™2 s~!
and 10713 erg cm=2 57!, respectively . These results represent the
most stringent ULs so far in the search for steady gamma-ray
emission from repeating FRB sources.

3.3. Folding analysis of the periodic FRB20180916

In addition to studying each individual event, we also performed
a cumulative folding analysis of all the events reported for a
given repeating FRB. In this procedure all the individual time
windows (e.g. 1000 s duration centred on the FRB event) related
to the FRB 20180916 source were stacked together as a single
window, having a length equal to the sum of each single period.
We then used the previously described analysis (see Sect. 3.1)
to look for a gamma-ray signal. This method was also applied
to analyse the active phase (0.6 days/5.4 days) of the periodic
FRB 20180916.

Results on the periodic FRB20180916. We searched for
gamma-ray emission from the periodic FRB 20180916 with the
Fermi-LAT, but we did not find any significant emission either
on the individual events (on 10, 100, 1000 and 10000s) or on
the cumulative phase-folded analysis on all the events. Based on
the measured radio phase of the periodic activity, we performed
a folded analysis of LAT data on the 5.4-day phase. Table 3 lists
the 95% integrated ULs on the FRB energy flux, obtained using
a power-law spectral model with fixed I' = 2.

Figure 7 shows the spectral ULs at 95% confidence level
obtained on the periodic FRB20180916 for the different
timescales used in our analysis.

Although no significant detection was observed for
FRB 20180916, our results represent the most stringent ULs
on its gamma-ray emission so far (for previous results see
Tavani et al. 2020; Nicastro et al. 2021).

3.4. Stacking analysis

As discussed in Sects. 3.1 and 3.2, no FRB event was detected.
We therefore looked for collective emission from all 1020 FRB
events and for this purpose we performed a stacking analysis
of the sources using the likelihood results of each object as
described in Sect. 3.1. For each source i and energy bin k, we
derived a log-likelihood profile log £; , that is the log-likelihood
value as a function of the photon flux. Assuming a common spec-
tral shape for all sources dN/dE, we calculated the correspond-
ing log-likelihood value for each source at a given energy. The
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Table 2. Results of the search for steady gamma-ray emission from repeating FRBs.

Name DM D Nev.@ §5.® L © TS@ F,© yFy, 1 L,
pcem™  Mpc Jy ergs”!

FRB 20190907 309.6 1150 4 0.4 6.15x10*" 02  1.06 3.82 573x10%
FRB 20181030 103.5 290 9 3.2 325%x 108" 00 263 195 279 x 10%
FRB 20180916 349.2 150 72 1.7 452%x10% 30 293 7.06  4.53 x 10*
FRB 20180908 195.7 700 4 0.6 3.50x 104 00  5.62 138 1.90 x 10%
FRB 20181017 1281.6 6800 2 0.4 222x10% 00  7.65 1.41 2.81 x 10%
FRB 20190604 552.6 2500 2 0.9 6.69x 102 32 263 437 357 x10%
FRB 20181128 450.5 1350 4 0.5 1.06 x 102 02  16.1 3.13 1.86 x 10%
FRB 20190117 ® 393.6 1600 6 1.7 514x 102 35 551 342 7.08 x 10
FRB 20200120E 87.8 3.6 7 1.8 279% 107 00 213 072  6.34x10%
FRB 20190417 13782 7150 12 0.7 430%x10%¥ 02 238 445 1.63 x 10%
FRB 20181119 3640 1500 8 0.6 1.65x 102 07 121 359 976 x 10%
FRB 20190116 441.0 1950 2 0.4 1.79 x 102 14 240 1.10 450 x 10*
FRB 20190213 651.4 2950 2 0.5 526%x 102 00 107 135 598 x10%
FRB 20190212 3020 1100 10 1.1 1.61 x 102 74 057 838  1.04 x 10%
FRB 20180814 189.0 330 21 - - 0.0 9.80 0.76  4.94 x 10%
FRB 20190303 222.4 860 19 0.5 443 x 10" 00  1.68 136  1.65x10%
FRB 20190208 580.1 2400 7 0.6 4.19%x 102 0.1 1.80 3.66  2.67x10%
FRB 20190209 4250 1750 2 0.6 221%x102 00 724 0.57 293 x10%
FRB20201124A 9 413.5 450 32 - - 0.0 2.64 077 421 x10%
FRB 20190222 460.6 1600 2 1.9 598 x 102 45 567 6.94  2.64x10%
FRB 20121102 ¥ 557.0 950 232 031 333x10*" 32 481 7.71 2.72 x 10%
SGR 193542154 ¢ 3327  0.014 1 110000 7.0x10® 0.6  5.59 134 370 x 103

Notes. “Number of events listed in our sample for each individual repeater. ®Maximum value of the radio flux density at peak time for a given
FRB. ““Maximum value of the radio luminosity for a given FRB. @Test statistic. ’ULs at a 95% confidence level on the gamma-ray flux in units
of 10719 ph em™2 s7!'. WULs at a 95% confidence level on the energy flux in units of 10713 erg cm™2 s~!. @ULs at a 95% confidence level on the
luminosity in units of erg s™!. ' The analysis of this repeater was limited between Jan 2016 and Aug 2021 (see Sect. 3.2). “”FRBs with known

host galaxy and therefore measured luminosity distance (D).

Table 3. Results on the periodic FRB 20180916.

Analysis vFy, @
ergcm 257!
6r=10s® <7.8x10°8
ot = 1000 s @ <1.4x107°
Folding 1000 s of all bursts ) <1.7x 10710
5.4-days active ph. (13 years) @  <2.1 x 10712

Notes. “"The 95% ULs on the energy flux. ' Time window centred on
the first observed radio burst (MJD = 58377.42972096). “Folding anal-
ysis of the cumulative gamma-ray emission on 1000 s time windows on
the 72 detected bursts. ” Analysis of the 5.4-day active phase windows
for 13 years of LAT data.

total log-likelihood was obtained by summing over all the energy
bins and sources:

log £ = Z Z log L; xlan/aeey @
i k

We assumed a simple power-law spectrum (see Eq. (1)) for all
the sources in our sample. By varying the normalisation Ny and
photon index I we created a 2D likelihood profile in order to
search for the parameter values that maximize the log-likelihood.
In order to avoid convergence problems in the fitting procedure,
we fitted each individual burst with a power-law spectrum with
spectral index fixed to —2.5 in all of the four time windows anal-
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Fig. 7. Fermi-LAT spectrum of periodic FRB 20180916. We plot the
95% upper-limits for the 10 s and 1000 s time windows centred on the
first FRB event, as well as for the folding analysis on the 72 detected
bursts using 1000 s time windows and for the 5.4-day active phase win-
dows obtained for the 13 years of LAT data. For a comparison the
20 ULs obtained with AGILE-GRID in the 0.5-10GeV energy band
(Tavani et al. 2020) gray are plotted.

ysed from 10 s to 10000 s. The procedure was repeated for dif-
ferent spectral index values (—2.0, —2.5, —3.0), obtaining com-
patible results.



Principe, G., et al.: A&A 675, A99 (2023)

FRB single
1074 4 —==- Background
3 ® FRB stacked
1075 5
w 1
E 1076 5
= ]
= 1 ¥~
5 1071 S
> 3 «‘\F
1078 4 T
] “\1i
v “«,_\
1079 4 Tt~
: e
10! 102 103 104

O7(s)

Fig. 8. Upper limits on gamma-ray flux at 95% confidence level for
time windows considered in our analysis (10, 100, 1000 and 10000 s).
The orange dashed line represents the median value of ULs on indi-
vidual FRB events, while the orange band is obtained from the 10%
and 90% quantiles of these values, while the blue points are the ULs
obtained with the stacking analysis. The grey dashed line shows the
upper limits derived from the stacking analysis performed on a sample
of background sources.

The significance of the potential detection is derived by com-
paring the maximum log-likelihood value with that of the null
hypothesis (log L), i.€., the hypothesis in which the flux of the
gamma-ray emitter is zero. We estimated the significance using
the TS value, defined as TS = 2(log £ — log Lyun)-

In the case of no detection, we estimated the UL at 95%
confidence level on the photon flux by deriving the 2D con-
tour corresponding to a Alog £ = 4.61/2, with two additional
free parameters (Ny and I" in Eq. (1)) in our model compared
to the null hypothesis. In Principe et al. (2021), this method was
tested by performing MC simulations, and it was verified that a
Alog L > 4.61 occurs by chance only 5% of the time, corre-
sponding to a 5% false positive detection rate.

Finally, we performed a stacking analysis using the lumi-
nosity as a free parameter, assuming that all FRB events have
the same intrinsic luminosity. Flux values used in Eq. (2) were
converted into luminosities using the luminosity-distance values
derived in Sect. 2.1 and the stacking procedure was carried out
assuming that the gamma-ray emission is still described by a
simple power-law spectrum (as in Eq. (1)) expressed in lumi-
nosity units. With this procedure, the results are indeed domi-
nated by the closest FRB sources, for which the expected flux
is higher if the luminosities at the source are assumed to be the
same.

3.4.1. Results of the stacking analysis for all FRB events

We performed the stacking analysis on all the FRB events in our
sample. We did not find any significant emission and we cal-
culated ULs at a 95% confidence level on the gamma-ray flux.
Figure 8 shows the results from the stacking of all FRB events
in our sample, compared with the average ULs obtained on indi-
vidual bursts. As expected, the ULs obtained with the stacking
analysis are about two orders of magnitude more stringent than
individual sources.

It can also be noted that ULs are more stringent for longer
time windows (dt). This is compatible with the increased pho-

ton statistics when increasing the width of the time window
analysed.

3.4.2. Comparison with stacking of background sources

We repeated the stacking analysis on a control sample of bursts,
defined so that only signal from background is included, to
ensure that this analysis gave results compatible with the non-
detection of the stacked FRB events. We analysed data from
random locations in the sky with the same time windows used
for the analysis of the FRB-event sample. The positions were
selected to be at least one degree from all known gamma-ray
sources in the 4FGL-DR?2 catalog. The number of selected posi-
tions was chosen to match the number of events in our sample.
We performed the same likelihood analysis described in Sect. 3.1
on all the background sources, followed by the stacking analysis
on this sample. The results are shown as a function of the time
window in Fig. 8 (grey line). In particular, rhe results are com-
patible with those obtained from our FRB-event sample (blue
points), showing that the upper limits are fully consistent with
background fluctuations.

3.4.3. Limits on energy and luminosity with the stacking
analysis

As described in Sect. 3.4, we repeated the stacking procedure
using the luminosity of sources as a free parameter. The results
are reported in the top panel of Fig. 9. The gamma-ray emitted
energy was also calculated by multiplying the luminosity by the
time window analysed.

3.4.4. Stacking of the repeating FRBs

Since no significant detection resulted from the search for steady
emission from the repeaters, we searched for a cumulative sig-
nal by stacking data from all repeating FRB sources analysed
with 13 years of LAT data. We applied the method described in
Sect. 3.4 in the full energy range and repeated the analysis in
eight energy bins (2 bins per decade). The cumulative UL on the
photon flux was found to be 8.1 x 10~'! ph cm~2 s~!. This value
is about one order of magnitude lower than the ULs derived from
the individual repeating FRB analysis reported in Table 2.

Figure 10 shows the SED obtained from the stacking analy-
sis of the repeating FRBs, compared to the average UL obtained
from the single FRB-source analysis. The stacking procedure
was also performed using the luminosity as a free parameter,
similarly to what was done for the individual bursts. The UL on
the cumulative luminosity is 1.6 x 10* erg s7!.

3.5. Photon triplets search analysis

Finally, we applied the analysis method for searching for photon
triplets described in detail in Fermi-LAT Collaboration (2021).
For each FRB source, we selected all the SOURCE class pho-
tons between 100 MeV and 300 GeV detected by the LAT over
13 years in an ROI with a radius of 1° centred on the FRB posi-
tion. Then, we computed the time interval A¢; for each triplet of
photons i formed by three consecutive events,

Aty =t — 1, 3
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Fig. 9. Upper limits at 95% CL on the gamma-ray luminosity (top) and
energy (bottom) as a function of the observed time window. The ULs
have been obtained for the 0.1-1000 GeV energy range. In both plots,
the orange line represents the median value of upper limits obtained
from individual FRB events, while the orange band is obtained from the
10% and 90% quantiles of these values. Blue arrows represent the upper
limits from the stacking analysis on all bursts.

and corrected this quantity for the effect of bad time intervals by
subtracting, from each A¢;, the period of time during which the
ROI was not observable by the LAT.

With this dataset, we initially examined the first triplet fol-
lowing each FRB event trigger-time Trrp and studied its poten-
tial association with the FRB emission. We call this study the
next triplet analysis. To compute the probability that three pho-
tons cluster by chance due to statistical fluctuations of the back-
ground, in the time range Afprp = frrB3 — IrrB, Where fprp 3
is the time of the third photon of the triplet subsequent to the
FRB event, we applied the likelihood-ratio method defined in
Li & Ma (1983). The maximum likelihood ratio, testing the pres-
ence of a new source, is defined as follows:

NrrB Ng
@ (i, Ng N Nrrp ’
1+a NgrB

1
— 1
1+a ( Ng
where Nggg = 3, Np is the number of LAT photons observed
outside the time range Afggrp, and « is the ratio between Atprp

A= “
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Fig. 10. Fermi-LAT spectrum of the repeating FRBs. Orange: Average
UL at 95% C.L. obtained from the single FRB-source analysis. The
coloured band represents the envelope for all ULs from the individual
repeating FRB sources. Blue: UL at 95% C.L. from stacking analysis.

and the total live time for each ROI over 13 years of observation.
The significance S of the triplet in consideration, measured in
units of o, can hence be calculated as

S~ V=2l 5)

Assuming the significance of the Li&Ma test follows Gaussian
statistics with one degree of freedom, the o of the Li&Ma test
can be expressed in terms of probability, pP" . where ‘pre’
denotes the pre-trial probability. For repeaters, the post-trial
probability, accounting for the number of triggers, can be esti-
mated as

post __ o N
pVa]ue - 1 —e Pralue trials (6)

3.5.1. Triplet delay analysis for non-repeating FRBs

For the given arrival time of each FRB event, one could study
the delay of the arrival time of the most significant subsequent
triplet of photons detected at the same location as the FRB. We
call this analysis the next-best-triplet study.

Using the triplet dataset produced in Sect. 3.5, we focused
on the analysis of the sample of non-repeating FRB sources,
for which there is no confusion in associating a triplet with an
FRB event. For each FRB source, we selected the triplet with
the shortest Az (highest p-value), detected after the FRB trigger-
time Tgrp, and calculated the triplet delay D; as

D; =t — Trrs, @)

with #;; indicating the time of arrival of the first photon within
the triplet. We then built the distribution of D;, to be compared
to the null-hypothesis distribution, which is obtained by aver-
aging 100 random realizations shuffling the trigger times of the
FRB sample each time. In this way, we can determine whether
the two distributions are statistically different or consistent with
each other. A statistically significant deviation from the null-
distribution would indicate that FRBs are followed by gamma-
ray emission after a preferential amount of time.

3.5.2. Results for triplet photon search

Figures 11 and 12 show the results of the study for the next-best
triplet and next triplet, respectively. The former has a straight-
forward interpretation: the distribution of delays of the next-best
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Fig. 11. Distribution of delay of the significant triplet with respect to
trigger time of the FRB event. This distribution only includes non-
repeating FRBs and is compared to 100 background distributions (grey
lines) obtained by shuffling the trigger times for each FRB event. The
black distribution is the mean background distribution obtained by aver-
aging the 100 random realizations. Triplets with a delay greater than one
year are not considered in this plot.

triplet with respect to the FRB-event trigger has no statistically
significant deviation from the null-distribution. This tells us that
the next-best triplets found after the trigger time are likely not
related to the FRB.

Regarding the next triplet analysis, which is run for both
single-event FRBs and FRB repeaters, we note that the minimum
lag between the FRB-event trigger time and the arrival time of
the first photon is of the order of 50 s for the sample of non
repeaters, while it is 9 s for repeaters.

We observe that no FRB events show a post-trial p-value
above 50. Such a p-value is expected to be further wors-
ened if we consider the additional population-trial factor, which
accounts for the total number of FRB events considered in this
study. For example, as shown in Fig. 12 (bottom panel), the most
significant FRB is the non-repeating event FRB 20190221B,
with a Li&Ma significance of 4.030. For this event the p-value
after accounting for the total number of FRB events in our sam-
ple (1020) is only 0.055, namely slightly less than two o. All the
other FRBs scale accordingly to lower significance levels than
FRB 20190221B after accounting for the same population-trial
factor.

3.5.3. Fermi-LAT sensitivity on ms timescales

As mentioned above, no photons have been detected from the
FRB directions within a time window of few seconds. While in
Sects. 3.1-3.4, we derived limits starting from 10 s, in order
to estimate the sensitivity of the LAT to events on a shorter
timescale, down to the ms scale, we performed a single photon
sensitivity study. For small time windows ot < 1 s the back-
ground is negligible, and the total number of events that are
expected to be detected by the LAT from a source with a pho-
ton spectrum described by Eq. (1) can be estimated as

Emax

-y
N() (Egb) X Aeﬂ‘(E, 9) dE (8)

Nexp(ea y) =0T X f

Emin

where A.g(E,0) is the effective area of the Fermi-LAT instru-
ment (Bruel et al. 2018) and 6 is the off-axis angle. We note that
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Fig. 12. Demographics of next subsequent triplet after the FRB-event
trigger time. We refer to the text for the description of the plotted
quantities. Each point corresponds to one FRB trigger. We mark the
non-repeating FRB sources with black crosses , while the repeaters are
marked in different colours according to the legend in the top panel.
The red solid, dashed, dot-dashed, and dotted lines mark the confidence
levels corresponding to 2, 3, 4 and 5o, respectively.

since we integrate over the entire energy range and over an ROI
which is much larger than the PSF of the instrument, we can omit
the integration over the PSF and over the energy dispersion. Fur-
thermore, considering that the 95% probability of observing at
least one event is reached when the expected number of events
is three (using a Poisson probability density function), we can
compute the 95% photon flux UL by deriving the normalisation
Ny by equating Eq. (8) to three, and integrating Eq. (1) between
100 MeV and 1TeV. In Table 4 we summarise the UL values
for different IRFs, incident angles and photon indexes: for these
timescales, where the background is negligible, the event classes
with the largest effective area (P8R3_TRANSIENTO10E_V3 and
P8R3_TRANSIENTO20E_V3) provide the most constraining ULs.

In Appendix B we plot the behaviour of the flux UL as a
function of the off-axis angle for the three IRFs and for the
three different photon indexes considered here. The correspond-
ing limits on energy flux are of the order of 240 erg cm™2 s7!.
Figure 13 shows the derived UL on ms gamma-ray luminosity
and energy as a function of luminosity distance.
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Table 4. Millisecond-timescale Fermi-LAT sensitivity.

IRF r F, @
6=0° 6=30° 6=60°

15 032 034 08

P8R3_SOURCE_V3 2 030 032 073
25 029 031 071

15 029 032 077
P8R3_TRANSIENTOIOE_V3 2 027 030 0.7l
25 027 030  0.69

15 028 030 074
P8R3_TRANSIENTO20E_V3 2 027 029  0.69
25 026 029  0.68

Notes. Photon flux value for different IRFs, incident angles and pho-
ton indexes I'. The values of the UL are in [ph cm™ s~!] and are obtained
for a o1 of 1 ms, and therefore they can be re-scaled by (1 ms/dt) to
obtain ULs for different exposure times.

10°7 107
Fermi-LAT 1 ms

L1072
10%% L 10%0

10° + -10%

lerg s7']
En, [erg]

~10% + F10%

Lum
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T
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Fig. 13. UL of the millisecond gamma-ray luminosity and energy as a
function of luminosity distance.

In particular the UL on the luminosity for a ms timescale is
of the order of

2
Dy B
-t , 9
150Mpc) c1es ©)

Ly,é—y:lms < 1050(
which corresponds to an emitted energy of E,s5-ims <
1047(Dy. /150 Mpc)? erg.

4. Discussion

Fast radio bursts are one of the most intriguing and compelling
current enigmas in astrophysics (Cordes & Chatterjee 2019;
Petroff et al. 2019). They are thought to originate from a high-
energy process that is not yet understood. Despite there being
hundreds of proposed models for FRB progenitors (Platts et al.
2019), with those invoking magnetars being the most popular
(see e.g., Popov & Postnov 2013; Metzger et al. 2019), their ori-
gin and emission mechanism are still a mystery (Zhang 2020;
Xiao et al. 2021; Lyubarsky 2021; Zhang 2022).

The recent discovery of coincident FRB-like and X-ray
emission from the magnetar SGR 1935+2154 (CHIME/FRB
Collaboration 2020b; Kirsten et al. 2021; Tavani et al. 2021)
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implies that at least some FRBs may arise from magnetar activ-
ities, supporting the idea of a magnetar scenario for the origin
of cosmological FRBs. Several models invoke strongly magne-
tised neutron stars and predict high-energy emission associated
with the FRB event (see e.g. Popov & Postnov 2013; Lyubarsky
2014; Zhang 2014; Metzger et al. 2019; Margalit et al. 2020;
Yang & Zhang 2021). If we assume that FRBs are produced by
magnetar flares we would expect afterglow emission peaking at
gamma-ray energies Epcac > MeV-GeV (Metzger et al. 2019),
with a predicted gamma-ray luminosity L,~10%-10* erg s7!,
on a time-scale comparable to the FRB itself. In addition, any
FRB should be accompanied by X-ray or gamma-ray emission
with an energy at least a factor > 10* larger than the emit-
ted radio energy (Margalit et al. 2020), or a gamma-ray-to-radio
fluence ratio of 10°—10° (Lyubarsky 2014).

We constrained the gamma-ray emission for the FRB events
in our sample. The top (bottom) panel of Fig. 14 shows the
Fermi-LAT ULs on the gamma-ray luminosity (energy) com-
pared to that emitted in radio, over time windows of 10 s and
10000 s centred on the FRB episode.

The resulting ULs on the gamma-ray luminosity are in the
7 x 10M-10°2 erg s~! range for the analysis with 6t =10 s, and
9 x 10%-10% erg s7! for 6t = 10000 s. While the FRB event
related to SGR 1935+2154 was not observed for short timescales
(it entered the LAT FoV only after 2000 s), the UL we obtained
on a longer timescale (6 = 10000 s) is, as of today, the most
stringent at gamma-ray energies (L, < 103 ergs™!). This value
is close to the measured radio luminosity (7 x 10°° erg s™!), rul-
ing out a gamma-ray luminosity for this source larger than the
radio one for 6t = 10000 s. As for the analysis with ot = 10 s,
the most stringent ULs (~10%* erg s™') were obtained for two
events related to the repeaters FRB 20200120E (at 3.6 Mpc).
Unfortunately, no information on the radio burst parameters
other than localisation, event time and significance has yet been
published for these two events', precluding a direct compari-
son with the radio band. For more distant bursts (e.g. the peri-
odic FRB 20180916B, at 150 Mpc) our ULs for 67 = 10 s and
ot = 1000 s are of the order of 10 erg s=! and 10* erg s7!,
respectively.

The ULs on the gamma-ray energy have been obtained by
multiplying the UL on the luminosity by the corresponding time
window (J7). Similarly to the results obtained for the lumi-
nosity, our most stringent limits on the gamma-ray energy are
of the order of ~ 10* erg (FRB20200120E) and 10* erg
(SGR 1935+2154), for the analyses with 67 = 10 s and 67 =
10000, respectively. The latter limit implies a gamma-ray-to-
radio energy ratio smaller than 3 x 10°. For more distant bursts
our ULs on the gamma-ray energy for both the analyses with
61 = 10 s and 61 = 10000 s are of the order of 10¥ erg, exclud-
ing gamma-ray energies larger than 10° times those emitted in
radio.

Similar results have been obtained using the stacking anal-
ysis on the entire sample of FRB events (see Sect. 3.4.3). The
cumulative ULs on the gamma-ray energy are of the order of
10% erg, two orders of magnitude smaller than the average ULs
derived from individual events.

Considering shorter time intervals (67 < 1 s), we derived
the LAT sensitivity on milli-second scales (see Sect. 3.5.3). For
the FRB sources in the LAT FoV at the time of the event,
the ULs on the emitted gamma-ray energy are of the order of

E, si=ims S 104(Dy./ lSOMpc)2 erg. Since no photons have

5 https://www.chime-frb.ca/repeaters/FRB20200120E
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Fig. 14. ULs at a 95% CL on the gamma-ray luminosity and energy.
Top: ULs on the gamma-ray luminosity as a function of radio lumi-
nosity. Bottom: the ULs on the emitted gamma-ray energy as a func-
tion of radio energy. The FRB events reported are those with available
information on their radio flux density and with estimated gamma-ray
flux (sufficient gamma-ray exposure). Gamma-ray upper limits from the
analysis over 10 s (10 000 s) are plotted in blue (red). FRB sources with
known host galaxy are outlined in black.

been detected from the FRB locations, by comparing our limits
with the measured radio energy we can rule out energies greater
than 10° times the radio values at millisecond timescales.

The non-detection of gamma-ray emission from FRB events
for any of our analysis methods implies that the gamma-ray-to-
radio energy ratio has to be smaller than 3x10°~10° on time win-
dows ranging from millisecond to 10 000 s. These values are still
in agreement with the predictions of Metzger et al. (2019) and
Metzger et al. (2020), while being close to the predicted gamma-
ray emission by Lyubarsky (2014). Our constraints could also be
an indication that models for which the gamma-ray emission is
strongly attenuated may be preferred. This can be the case of dif-
ferent beaming angles for radio and high-energy emission (e.g.,
Sridhar et al. 2021), or hypernebulae origin for FRBs, for which
gamma-rays are strongly attenuated within the nebula primar-
ily by the Breit-Wheeler pair production process yy — e*e”
(Sridhar et al. 2022).

5. Conclusion

The goal of our work was to study the high-energy emission of
FRB counterparts, performing the broadest and deepest search
for gamma rays from FRB sources to date. To this end we
considered 13 years of Fermi-LAT data for a sample of 1020
FRB events. We combined different compilations of FRB events,
resulting in the largest sample used so far for a gamma-ray study.
First, we analysed the gamma-ray data of each source individu-
ally for different timescales (from 10 to 10000 s) to look for a
significant detection, while for the 22 repeaters included in our
sample we also searched for steady emission using 13 years of
LAT data. Then, we performed a stacking analysis of all unde-
tected sources in order to search for a cumulative signal. Addi-
tionally, we also searched for triplets of photons possibly asso-
ciated with the transient radio events.

The main results can be summarised as follows:

— No significant emission has been observed from any of the
analyses described above.

— For the gamma-ray emission from individual FRB events our
most stringent ULs on the energy flux are 1.3 x 1078, 6.3 x
10719,1.2x 10719, 3.1 x 107" erg cm™2 57! for the analysis
with 6t =10, 100, 1000, 10000 s, respectively. These limits
are one order of magnitude more stringent than all values
previously reported.

— We did not detect significant steady emission (over 13 years
time-scale) from any of the repeaters, obtaining ULs on the
energy flux of the order of 107!% erg cm™2 s~!. This value
represents the most stringent UL on the search for steady
gamma-ray emission from repeating FRB sources to date.

— We did not detect any significant emission from
FRB 20180916B during the 5.4-day active-phase win-
dow. The UL obtained (vFv, < 2.1 x 1072 ergcm™ s7!) is
the most stringent to date.

— For the first time, we performed a stacking analysis of the
undetected FRB events using LAT data. We did not find
any statistically significant signal, neither for all the indi-
vidual events with or = 10, 100, 1000 and 10000 s (rang-
ing from 2.3 x 1077 to 6.4 x 107! ph. cm~2 s7!), nor for
the steady emission of the 22 repeaters with 13 years of
data (8.1 x 10~"! ph cm™2 s7!). The cumulative ULs on the
gamma-ray energy are of the order of 10 erg, two orders of
magnitude lower than the average value resulting from indi-
vidual events.

— For the photon triplets search, no FRB events show a post-
trial p-value above 5o, with the most significant event
(FRB 20190221B) reaching only a post-trial p-value of
0.055 (slightly less than 20).

— Converting the obtained results into ULs on the gamma-ray
energy associated to FRB events enables a direct comparison
with the prediction by Lyubarsky (2014) and Margalit et al.
(2020), in which any FRB event should be accompanied by
afterglow gamma-ray emission with energies at least 10°
(10* for the latter) larger than the energy emitted in radio.
As a result we can rule out gamma-ray-to-radio energy ratio
larger than 3 x 10° — 10%, on timescales of 61 10-10 000 s.

— Since no photons have been observed from the FRB direc-
tions with o1 < 1 s, we calculated the LAT-millisecond sensi-
tivity to be approximately 0.3 ph cm=2 s~!. This value can be
converted to a limit on the gamma-ray emission Ey 5 -1 ms <
10%7(Dy./150Mpc)? erg, also ruling out gamma-ray-to-radio
energy ratios greater than 10° on millisecond time-scale.

— Comparing the location of the FRB sources with the
4FGL-DR2 sources, using a radius of ~0.05° similar to
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the LAT positional error, finds three FRB sources which
might be associated to Fermi-LAT sources. While the large
DM value of FRB 20180309 tends to exclude its asso-
ciation with the millisecond pulsar 4FGL J2124.7-3358,
further MWL observations are needed to either confirm
or reject the possible association of FRB 20180924A and
FRB 20190220A with the two BCUs 4FGL J0221.8+3730
and 4FGL J1549.4+7409, respectively.

Our results provide the most constraining limits to date on the
gamma-ray emission (0.1-1000 GeV) emitted from FRB events
on short timescales, from one millisecond to 10000 s, as well
as for persistent gamma-ray emission from the FRB repeaters.
These limits rule out extreme scenarios, E,/Epg, > 3 X 10°—
10° on a millisecond to 10000 s timescale, but they are still
compatible with many emission models, including magnetar
flares. The motivation for the lack of detection includes lim-
ited short-timescale sensitivity of gamma-ray instruments in the
GeV domain, as well as possible suppression of the gamma-
ray emission due to different beaming angles for the radio and
high-energy emission (e.g., Sridhar et al. 2021) or a FRB sce-
nario in which gamma rays are strongly attenuated by the Breit-
Wheeler yy — e*e™ in the local environment, for example
(Sridhar et al. 2022). Future searches for high-energy emission
from FRBs will enable further insights for constraining their
origin and emission mechanism. In particular, very high energy
observations of FRB sources by current IACT telescopes or by
more sensitive instruments like the upcoming Cherenkov Tele-
scope Array (Cherenkov Telescope Array Consortium 2019;
Zanin et al. 2022) are of fundamental interest: thanks to their
larger effective area and better short-timescale sensitivity, these
experiments may provide promising results in the search of
gamma-ray counterparts to FRBs on short timescales. In addi-
tion, the advent of wide-field radio surveys will enable a more
complete picture of FRBs. A dramatic increase in the number
of FRB events will be enabled by the Square Kilometre Array
Dewdney et al. (2009) as well as the new and expanded interfer-
ometer CHIME/CHORD (Vanderlinde et al. 2019), which will
expand the samples of events with accurate localisation and will
improve the characterization of their radio properties as well as
the investigation of their local environments (Hashimoto et al.
2020).
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Appendix A: The search for steady emission from
FRB 20190117

FRB 20190117 (RA= 331.82 + 0.13° dec= 17.37 + 0.25°,
DM=393.6) lies in the vicinity, separation < 0.85°, of a bright
and strongly variable 4FGL source (4FGL J2203.4+1725, sign.>
600, T, = 940, Abdollahi et al. 2020). Our sample con-
tains six events from this FRB starting from January 17, 2019.
This nearby bright 4FGL source underwent many bright flaring
episodes in the first eight years of observation, while only steady
faint emission has been observed from this source since 2016.
We therefore restricted our search for steady emission from the
repeating FRB 20190117 to times after January 2016, in order to
avoid any contamination from the nearby bright flaring source.

Appendix B: Sensitivity study

The sensitivity of the Fermi-LAT can be parameterized through
its effective area, which strongly depends on the incident angle
0 with respect to the zenith axis of the instrument. In Sect. 3.5.2
we describe the methodology to derive single-photon ULs and
present some of the results in Table 4 for different IRFs, spec-
tral indexes and incident angles. The three panels of Fig. B.1
complement this study by showing, for three different IRFs, the
UL dependence on the off-axis angle for three different photon
indexes. The values are calculated for an exposure of 1 ms and
they can be re-scaled by (1 ms/A T) to estimate the UL for differ-
ent exposures (in the limit of negligible background, dt <1s).
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Fig. B.1. Values of single photon 95% flux upper limits for
three different spectral indexes for P8R3_SOURCE_V3 (left),
P8R3_TRANSIENTO10E_V3 (centre) and P8R3_TRANSIENTO20E_V3
(right).
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Appendix C: Results format

The format of the FRB-event sample results file is described in
Table C.1. All the parameter values are in FLOAT format, a part

Table C.1. Table format of the FRB-event sample results.

the name and time parameters, which are in STRING format. The
values of the parameters of the analysis on events outside the
LAT field of view or with low exposure are set to NAN. The CSV
format version of the results of our work is available online'®.

Description

FRB name (name format: FRB YYYYMMDD)

Right ascension angle
Declination angle
Dispersion measure
Redshift
Luminosity distance
Radio flux density at peak time
Radio fluence
Time in UTC (YYYY-MM-DD hh:mm:ss.xx)
FRB width
Radio luminosity
Radio energy

Column Unit
Name
RA °
dec °
DM pccm™3
z
Dist Mpc
Flux_radio Jy
Fluence_radio Jy ms
Time
Width S
Lum_radio ergs”!
En_radio erg
TS_10s
Flux_gamma_10s cm2 57!
Eflux_gamma_10s ergcm 257!
Lum_gamma_10s erg g1
En_gamma_10s erg
TS_100s
Flux_gamma_100s cm™2 57!
Eflux_gamma_100s ergcm 2 57!
Lum_gamma_100s erg !
En_gamma_100s erg
TS_1000s
Flux_gamma_1000s cm™2 57!
Eflux_gamma_1000s ergcm 257!
Lum_gamma_1000s ergs”!
En_gamma_1000s erg
TS_10000s
Flux_gamma_10 000s cm™2 57!
Eflux_gamma_10 000s ergcm 257!
Lum_gamma_10 000s ergs”!
En_gamma_10 000s erg
Delay_best_triplet S
Triplet_post_trial_p_value
Triplet_duration S

Test Statistic (6T = 10 s).

UL on the gamma-ray flux (61 = 10 s)
UL on the gamma-ray energy flux (61 = 10)
UL on the gamma-ray luminosity (6t = 10 s)

UL on the gamma-ray energy (61 = 10 s)

Test Statistic (61 = 100 s)

UL on the gamma-ray flux (61 = 100 s)

UL on the gamma-ray energy flux (61 = 100 s)
UL on the gamma-ray luminosity (67 = 100 s)
UL on the gamma-ray energy (61 = 100 s)
Test Statistic (61 = 1000 s)

UL on the gamma-ray flux (67 = 1000 s)

UL on the gamma-ray energy flux (6 = 1000 s)
UL on the gamma-ray luminosity (67 = 1000 s)
UL on the gamma-ray energy (61 = 1000 s)
Test Statistic (61 = 10000 s)

UL on the gamma-ray flux (61 = 10000 s)
UL on the gamma-ray energy flux (61 = 10000 s)
UL on the gamma-ray luminosity (6 = 10000 s)
UL on the gamma-ray energy (61 = 10000 s)

Delay (since FRB time) of the shortest duration triplet

P-value of the first triplet after the FRB event

Interval of time between the first and third photon of the triplet

16 https://www-glast.stanford.edu/pub_data/1807/
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