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Gravitational wave (GW) events, particularly those connected to the merger of compact objects
such as neutron stars, are believed to be the primary source of short gamma-ray bursts. To
explore the very high energy (VHE) component of the emission from these events, the H.E.S.S.
collaboration has dedicated a substantial effort and observing time to follow up on these events.
During the second and third GW observing runs, H.E.S.S. was the first ground-based instrument
to observe the GW170817 binary neutron star merger. In addition, H.E.S.S. followed four binary
black hole mergers. The data acquired by H.E.S.S. was used to constrain the VHE emission from
these events for the first time. H.E.S.S. also monitored the GW 170817 source for approximately 50
hours and obtained limits that constrained the magnetic field in the merger remnant to > 24 G. For
the fourth GW observing run (O4) approaches, the H.E.S.S. collaboration has allocated significant
observation time to the follow-up of GW events. This contribution provides an overview of the
science results derived from the H.E.S.S. follow-up of GW events, a technical overview of the GW

follow-up strategies for O4, and an update on H.E.S.S. activities during O4.
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1. Introduction

Gravitational Wave (GW) events, such as the merger of compact objects, are a source of
interest to high-energy astronomers for probing the highest energy photons in the gamma-ray ray
domain. Mergers including neutron stars are known to be responsible for a significant portion of
gamma-ray bursts (GRBs), notably short GRBs. Probing the very high energy (VHE) emission
from these cataclysmic events, with imaging atmospheric telescopes (IACTs) such as the High
Energy Stereoscopic System (H.E.S.S.) brings information on the: non-thermal emission processes
creating the highest energy photons, particle acceleration mechanisms in extreme magnetic fields
and properties of the merger remnant.

GW event detection suffers from poor localization as their localization regions can span tens to
thousands of degrees in the sky. Due to their low duty cycle (around 10%), IACTs struggle with the
low latency follow-up of such targets of opportunity (ToO) as they can only observe in quasi-total
darkness. However, due to their medium-to-large field of view (FoV), they have an advantage over
small FoV instruments as they can probe large regions in the sky at once. Moreover, they have a
clear advantage over large-FoV space-based gamma-ray surveying instruments as their sensitivity
is superior.

In this contribution, we present an overview of the H.E.S.S. GW program since its beginning
before the second GW observing run O2 until today. In Sec. 2 the H.E.S.S. GW follow-up
observation strategies are described. In Sec. 3 the H.E.S.S. follow-up observations of GW events
during O2 and O3 and their implications is presented. Finally, Sec. 4 outlines the preparations and
the H.E.S.S. activities during the fourth observing run O4.

2. H.E.S.S. GW follow-up strategy

To efficiently cover GW events and increase the chances of catching the source (and the VHE
counterparts) as fast as possible in the large GW localization regions, the H.E.S.S. collaboration
has dedicated extensive efforts to the development and optimization of GW follow-up strategies.

2.1 Science cases

The aim of the H.E.S.S. follow-up observations of GW events is to probe VHE emission issued
from particle acceleration in GRBs from the merger of compact objects. Binary neutron star (BNS)
mergers are prime candidates for producing such GRBs. This has been proven in 2017 by the dual
detection of GW170817 and GRB 170817 [1]. Not only BNS mergers are expected to produce
GRBs but also black hole-neutron star (BHNS) merger [2]. Therefore, BNS, BHNS mergers, and
MassGAP events (an object falling in the maximum neutron star and the minimum black hole mass
gap) are considered in one science case and are given the same priority. Since these cases have a
high scientific yield, the follow-up criteria are loose for this science case. A follow-up observation
that fulfills the H.E.S.S. observation and visibility conditions (darkness or moderate moonlight with
a maximum 60 deg zenith angle) with coverage exceeding 10% of the localization region within 24
hours of the event, is considered interesting enough for H.E.S.S. to spend observing time on it.

In the case of BBH mergers, electromagnetic emission is not highly anticipated. However, a
hint of a high energy transient coincident with GW150914 has previously sparked some interest
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in the community [3]. Moreover, some extreme scenarios of BBH mergers predict the emission
of electromagnetic waves [4—7]. Since it is important to verify these hypotheses, the H.E.S.S.
collaboration also considers BBH mergers and follows GW events emanating from such sources. In
that case, good coverage of the localization region is required, to maximize the chances of covering
the GW source. This allows us to efficiently reject the emission of VHE gamma rays and to place
stringent upper limits in a non-detection case. Therefore, in addition to having good observation
and visibility conditions, the coverage requirement to follow BBH mergers is above 50%.

Burst alerts are GW events from non-modeled sources such as nearby asymmetric supernovae.
The sources of burst alerts can be extremely interesting for IACTs, due to their close distances.
However, the false alert rate of Burst events is higher than in compact binary mergers. They fall in
the domain of exploratory searches and their priority lies between neutron stars mergers and BBH
mergers. The requirement for Burst follow-up with H.E.S.S. is a coverage of more than 20%.

All alerts should have a probability of Terrestrial origin lower than 50% in order to trigger a
H.E.S.S. response.

2.2 Observation strategy

To efficiently cover GW event localization regions, the H.E.S.S. collaboration developed 2
strategies to optimize the scheduling of GW follow-up observations [8]. The first strategy (2D
strategy) only takes into consideration the probability information contained in the first layer of
the probability maps provided by LVKC. Taking advantage of the H.E.S.S. FoV, the probability
is integrated. The 90% GW localization region is divided into smaller regions representing the
telescope FoV. At a given observation time fulfilling H.E.S.S. observation conditions, the FoV
covering the region with the largest integrated probability of hosting the event has the highest
priority to be observed at this given time. The regions are then masked. In the next observation
window, the same integrated probability computation is repeated with the remaining regions.

The second strategy (3D) uses in addition the distance information contained in the other
3 layers of the probability maps and the distribution of galaxies in the local Universe using the
GLADE galaxy catalog [9]. Here, the galaxies inside the GW localization region, at the distances
of the event are assigned a probability. As for the 2D case, several regions in the sky are tested,
with the difference that this time the probability of the galaxies hosting the event is integrated inside
the H.E.S.S. FoV. The galaxies in the highest probability FoV region are observed. For the next
observation window, the same procedure is repeated with the remaining regions/galaxies.

The choice of a 2D or a 3D strategy depends on the GW event localization information. Galaxy
catalogs are incomplete at large distances. Taking that into consideration, a threshold of 150 Mpc
was applied for the choice of strategy during O3. All events with an average distance below 150
Mpc are observed with a 3D strategy. All events beyond this limit are observed with a 2D strategy.
Moreover, since galaxy catalogs are also incomplete around the galactic plane, all GW events that
have localization maps with the hotspot located around the galactic plane are observed with a 2D
strategy.

The H.E.S.S. response and processing of GW alerts is automatized. Human intervention
is only needed for checks and irregular updates. Experts on call are provided with tools based
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on the Tilepy' [10] library in case such intervention is needed. A possible case requiring human
intervention is the modification of the GW follow-up schedule taking into consideration observations
occurring previous to an incoming update to avoid overlap.

All GW events fulfilling the requirements described above and observable within 24 hours
are followed. If the GW event occurs outside observation hours, afterglow-mode observations are
scheduled for the upcoming night. In that case, observations will be updated following incoming
LVKC updates and can be human-vetted. In the case of a GW event occurring during observation
hours and given its priority, a prompt-observations mode is triggered and the telescopes will slew
automatically towards the highest probability (using a 2D or 3dD strategy) region visible at the
time of the arrival of the alert. The condition to trigger such a response is that the probability of
hosting the event covered by the prompt observation be higher than 5% in this single observation. In
addition to the rest of the observations, the overall coverage depends on the science case as mentioned
above. EarlyWaning, Preliminary, and Initial GW alerts? are subject to this prompt-mode response.
Updates are only subject to afterglow-mode response.

During the observation, if the real-time analysis finds a hotpost indicating a significant excess
of VHE gamma-rays coming from a region that is not associated with any known source, the hotspot
is observed again as it might be a GW VHE counterpart candidate.

3. H.E.S.S. GW follow-up during O2 and O3

The first H.E.S.S. follow-up of GW occurred during O2 on GW170502. During O3, H.E.S.S.
observed GW200105. However, in these cases the H.E.S.S. coverage of the localization region was
low as in the first case the localization region was large and it was the first H.E.S.S. trial and in
the second case, the localization region shifted significantly after an event update. Therefore, the
follow-up of these events will not be featured here. Five more events were observed with H.E.S.S.
with a good coverage exceeding 50%. These events are the BNS merger GW170817 and the BBH
mergers GW170814, GW190512, GW 190728, and GW200224.

3.1 GW170817 observations with H.E.S.S.

In August 2017, GW170817 was detected emanating from a BNS merger followed by a
short GRB detected 2 seconds later by Fermi-GBM and INTEGRAL. H.E.S.S. used the updated
localization region, distributed a few minutes before the beginning of astronomical dark time on the
H.E.S.S. site in Namibia, and derived an optimized follow-up schedule that contained 3 positions to
be observed during the 1.5 hours-long visibility window. Six hours after the observations started,
the optical counterpart [11] was discovered in the NGC 4993 galaxy. It turned out that the first
H.E.S.S. observation on GW170817 covered NGC 4993, making the data acquired by H.E.S.S. the
earliest ground-based data taken on the source. The following night, H.E.S.S. observed the source
for a total of 3.2 hours and continued monitoring for several days afterward. The data analysis did
not show any significant detection of VHE gamma-rays in the direction of NGC 4993 [12]. These
H.E.S.S. observations permitted to place the first stringent constraint on VHE emission from BNS

lhttps://github.com/astro-transients/tilepy
2https://emfollow.docs.ligo.org/userguide/content.html
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Figure 1: Gamma-ray lightcurve generated by external inverse Compton radiation for emission at 100 and
250 GeV considering viewing angles of 0 and 15 degrees with upper limits on the VHE spectrum derived
from H.E.S.S. observation on GW170817. From [14], adapted from [13].

mergers. The merger occurred at an off-axis viewing angle. The H.E.S.S. limits, later on, helped
constrain the off-axis viewing angle of the jet to a value larger than 15 deg [13].

Nine and sixteen days after the merger, the radio and X-ray synchrotron emission from the
source started rising as the opening angle of the jet increased. The acceleration of particles in the
merger remnants is believed to be suitable for synchrotron self-Compton (SSC) emission, where the
high-energy electrons accelerated in the magnetic field upscatter the synchrotron photons created
by the same electron population to VHE energies. H.E.S.S. performed a long-term follow-up
observation campaign on SSS17a [15]. The observation campaign gathered 53.9 hours of data
over ~5 months. The analysis did not show any significant VHE emission. The upper limits on
the SSC emission are transformed into limits on the strength of the magnetic field of the merger
remnant. The synchrotron component brings information on the energy density of the electrons and
the magnetic field, but cannot disentangle the two. The SSC component can break the ambiguity.
The magnetic field is constrained to B > 24 uG for an off-axis relativistic jet.

3.2 BBH merger observations with H.E.S.S.

In addition to GW170817, H.E.S.S. also followed up on four BBH mergers: GW170814,
GW190512, GW190728, and GW200224. With the 2D strategy, the H.E.S.S. coverage exceeded
50% for all these events [16]. Since no counterparts were detected for these events, the VHE
analysis concentrated on searching for VHE signals in all the areas observed. No significant VHE
emission is found. Upper limit maps on the VHE energy flux from these events are published. In
addition, taking into consideration the GW event distance estimation, the VHE luminosity from
these events is constrained3. These upper limits are then compared to extrapolation of Fermi-LAT
detected GRBs in the VHE domain as shown in Fig. 3. These comparisons show that the H.E.S.S.
observations constrain well the VHE luminosity of these events since the limits placed coincide
with the bulk of the GRB extrapolated VHE luminosity. To significantly increase the chances of
detecting a VHE counterpart, the main focus should be on getting earlier observations from the time

3https://www.mpi-hd.mpg.de/hfm/HESS/pages/publications/auxiliary/2021_BBH_02_03/
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Figure 2: Spectral energy distribution of EM 170817 for the non-relativistic (blue lines) and relativistic (red
lines) scenarios. The blue and red dots correspond respectively to the X-ray and radio measurements. The
green dots represent the H.E.S.S. derived upper limits. The solid and dashed lines correspond respectively
to the minimum and maximum X-ray emission. From [15].

1018
—+— GW170814 (1-10 TeV)

1047 | —%— S190512at (1-10 TeV) —
—— S5190728q (1-10 TeV)

—— S200224ca (1-10 TeV) B

—e— GW170817 (0.27-8.55 TeV)

1016

2 ou

CILS 10 . 4 S —

e s

1012 ‘. ——

LAT GRBs, extrapolated (1-10 TeV) ™I
10" | ~@- GRB 190829A (0.2-4 TeV) T

#- GRB 180720B (110 - 440 GeV)

2 .
T 1043 .

1010

103 104 10° 106
T—To (s)

Figure 3: Mean (orange points) and standard deviation (orange bands) of the per-pixel luminosity upper limit
maps for the BBH events. They are compared to luminosity extrapolation of Fermi-LAT GRBs (grey lines)
with known redshift, The luminosity from H.E.S.S. detected VHE GRBs and to the H.E.S.S. upper limit
on GW170817 (black) [? ]. All five GW upper limits are calculated assuming an intrinsic £~2 spectrum,
although the upper limit for GW 170817 is calculated with a slightly different energy range. From [16].

of the merger, something that the H.E.S.S. collaboration has no control over beyond optimizing
observation strategies. However, this can be achieved with an increased rate of detection and better
localization in upcoming GW observing runs.

4. H.E.S.S. GW follow-up during O4

The lessons learned in the first three GW observing run on the importance of the VHE domain
in the search for GW electromagnetic counterparts lead to putting GW observations as the top
priority of the H.E.S.S. collaboration. For O4, the collaboration allocated as much as 20% of its
observing time for GW follow-ups. The strategies used in O2 and O3 have been adapted for O4.
These adaptations mostly comprised updating the code to the new changes adopted by the LVKC
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Figure 4: H.E.S.S observations of GW candidate events (from top to bottom) S230518H, S230528ay and
S230615az. On the right the GW localization region is displayed with the Earth in the background at the
time of the first H.E.S.S. observation. On the right, the H.E.S.S observations are indicated in a dark circle
with the delay, the duration, and the zenith angle. The dots on the bottom plot represent the galaxies at the
distance of the event.

collaboration and the different brokers to the GW VoEvents. The most notable change is the increase
of the horizon at which a 3D strategy is used. The value was increased from 150 Mpc to 300 Mpc
due to significant improvements in the GLADE catalog. To read the catalog faster, most objects far
away from this horizon are removed. Finally, to test the H.E.S.S. response to GW alerts before the
start of O4, firedrills consisting in injecting fake GW alerts in the system were performed. These
alerts differ from the Mock alerts sent by LVKC as these ones would trigger a telescope active
response. The Mock alerts are used to continuously monitor the system and the processing of alerts.
However, they do not trigger telescope response as they are marked as "Test" alerts by the H.E.S.S.
Too response system [17]. The alerts used in the firedrills are based on the GW170817 event and
successfully triggered the telescope afterglow and prompt-mode responses. With the firedrills the
whole chain of processing from the reception of the alert to the real-time analysis was tested and
debugged. These firedrills will be complemented through O4 by expert-on-call training sessions.
During O4 and until July 2023, H.E.S.S. observed three GW events presented in 4 with a
coverage of ~ 10%, ~ 70%, and ~ 10%, respectively. S230518h is the first one received during
the engineering run period. It is flagged as 86% BHNS merger and false alarm rate (FAR) of 1
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per 98.463 years and is followed using a mix of 2D and 3D strategies. S230528ay is the second
one and it is a Burst alert with a FAR of 22.193 per year and is followed using a 2D strategy.
S230615az is the third one and is flagged as an 85% BNS merge and FAR of 4.7 per year and is
followed using a 3D strategy. Although these events are of low significance, they help commission
the H.E.S.S. GW follow-up program for 04. Notably, S230516az was received during observation
hours. H.E.S.S. successfully triggered a prompt automatic response to GW alerts. During O3,
5200224 was received during the night but the prompt reaction could not be tested because the
telescopes were parked due to rain. S230615az GW event occurred on 2023-06-15 at 17:50:08. The
notice was distributed at 17:50:34 and received by the H.E.S.S. Too response system at 17:50:41.
By 17:51:30 the best position that could be observed at the time was computed with a 3D strategy
and distributed to the shifters, the expert on call and forwarded to the telescopes confirming that the
time of computation is less than a minute as indicated in [8]. We note that the localization region
for this event is significantly large making the processing time longer than the average. The region
covered by H.E.S.S. represents ~10% of the total galaxy probability. This is due to the fact that the
algorithms targeted a region with a relatively high concentration of galaxies. The telescopes slewed
to this position and started observations at 17:52:02 with a total delay of 114 seconds accounting
for the distribution of the alert, the H.E.S.S. processing, and the telescopes slewing.
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