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The wide-angle Cherenkov array TAIGA-HiSCORE (FOV ~0.6 ster), was originally buit as part
of the TAIGA installation for high-energy gamma-ray astronomy and cosmic ray physics. It was
proven that the array can also be used to search for nanosecond events in the optical range. This
report discusses the method of searching for optical transients using the HISCORE array and
demonstrates its performance on a real example of detecting signals from a man-made Earth
satellite. Search for short flares in the HISCORE data of winter season 2018-2019 is carried out.
One candidate for double optical repeater has been detected, but the estimated probability of a
random chance of such a transient by background EAS is 78%. An upper limit on the probability
of optical spikes with flux density of more than 10~ erg/sec/ cm? and a duration more than 5 ns
is established as ~ 2 x 1073 events/st/hour.
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1. Introduction

The astrophysical complex TAIGA (Tunka Advanced Instrument for cosmic ray physics and
Gamma-ray Astronomy) [1-4] is located in the Tunka valley, at about 50 km to the West, near the
Baikal Lake. It is designed for the study of cosmic rays and gamma-rays of high and ultrahigh
energies using the technique of observation of extensive air showers (EAS). The complex includes
several instruments, including the TAIGA-HiSCORE wide-aperture Cherenkov array. The HiS-
CORE array (High Sensitivity COsmic Rays and gamma Explorer) consists of integrated optical
atmospheric Cherenkov stations, which include four PMTs, with a total entrance of about 0.5 m?
and a field of view (FoV) of 0.6 steradian. All stations are oriented in the same way (at present
they are align for observing the Crab Nebula). The stations form an array with a step of 106 m.
The HiSCORE array is still in the process of construction, and it currently consists of 120 stations
located on an area of more than 1km?. The design and construction details of the HiISCORE array
are presented in the articles [2, 5]. The operating principle of the TAIGA-HiSCORE array is based
on the idea presented in the article [5]: the detector stations measure the amplitudes of Cherenkov
light from EAS, as well as the arrival times to reconstruct the direction of arrival of a cosmic ray
particle (charged or gamma quantum), its initial energy, and some other important characteristics
of EAS from these data.

The characteristic duration of EAS Cherenkov light pulse ranges from several nanoseconds
to tens of nanoseconds; the HISCORE detector stations are adapted to register just such flashes.
The detection threshold is approximately 3000 green photons (~530 nm) per square meter during
an integration time of 10ns. The array is capable of detecting not only EAS Cherenkov light
pulses, but any flashes of light. In this case, according to a number of characteristics, a splash of
a distant point source (hereinafter referred to as optical transient) in the most cases can be easily
distinguished from a passage of a Cherenkov light front of EAS. Indeed, the stations triggered by
an EAS Cherenkov light pulse will cluster, as a rule, around the shower axis. On the contrary,
distant transient events generate a flat and homogeneous optical front that evenly covers the entire
HiSCORE array. This idea is confirmed by comparing the structure of a typical EAS event and
an event caused by a pulse of a laser installed on the orbital satellite (Fig. 1). The signal from the
satellite flying over the HISCORE array was unexpectedly detected in the data for December 10,
2018 (see the trajectory of the sattelite in Fig. 2) and was subsequently identified as the signal from
the LIDAR on the CALIPSO satellite [6]. Further, it was found that the signal from CALIPSO
has been present in the data since 2015 and can be used for the absolute pointing calibration of
HiSCORE array [6] just as it was obtained using signals from the LIDAR on ISS [7]. Thus,
the HISCORE Cherenkov array, originally adapted for the study of cosmic ray physics and for
gamma-ray astronomy, can be relatively easily adopted for solving some problems of conventional
optical astronomy. An interesting question is what kind of distant astrophysical sources can lead
to nanosecond flashes of light that could be detected by HiISCORE. If the source is not coherent,
then the size of the emitter should be measured at most in units of meters, since in 1 ns light passes
travels 0.3 m in air and vacuum. If the source of the pulse is coherent, then there are no restrictions
on the size of the source, but in this case we should talk about a quantum generator of either natural
or extraterrestrial origin. Natural cosmic sources of coherent radiation, including optical lasers,
are known [8], but such sources emit in a continuous mode. The most understandable hypothetical
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Figure 1: Portraits of a typical EAS event (left diagram) and an event of a distant optical transient, which
is represented by a laser pulse (LIDAR) from a distance of about 700 km. The diagrams show the response
times of the optical stations in color, and the estimates of the signal duration in nanoseconds are inscribed
in the colored circles of the triggered stations in numbers. The size of the circles represents the amplitude
of the signal in a logarithmic scale. The title of each portrait contains a variety of technical information
about the event. The numbers of the stations of the HISCORE telescope are also shown, while the crosses
indicate the stations that at the time of measuring of the event for some reason were not functioning or had
operational problems. The configuration of the HiSCORE array corresponds to the winter measurement
season of 2018-2019.

source of short optical pulses is a distant optical laser of artificial origin, that is, an alien laser. Thus,
the task is within the framework of the SETI problem (Search for Extra Terrestrial Intelligence). It
is easy to understand that even for very large distances, a laser with relatively modest parameters is
sufficient for its radiation to be detected by HiISCORE optical stations. For example, for detecting
a signal from the hypotetical transmitter with an aperture of 1000 m, for light of 530 nm (green), at
a distance of 10*1ly from the Solar System, the laser energy should be about 9 MJ for every 10ns
pulse. An aperture of 1000 m means the use of a laser phased array.

Note that the idea of using large Cherenkov telescopes to search for optical transients of
astrophysical origin was proposed already at the very beginning of the 2000s [9], including also
the framework of the SETI problem [10]. After that, the idea was repeatedly discussed in various
aspects and some search programs were implemented [11-15]. However, in all these works, it was
assumed and discussed the use of image Cherenkov telescopes, which have a small field of view of
only several degrees. The HiSCORE Cherenkov array has a very wide field of view, which covers
about one tenth of the visible sky. This is really important exactly in the SETI searches when it
comes to detecting very rare events that may appear from an unpredictable direction and time.

2. Methods

In this work, we study the data of the HISCORE array recorded in the winter season from
November 2018 to April 2019, when the TAIGA-HiSCORE array included 54 optical stations. The
observations were made during 80 clear, moonless nights with a total observation time of 475 hours
and an exposure of 288 sr-hr.



Search for nanosecond-fast optical transients with TAIGA-HiSCORE array A. D. Panov

If trigger of optical stations is caused by a distant optical transient, then the maximum pulse
amplitudes of all stations should ideally be the same up to statistical fluctuations. For this reason,
one of the important criteria in the search for candidates for optical transients is the comparison of
the amplitudes of the stations. However, the amplification factor of different stations are not quite
the same; therefore, a special relative amplitude calibration is required, which makes it possible to
compare the amplitudes of different stations of the same event. The idea behind this calibration is
very simple. During each night of measurements, all optical stations are in the same conditions,
having on average the same flux of EAS optical pulses at the input. Therefore, equally operating
stations should show the same amplitude spectra. In reality, this is not the case due to differences
in the amplification factors of the stations. The idea of the calibration that has been performed was
to select such a correction factor for the amplitudes for each optical station so that all spectra of the
stations are reduced to some single average spectrum, the same for all stations.

The most important task of HISCORE data processing is the reconstruction of the direction
to the source, which is carried out using the measured response times of different optical stations
caused by the passage of the light front. In this work, the direction is reconstructed under the
assumption of a plane light front, which is correct for a distant optical transient, but also gives the
direction of the EAS axis, despite the fact that the shape of the front of EAS Cherenkov light is
not really flat. This is possible due to the fact that, although the EAS front is not flat, it is axially
symmetric with respect to the shower axis. The problem of finding the direction to the source is
reduced to minimization along two angular coordinates — ¢ (azimuth) and 6 (polar angle) — of some
y?-like function.

Several passes the CALIPSO satellite equipped with a LIDAR for observing the state of the
atmosphere have been recorded by HiSCORE. The satellite’s orbital altitude is 700 km, the laser
pulse duration is about 20 ns, thus CALIPSO provides an almost ideal test for signals from a distant
optical source. The scatter of the trajectory points was used to determine the accuracy of the
reconstruction of the angular coordinates for events near the zenith (where the satellite appears in
the HiISCORE aperture), which was about 0.05°.

3. Results

Since the event of a distant optical transient covers the entire area of the HISCORE array
uniformly, in contrast to the great majority of EAS events, it should be expected that a certain
parameter representing the degree of uniformity of illumination can be effectively used to select
candidates for distant transients. As such a parameter, we introduce a parameter called “event size”,
EventSize. The event size is understood as the maximum distance in the (x, y) plane in meters
between the triggered stations belonging to this event. If this criterion is used in conjunction with
the condition DeltalogA < 0.1, where DeltaLogA is the standard deviation for the logarithm of
the amplitude of triggered stations for one event, then it turns out to be very effective for selecting
potential candidates for distant transients. The limitation on the spread of amplitudes for optical
transient events DeltalogA < 0.1 was deduced from the above mentioned satellite test events (see
the Methods section above). It was shown that the majority of satellite events are larger than 900 m,
while the majority of all other events are less than 900 m, with a maximum near 600 m. Therefore,



Search for nanosecond-fast optical transients with TAIGA-HiSCORE array A. D. Panov

if we consider events with a size greater than 900 m, then we will get rid of most of the EAS
background, preserving most of the satellite events (i.e., most of the events of distant transients).

Fig.2 shows the distribution of all events with number of triggered stations Ngyr > 20,
EventSize > 900 m,DeltalogA < 0.1 over the sky in local and equatorial coordinates. In the
region of small zenith angles, 8 < 40° (or large declination angles, Decl > 25°), a track of satellite
events is visible, the majority of which pass this filtering, being distant optical transients, but there
are no other events. This means that there are no other candidates for distant optical transients in the
region of these angles. This is one of the results of this work. The second conclusion from Fig. 2
is that virtually any “flat” event detected near zenith should be considered to be a distant optical
transient candidate.

However, it can be seen from the same Fig. 2 that in the area of large zenith angles, which
means the area of low declinations (including negative declinations), there is a large group of events
that pass all conditions filtration for “flatness”. These are rare very gentle showers that can cover the
entire area of the HiISCORE array, simultaneously creating close amplitudes of different triggered
optical stations, completely simulating the passage of a uniform flat front. A total of 511 such
events were filtered. It is obvious that these EAS events are the background for potential events of
distant optical transients. The question is, whether is it possible to find candidate events for optical
transients in such a background, separating them in some way from the background events?

The answer to this question is “’yes” if one looks not for single candidates for transients, but for
repeater candidates, where a repeater is understood as a group of events that came from one point in
the sky. Finding a repeater among the filtered 511 candidates would mean finding a real candidate
for a repeating optical transient if it is shown that the random simulation of such a repeater by the
EAS background is small.

Obviously, for events that come from one point in the sky the difference in angular coordinates
should be less than the errors in measuring their directions. As mentioned above, an error in
determining the directions of 0.05° was measured for events caused by a laser mounted on the
satellite. However, this result refers to events close to the zenith of the local coordinate system,
while all 511 candidates are events with large zenith angles. Such events have a completely
different space-time structure, and the error in determining the coordinates for them will, generally,
be different. Errors of angle coordinates for such events was calculated by the Monte Carlo method
according to the known distribution laws of errors in the trigger times of optical stations. As a
result, the number Ap = 0.03° was obtained, which has the meaning of the standard deviation in
any of the angular coordinates. It can be seen that the error obtained is indeed different from the
error for events near the zenith. For the final calculations, we postulated that a group of events with
the same coordinates are those for which all events are included in a circle with a center coinciding
with the center of mass of all events in the group and a radius of R = ApV2 = 0.041°.

The search among 511 candidates resulted in the discovery of one pair of events with formally
indistinguishable coordinates. Calculations by the Monte Carlo method showed that the probability
of chance simulation of at least one double repeater is 78%. That is, the appearance of one double
repeater should be expected simply by chance, therefore we cannot consider the found repeater as
a real candidate for optical transients.

Thus, the main result of this work is that neither single candidates for optical transients were
detected under conditions of a low background near the zenith, nor candidate repeaters with large
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Figure 2: Distribution of events over the sky for the events with a size of more than 900 m and the condition
DeltalogA < 0.1: in the region of small zenith angles (or large declination angles) there are no events
other than satellite events.

zenith angles in the background of an EAS were found. The absence of candidates for optical
transients allows us to set limits on the frequency of occurrence of such events. Since the exposure
for the season 2018-2019 is known (288 ster-hour), and no candidate was detected, then, taking
into account the thresholds and signal duration that could be observed, the limitation on the flux
of the sought transients can be formulated in the following way: for optical transients with an
energy flux more than 10™* erg/cm?/sec and pulse duration more than 5ns the flow is less than
2 x 1073 events/ster/hour.

In conclusion, we note that the data of the HISCORE array for the seasons 2019-2020 and
2020-2021 will be processed soon. Since the size of the array grows up every year, a noticeable
improvement in the background conditions for the search for optical transients in the HISCORE
data is expected.
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