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ers combined are reported and include events from the currently ongoing third observing run
of the LIGO and Virgo GW detectors. Another source of interest in the context of multi-
messenger (MM) astrophysics is TXS 0506+056, a blazar that was found to emit both photons
and neutrinos in a correlated manner, but at lower energies than accessible with the Pierre Auger
Observatory. Follow-up searches for UHE neutrinos were performed during periods of increased
emission of high-energy photons and neutrinos from TXS 0506+056 and the corresponding re-
sults are reported.
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1. Introduction

The Pierre Auger Observatory near Malargiie in the Province of Mendoza, Argentina, is the
largest and most precise UHE cosmic-ray detector in the world. The Observatory relies on several
different detection systems, one of which is the surface detector (SD), a triangular grid consisting of
1660 water-Cherenkov detectors (WCDs) with a spacing of 1.5 km. Overall, the SD covers an area
of 3000 km? and has an average altitude of 1400 m a.s.1., corresponding to a vertical atmospheric
depth of 875 g/cm?. Each WCD is filled with 12 tons of ultra-pure water. When charged particles in
extensive air showers (EAS) traverse this water, Cherenkov radiation is emitted and detected using
photomultiplier tubes (PMTs). These PMT signals are used to determine EAS properties such as
the arrival direction and energy of the primary particle. The Pierre Auger Observatory has been
taking data since the beginning of 2004. Its components are described in detail in [1].

Searches for UHE neutrinos and photons with the Pierre Auger Observatory are described in
these proceedings [2,3]. UHE neutrinos and photons are thought to originate from UHE cosmic
rays, being produced either at UHE cosmic-ray sources or during their propagation through the
Universe [4-8]. Therefore, the established UHE neutrino and photon search procedures are used as
an element in MM searches by following up astrophysical observations made by other instruments.

As neutrinos and photons are electrically neutral, they are not deflected in magnetic fields,
and their arrival directions thus point back to their sources. In addition, neutrinos are only subject
to the weak interaction, leading to almost no attenuation and therefore to virtually no neutrino
horizon as opposed to photons, which interact also electromagnetically and therefore have only a
finite effective path length. This length is much shorter than the luminosity distances to the sources
followed up in this work, d > 300 Mpc [9]. Therefore, this work will focus on UHE neutrinos.

One previous example of a MM follow up with the Pierre Auger Observatory is the search
for UHE neutrinos from the first ever observed binary neutron star merger, which was detected as
GW170817 via GWs by the LIGO Scientific Collaboration and the Virgo Collaboration (LVC) [10].
Additionally, a wide range of signals from this object was found throughout the electromagnetic
spectrum [10, 11], leading to a rich set of astronomical and astrophysical insights, and making it a
milestone of MM astronomy. At the time of the merger, the source of GW 170817 was located about
2° below the horizon at the site of the Pierre Auger Observatory. This direction is in the most sen-
sitive part of the field of view of the Pierre Auger Observatory, the so-called Earth-skimming (ES)
region. Accordingly, Auger provided the strongest constraints on the UHE neutrino fluence in the
period of 1000 s symmetrically around the merger, which is the a priori fixed search period for
prompt emission from this source [12].

Here we focus on two types of potential transient UHE neutrino sources. The first are binary
black hole mergers that were found with the LVC GW detectors. The LIGO Scientific Collabo-
ration discovered BBH mergers with the very first directly detected GWs in 2015, initiating the
era of GW astronomy [13, 14]. An observation of the BBH mergers by other means has not yet
been successful, despite many searches for a signal by a large number of instruments. The other
source type is a specific single source, the blazar TXS 0506+056. The IceCube neutrino observa-
tory detected a high-energy (~ 0.3 PeV) neutrino from the direction of TXS 0506+056 in 2017,
leading to the so-called IceCube-170922A alert that allowed other observatories to perform follow-
up observations [15]. TXS 0506+056 was in a y-ray flaring state at the time of the detection of the
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high-energy neutrino [16]. The coincidence of the neutrino and the y-ray flare was found not to be
accidental with a significance of 3 ¢ [15]. Additionally, and statistically even more significantly, a
3.5 ¢ excess of neutrinos from this source was found in archival data [17]. Naturally, these findings
constitute another important step in the development of MM astronomy.

In the following sections, the follow-up search methods, parameters, and results for both
source types are described and discussed.

2. Searches for ultra-high energy neutrinos from binary black hole mergers

For the 21 events detected and published by the LVC until 2019-06-02 that are most likely orig-
inating from BBH mergers [18-29], follow-up searches for UHE neutrinos with the Pierre Auger
Observatory have been performed as described below. For the searches, events detected with Auger
were only considered to be coincident with a BBH merger if they were detected within 24 hours
after the merger and came from within the most probable (90% C.L.) localization quantile in the
sky, Qgg, which is provided by the LVC. Using the established UHE neutrino search methods [2],
no candidates have been found in such a coincidence with any of the BBH mergers.

In contrast to previous searches, for which follow-up results were expressed in terms of flux or
fluence from a single specific source during two fixed search periods, here, the hypothetical fluxes
of UHE neutrinos from all followed up BBH mergers are combined as follows. As very little is
known about the sources, it is assumed that each has the same isotropic UHE neutrino luminosity
as a function of time after the merger. This function, denoted L(¢ —#(), with the merger time #y, has
no a priori constraints. In addition, the differential UHE neutrino flux from each source follows
the commonly assumed power law % o E, 2, with the neutrino energy E,. These assumptions,
together with observational properties, like the localization probability of each source as a function
of its direction in the sky, and the neutrino identification efficiency of Auger, allows us to quantify
the time-dependent sensitivity to the combined UHE neutrino flux from the sources. As a specific
application of this sensitivity, considering that no UHE neutrinos have been found, a 90% C.L.
upper bound on L(z —1y) is calculated and discussed below.

For determining the sensitivity, a key quantity is the effective area A.g(Ey,0,t —to) of the
Observatory, as introduced in [30]. It is proportional to the geometrical area of the SD and to the
efficiency of the neutrino detection and identification as a function of E, and zenith angle 6. The
explicit dependence of A.g on time originates from minor changes in the status of the SD that can
lead to SD stations not being considered for data analysis during certain periods of time, changing
the Observatory’s used geometrical area. The relationship between the number of identified neutri-
nos N, from the considered sources with index s, the universal isotropic UHE neutrino luminosity
of each source L(t —1y), and the effective area A (Ey, 0,t — 1) can be written in integral form as:

l‘()+24h =)
Lt )
N, = / ///Z;2)PS(S,(x)Everff(Ev,G(S,a,t),t)dEdedt, @.1)
] Qg() 0 § s

where the BBH mergers as sources with index s have a probability density per solid angle P;(5, @)
to be localized at a certain direction and have the best-fit luminosity distance d; given by the LVC.
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Figure 1: A(6,¢) averaged over the year 2016  Figure 2: Localization probability per pixel
P, times energy-spectrum weighted effective
area A, in equatorial coordinates for the
BBH merger GW event GW 170608, 20h40m

after the merger

The energy integral A(0,1) = [3” E, > Aetr(Ev, 0,) dEy is evaluated separately. Figure 1 shows
the average of A(0,¢) for the year 2016, which is the benchmark time period for effective areas
used in [2]. The zenith-angle dependence of the sensitivity is notable and exhibits a strong peak at
0 =90.8°.

For each BBH merger, the localization probability of each source s is provided by the LVC
for a set of discrete equally sized pixels that are fixed in equatorial coordinates. The pixels in
the 90% C.L. region Qg9 will be indexed with p in the following, and accordingly the probability
for the source s to be localized within a pixel p is P, . For the calculation in terms of pixels,
the coordinates (8, ) from Equation 2.1 are converted into the pixels p, while the directional
integration is converted into a sum over p. For each source s, the pixels are smaller than the mean
point spread function of a reconstructed neutrino with Auger. Therefore, the pixel-wise localization
probability provided by LIGO is sufficiently precise for the purpose of this analysis.

Analogously to the direction dependence of P, , A is determined for each pixel and source
individually, and in this formulation denoted A,,_s. Figure 2 shows an example of P, ; - Ap,s in
equatorial coordinates for the source GW170608 at t — 79 = 74400 s. A diffuse structure with
two distinct regions can be recognized. The bright pixels in the North, representing a large value
for P, - A, are below the local horizon of Auger and therefore part of the ES angular region
(90° < 6 < 95°), where the sensitivity to neutrinos is large. The much fainter pixels further south
belong to directions above the local horizon, where the sensitivity to neutrinos is much lower [2].

Evaluating the time-dependent quantities from Equation 2.1 in time bins i with a width A,
the following relation between the number of neutrinos per time bin, Ny ;, and the corresponding
universal isotropic UHE luminosity of the sources in that time bin, L;, holds:

Pps Apsi
Nyi=LAtY, prde . (2.2)
N

s

No neutrinos were found with Auger during any 24-hour time interval after the mergers. Thus,
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as an application, the 90% C.L. upper bound on the isotropic luminosity, Ly, ;, for all time bins i is
derived in the following. The 90% C.L. upper bound on the number of UHE neutrinos identified
in the 24 hours after all mergers combined is Nyp v ot = 2.44. The value is the 90% C.L. sensitivity
to a Poisson signal when observing zero events with a background expectation of zero [31], which
matches the given situation to a very good approximation. The time bins are chosen to have a width
of Ar =1 s, so the results are calculated for 86400 of these bins, comprising 24 hours in total. This
precision in time is high enough to assume that the results for Ly, ; will very precisely match the
upper bound on the true continuous function L(r — o).

Using the considerations and assumptions above, the relation Nyp v or = 2.44 = Y Nyp vi =
%NHP,V’,‘ — Mpvi _ % holds, where Ny v ; is the upper bound on the identified number of

At
neutrinos per time bin i. The assumption that it is the same for all time bins was used here, since

both the observed number of detected UHE neutrinos and, to a very good approximation, the ex-
pected number of background events are the same (zero) for all time bins. Equation 2.2 can thus
be solved for the upper bound on the isotropic luminosity in the time bin i:

Lo 24 ZZ,,Pp,sAp,x,i B
P17 86400 s d? '

s S

(2.3)

The result for Lyp; is shown in Figure 3, where the contributions from the individual sources are
indicated as well. For sources whose contribution to the combined sensitivity is more dominant,
the corresponding lines in Figure 3 are lower. The universal isotropic luminosity, obtained by
combining the sources, is constrained more strongly than the single-source luminosities. This
shows that the described combination of sources substantially improves the sensitivity to the source
class of BBH mergers as compared to single sources of this class. Still, the combined limit is fully
dominated by a single source at some times, e.g. by GW151226 ~ 2.5 hours after the merger.
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It should be noted that if this analysis was performed with a longer follow-up search duration,
the result would be periodic with a period of 1 sidereal day corresponding to the periodic motion
of the field of view of Auger in equatorial coordinates. This, added to the fact that it has been
the standard for previous searches [32], substantiates the choice of the 24 hours after each merger
as the search duration. With further BBH mergers being detected in the future, the total exposure
will increase and either a signal will be eventually detected, or the UHE neutrino emission of the
sources can be constrained better over time.

3. Searches for UHE neutrinos from the neutrino-emitting blazar TXS 0506+056

For the blazar TXS 0506+056, the two follow-up search time intervals used in this work are
2014-10-19 — 2015-02-06, and 2017-03-22 — 2017-09-22. The earlier one corresponds to the time
of the excess of neutrinos reported by IceCube [17], while the later one is motivated by one of the
benchmark durations given by IceCube that represent the y-ray flare during which the IceCube-
170922A high-energy neutrino was found [15]. No neutrinos have been found with Auger during
these periods.

TXS 05064056 is a well located source and the follow-up periods consist of whole days.
Therefore, the exposure to it depends only on its declination and, analogous to the BBH merger
follow-up searches, small temporary variations in the status of Auger. Figure 4 illustrates the time
per day a given declination lies in the different neutrino search regions, where the declination of
TXS 0506+056 is indicated.

By taking into account these visibility times and the respective effective areas, the overall
sensitivity to the source over a given time interval is obtained. The fluxes corresponding to certain
numbers of neutrinos identified with Auger during a given period of time can then be determined
in the same way as for the BBH follow-up searches. In the following, we present the fluxes that
would correspond to an expectation of one identified UHE neutrino with Auger during each of the
mentioned search periods.

In Figure 5, this flux is shown for the first search period (2014-10-19 — 2015-02-06) together
with the flux of the neutrino excess measured by IceCube and extrapolations of that measurement
to higher energies [17]. These results are shown for different power laws assumed for the flux. The
spectrum measured by Fermi-LAT during this time [33] lies mostly below the IceCube flux in this
representation. One can see that the flux that would correspond to one UHE neutrino identified
by Auger is larger than the extrapolation by IceCube in this E2-weighted representation. The ratio
between them is ~ 20 for a hard spectrum o< E~!9. This difference originates largely from the fact
that the source is visible only periodically. In particular, it lies in the ES region, the region with
the largest sensitivity, for a fraction of only ~ % of the time. For a spectrum o< E~2-3, this ratio is
~ 2000, indicating the lower sensitivity of Auger to softer spectra.

The results for the second search period (2017-03-22 — 2017-09-22) are summarized in Fig-
ure 6. It can be inferred that, in this E2-weighted representation, the flux associated to the IceCube-
170922A alert event is very similar to the photon flux measured by Fermi-LAT in the GeV range [15,
16]. However, the flux that would correspond to one UHE neutrino identified with Auger in this
period is ~ 20 times larger than that, again explainable by the periodic visibility of the source,
which is not optimal when averaging over time.
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with Auger

It should also be noted that the neutrino energy ranges regarded for Auger and IceCube in this
analysis are about 3 orders of magnitude apart, meaning that both results are meaningful on their
own in their respective energy domains.

4. Summary and conclusions

We presented the procedures and results of two different kinds of analyses of searches for
UHE neutrinos from transient sources.

Searches for UHE neutrinos from BBH mergers as potential sources were combined and an
upper limit obtained on a universal isotropic UHE neutrino luminosity as a function of time after
the merger, that would apply to each of the sources. Approximately 14.6 hours after the merger,
the combined sensitivity is maximal, and a universal isotropic source UHE neutrino luminosity Ly,
above ~ 4.3 1046% is excluded due to the non-observation of UHE neutrinos from the 90% C.L.
BBH merger localization regions in the sky during the 24-hour periods after all mergers, under the
assumption that the sources emit UHE neutrinos with a spectrum o< E,, 2.

The follow-up searches for UHE neutrinos from the direction of TXS 0506+056 were per-
formed during two different time intervals, 2014-10-19 — 2015-02-06 and 2017-03-22 — 2017-
09-22, motivated by a neutrino excess found with IceCube during the earlier one and a y-ray flare
with an associated high-energy neutrino alert lasting the later time interval. No UHE neutrinos have
been observed in these searches by Auger. For comparison with the lower-energy IceCube neutrino
fluxes from this source, the flux that would correspond to one UHE neutrino from TXS 0506+056
identified with Auger in each of the two follow-up periods has been calculated. For all considered
periods and hypothetical energy spectral shapes, the E>-weighted flux necessary to produce this one
UHE neutrino has been found to be more than an order of magnitude larger than the flux estimations
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given by IceCube. While this indicates a smaller sensitivity to neutrinos from the TXS 0506+056

flares, explainable by the periodic visibility with interruptions, the fluxes apply to different energy

ranges (TeV/PeV vs. EeV range) and complement each other well.
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