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Multimessenger astronomy has become increasingly important during the past decade. Some
astronomical objects have already been successfully observed in the light of multiple messenger
signals, allowing for a much deeper understanding of their physical properties. The Pierre
Auger Observatory has taken part in multimessenger astronomy with an exhaustive exploration
of the ultra-high-energy sky. In this contribution, for the first time, a search for UHE photons
from the sources of gravitational waves is presented. Interactions with the cosmic background
radiation fields are expected to attenuate any possible flux of ultra-high-energy photons from
distant sources and a non-negligible background of air shower events with hadronic origin makes
an unambiguous identification of primary photons a challenging task. In the analysis presented
here, a selection strategy is applied to both GW sources and air shower events aiming to provide
maximum sensitivity to a possible photon signal. At the same time, a window is kept open for
hypothetical new-physics processes, which might allow for much larger interaction lengths of
photons in the extragalactic medium. Preliminary results on the UHE photon fluence from a

selection of GW sources, including the binary neutron star merger GW 170817 are presented.
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1. Introduction

Since the first detection of gravitational waves (GWs) with the advanced LIGO and Virgo
Observatories in 2015, GW observations have become a key element for multimessenger astronomy.
In the past years, the transient sources of these GWs have been analyzed by various astronomical
instruments throughout the accessible part of the electromagnetic spectrum and in the light of
high-energy neutrinos. See [1] for a description.

With its unique exposure to ultra-high-energy (UHE) radiation, the Pierre Auger Observatory
has joined the global campaign in the multimessenger astronomy of GW sources by searching for
UHE neutrinos [2-4]. Here, we extend these follow-up observations to UHE photons beyond 10 EeV
in temporal coincidence with GW observations from observation runs O1, O2 and O3a. Despite
UHE photons having a limited mean free path due to their interactions with the cosmic background
radiation fields, we show that a dedicated search in a multimessenger approach can provide new
information on GW sources. To maintain a maximum susceptibility to the still sparse number of
GW observations, the surface detecor (SD) array of the Pierre Auger Observatory is used here. The
SD array comprises more than 1600 water Cherenkov detectors on a triangular grid with a spacing
of 1.5 km. Thanks to its design, the SD has a duty cycle of almost 100% [5].

2. Search for UHE Photons

The bulk of data received at the Pierre Auger Observatory originates in cosmic rays of hadronic
nature [6]. The identification of a possible component of UHE photons among the diffuse flux of
cosmic rays with the Pierre Auger Observatory has been discussed in [7, 8]. No statistically
significant excess of primary UHE photon candidate events has been found therein and, hence,
stringent upper limits on the diffuse photon flux above 2 x 10'7 eV could be derived. A dedicated
analysis studying possible steady point sources of UHE photons has also been published [10, 11].
Again, no excess of photon-like events could be found neither in a blind search on the whole sky
nor in a targeted search from a set of selected source candidates.

To identify primary photons from transient point sources among the background of hadronic
cosmic rays, the photon-discrimination method from [8] has been adopted in this work. This
method utilizes the data recorded by the SD and selects photon candidate events based on the signal
distribution in the plane perpendicular to the shower axis and the shapes of the signal time traces
measured by the water Cherenkov SD stations. Two observables are used, Ly pr and A, respectively
related to the lateral distribution function (LDF) and to the rise time of the signal traces. They are
optimized for air showers with incident zenith angles 6 between 30° and 60° and photon energies F.,
between 10190 eV and 10205 eV. Since the standard energy reconstruction of the Auger SD uses
data events for the calibration of the absolute energy scale, the energy of a possible photon-induced
air shower would be underestimated due to its reduced hadronic component. To obtain a less biased
estimator for the photon energy FE., an alternative energy reconstruction method has been used
in [8]. This method is based on an iterative procedure which recursively uses the elongation rate of
photon-induced air showers and the universal profile of the electromagnetic shower component to
obtain a series of photon energy estimators which converges to E., [9].



Follow-up Photon Search after Gravitational Waves Philip Ruehl

3. Exposure

To discard low-quality events, a number of selection criteria has been imposed on the data.
Events are required to have 6 active SD stations around the station with the highest signal (“active
hexagon”) and have successfully reconstructed shower axis, LDF and photon energy. For calculating
the discriminating air shower observables A and Lipp, an additional event selection has to be
applied. Events with reconstructed hadronic energy! E,q < 10'® eV are rejected. Events which do
not have a triggered station more than 1000 m away from the shower axis (excluding stations with a
saturated low-gain channel) are also rejected to ensure a proper reconstruction of Lj pr. Events are
also required to have a reconstructed shower maximum X,,,2 which is not more than 50 g cm ™2
below ground. These restrictions limit the photon detection efficiency depending on energy and
zenith angle of the primary particle. Assuming an £ 2 energy spectrum, the zenith-angle-averaged
photon efficiency in the energy range 10190 eV < E, < 10205 eV is found to be € = 0.48340.008
using CORSIKA [13] simulations. With the photon detection efficiency given as a function of
energy and direction, the exposure to UHE photons from a transient point source at zenith angle
Ocw during the obervation period At = ¢; — ¢ is given by

t1

E(EV, QGw, At) = / dt A(t) G(E,y, ng(t)) @Fov(ecw(t)) COS(QGw(t)) (1)

to

with A(t) being the time-dependent aperture of the Auger SD array as determined by the number
of active hexagons at a given moment. The step-function Op,v accounts for the fraction of the
observation time in which the zenith angle Ogw of the GW source is between 30° and 60°.

For the search period, two mutual exclusive time windows of Atgox = 1000s starting at
to = —500s before the GW event time and Atjone = 1day starting at g = +500s after the GW
event time have been chosen as in with [2, 4]. After spectral integration, the spectrum-weighted
exposure is a function of both right ascension and declination of the source for a 1000 s time window.
Integration over a sidereal day in practive makes the spectrum-weighted exposure only dependent
on declination as shown in Fig. 1.

4. Gravitational Wave Event Selection

To keep the sensitivity to a possible photon signal as high as possible, GW events are carefully
selected by their localization quality and distance. Close and well localized sources are preferred
over distant and poorly localized ones. Hence, optimal results can be obtained while keeping the
expected amount of background at a managable level.

The localization of a GW source is communicated by the LIGO/Virgo Collaborations via a
probability density distribution on the sky (sky localization map). An analysis of these distributions
leads to the conclusion that using their 50% contour as the search region in the sky is a reasonable
compromise between the expected amount of background (which is proportional to the solid angle

lenergy estimator obtained by the standard SD energy reconstruction [12].
2The shower maximum is not directly accessible with the SD. An alternative estimator for Xmax is obtained within
the iterative process of reconstructing the photon energy E- which is explained in [9].
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Figure 1: The spectrum-weighted exposure during a full sidereal day for a benchmark value of a typical
aperture of 2.4 x 10'3 cm?. The blue bars indicate the declination bands that are covered by the four selected
GW events (see Sec. 4) with the most likely direction marked by the dark line (GW event-IDs from left to
right: GW190814, GW170817, GW190701_203306, GW170818). The indication of a declination band has
been omitted for GW 170817 since the host galaxy of this event has been identified and, hence, the uncertainty
of the source direction is negligible. The red solid lines display the actual exposure to photons from these
GW events taking into account time dependent fluctuations of the aperture.

of the analyzed sky region) and the confidence level at which the true source is localized within
the search region. To also take into account the directional resolution of the Auger SD of about
1° for photon-induced air showers above 10'? eV3, the sky localization maps of GW sources are
convolved with a corresponding Gaussian distribution before deriving the 50% contour.

Three classes of GW events have been defined for which the 50% localization region will be
analyzed for coincident photon candidate events. The first class (class 1) comprises GW sources
with a maximum contour size of 100 deg? which are required to not be farther away than 140 Mpc
mean value of the distance resolution. The maximum contour size of 100 deg? is chosen such that
the significance of a photon candidate event within a 1000s time window would in any case be
above the 50 level. The maximum distance of 140 Mpc is chosen such as to reject GW sources
from which no photons are expected to reach the Earth even under the most optimistic assumptions
about the photon luminosity of the source and its emission pattern and spectrum. For this choice,
a “photon horizon” h, has been estimated. This photon horizon is the distance beyond which
the photon luminosity of even the brightest GW source so far, i.e. GW190521 with total energy
radiated in GW of 7.6f%:§ Mg [15], could not possibly be constrained to be less than its total
luminosity. Using CRPropa 3 [16] to simulate the propagation and attenuation of a flux of UHE
photons in the extragalactic medium, a maximum attenuation length of 7 Mpc has been found for
photons at 100 EeV. This leads to a maximum photon horizon of hi;o ~ 90 Mpc. Since this

3Result of a dedicated simulation study using CORSIKA and the Offline software framework [14].
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horizon holds for isotropic emission, it might underestimate the directional luminosity of sources
with strongly beamed jets. To account also for sources which might expose narrow jets with half-
opening angles < 3° (c.f. GW170817 [17]) pointing directly towards Earth, only sources with
Dy, > h, ~ 140 Mpc are rejected. For those sources, the exponential attenuation of UHE photons
in the extragalactic medium in any case overweights the enhancement of any possible photon flux
along the beam axis. A second class (class 2) of accepted GW events is defined which allows
especially close sources to be analyzed up to a maximum allowed contour size of 720 deg?. For
such sources with luminosity distance Dy, < 40 Mpc (which is the distance of the closest source
of GWs observed so far, the binary neutron star (BNS) merger GW170817), there is a good chance
to actually observe a potential UHE photon flux or place strong physical constraints. Finally, to
keep a window open for potentially unexpected discoveries, a third subset (class 3) of especially
well localized sources is introduced. These sources are characterized by a 50% contour smaller
than 20 deg? and accepted independent of their distance. From such a small region in the sky, the
expected background would be negligible (c.f. Sec. 6) and the detection of a coincident photon
candidate event would be a strong hint towards new physics capable of suppressing the interactions
of UHE photons with the cosmic background radiation fields. A possible new-physics process that
could give rise such an effect is the oscillation between UHE photons and axions [18]. The selection
criteria can be summarized as

(DL < 140Mpc  and Q509 < 100deg?) “class 17
(DL <40Mpc  and  Qgp < 720deg?)  “class 2”

(DL < o0 and Qs < 20deg?)  “class 3.

In Fig. 2, the accepted regions in the space of source localization {2540, and luminosity distance Dy,
are visualized on top of the distribution of all confident GW observations published in GWTC-1 [19]
and GWTC-2 [20].

5. Preliminary Results

In total, five GW events pass the event selection described above. Four of those, namely
GW170817, GW170818, GW190701_203306 and GW190814, had some overlap with the field
of view of the SD during the 1day time window. These events belong to different source
classes which are a BNS merger (GW170817) [22], two binary black hole mergers (GW170818,
GW190701_203306) [19, 20] and a black hole-neutron star merger candidate (GW190814) [23].
The BNS event GW 170817 poses a special case since its host galaxy has been identified through
electromagnetic follow-up observations as NGC 4993 [22] providing a much better localization
than through the GW observation alone. Instead of using the 50% contour of the convolved sky
map, in this case, a circular region with angular radius of 2° has been chosen as the search region in
compliance with the analysis of the blazar TXS 0506+056 in [24]. This region is chosen such that
90% of all UHE photons reaching the SD from NGC4993 are expected to be reconstructed within
that region.
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Figure 2: All GW events from GWTC-1 (green dots) and GWTC-2 (blue squares) in the space of source
distance Dy, and localization 250y. The shaded regions define the set of accepted events according to the
selection criteria described in the text while the numbers refer to the three different source classes in the
acceptance region. The localization region of the events, that are marked by a black circle also have an
overlap with the field of view of the SD.

All four GW events have been analyzed with respect to a possible UHE photon signal. No
coincident air shower events have been found in the data of the Pierre Auger Observatoy and, hence,
no coincident photon candidates could be identified. As a consequence, upper limits on the spectral

fluence
t1 Fq d@Gw
L Y
F = / / dtdE, B, E, (2)
to Eo

of UHE photons have been placed at 90% CL for each GW source. Here, @gw represents the UHE
photon flux from a GW point source. The upper limits FU on the spectral fluence inherit the
declination dependence of the exposure. Therefore, the variation of FUZ due to the declination
band covered by the search region differs for each event. It is indicated in Fig. 3 by the blue
bars. This uncertainty has been omitted for GW170817 since its source NGC 4993 is very well
localized in the sky. On top of it there is the uncertainty due to the variation of the spectral index
a € [—2.3, —1.7] that has been considered which imposes an additional uncertainty of order 20%,
indicated in Fig. 3 by the red bars.

6. Sensitivity

The photon-discrimination method described above has a non-negligible rate of false-positive
detections. In [8], out of all air shower events recorded during the full operating period of 14.5 yr,
eleven events passed the photon candidate selection and were found to be consistent with the
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Figure 3: Preliminary upper limits (90% CL) on the spectral fluence for the four GW sources that pass the
selection criteria defined Sec. 4. Uncertainties imposed by the limited sky localization of the sources as well
as a variation of the spectral index « are indicated by the blue and red bars respectively. Due to the sky
localization of GW170818 close to the edge of the field of view, the central value of FYL(GW170818) =
270 MeVem ™2 is not displayed within the axis range. The uncertainty band of this event has no upper bound
since the localization region is not fully covered by the field of view.

hypothesis of hadronic background events. This number may serve as an estimate for the background
rate associated to the present analysis. Given an amount of expected background, the sensitivity
to a possible signal of primary photons can be quantified through the confidence level at which
the background hypothesis can be rejected in the case of a single photon candidate detection in
coincidence with a GW event. For a given number of observed photon candidate events and a
given amount of background events, a confidence interval for the true number of photons can be
obtained through the construction described by Feldman and Cousins (FC) [21]. Depending on the
confidence level (CL), the lower limit of these interval may or may not be equal to zero. Thus, as a
convenient measure for the sensitivity, we define the photon significance as the highest confidence
level at which the FC lower limit is not consistent with zero for the given background and an assumed
single photon candidate event. Assuming a single photon candidate event within any of the four
sky regions and time windows analyzed here, the expected amount of background events, which is
b = 3.2 x 1079, leads to a photon significance of 4.657, which means that the hypothesis of such an
event originating in the background could be rejected at CL of 4.65¢. For each single GW event the
significance would be at a level of 4.950 (b= 7.1 X 10~7) for GW170817, 5.00 (b = 4.6 x 10~7)
for GW170818, 4.80 (b = 1.6 x 107%) for GW190701_203306 and 5.00 (b = 4.9 x 10~7) for
GW190814.
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7. Summary

In this contribution, a first approach to constrain UHE photons from different GW sources using
the SD array of the Pierre Auger Observatory has been presented. For this purpose a dedicated
selection strategy for both GW sources and air shower events has been developed which aims to keep
the sensitivity towards a possible photon signal at a high level despite an irreducible background of
hadronic primaries. With this selection strategy a detection at a significance beyond the 5o level
is possible. Out of the GW catalogs GWTC-1 and GWTC-2, which comprise 50 confident GW
detections in total, four GW events — including the binary neutron star merger GW 170817 and the
black hole-neutron star merger candidate GW190814 — were selected following this strategy and
analyzed for UHE photons. No photon candidate events have been found and preliminary upper
limits on the spectral fluence of UHE photons were shown here for the first time.
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