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The wide-angle Air-Cerenkov array HiISCORE is a major component of the TAIGA facility in the
Tunka valley, built for Gamma Astronomy and Cosmic Ray research. HiSCORE will contain 120
stations distributed over a 1 km? area.

Here, we report a multi-year detection of light flashes in HiSCORE from the LIDAR on-board
the Sun-synchronous CALIPSO satellite, obtained in 2015-2021. The 100 mJ laser (532 nm) is
observed up to distances beyond 10 km away from the ground light spot. This study complements
first observations of a space-based LIDAR, performed in 2015-2017 with the 28 station HISCORE
prototype and the CATS-LIDAR on-board the International Space Station. We present HISCORE
calibration methods developed for the LIDAR events to optimize the pointing resolution of the array;
and additionally perform a detailed array performance analysis over 6 years.

The angular resolution for this special class of HISCORE events - bright flashes, with a plane wave
light front - is found to be ~0.05°, which is below the high-energy limit of ~0.1° for air-showers.
The satellite event sample allows to optimize rare event search strategies, like for optical flashes
of astrophysical origin. We will also report on scheduled joint LIDAR observation by HISCORE
and TAIGA-IACTs, as well as optical ground instruments - to independently calibrate the absolute
array-pointing precision.
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1. Introduction

TAIGA-HiSCORE is a Cherenkov shower-front timing array, and is part of the hybrid TAIGA-
Observatory (Tunka Advanced Instrument for cosmic ray physics and Gamma Astronomy), under
construction in the Tunka valley, 50 km from Lake Baikal, Russia [1, 2]. TAIGA-HiSCORE is today
a 0.7 km? detector array comprising 89 optical detector stations with ~0.5 m? sensitive area and 0.6 sr
field of view each, to detect ns-duration Cherenkov light flashes from gamma ray showers of energy
above 10 TeV [3]. Precision pointing for extensive air shower (EAS) reconstruction is a key to detect
astrophysical gamma-ray sources with HISCORE.

Following the serendipitous detection of the CATS LIDAR on-board the International Space
Station (ISS) in 2015-17 [4], we present here a multi year analysis of the CALIPSO LIDAR signal
detected by HiSCORE in 2015-2021. Such a signal represents a unique tool to verify, in the absence
of strong detected astrophysical sources, the absolute HISCORE pointing precision and accuracy.

In April 2021, we obtained simultaneous and independent CALIPSO LIDAR detections with the
two TAIGA-IACT telescopes. We plan to use the IACT reconstructed direction as a reference to verify
and calibrate the HISCORE array, similarly, but with higher precision, to what was done with the
MASTER optical telescope detection of CATS LIDAR in [4].
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Figure 1: CALIPSO passage above TAIGA site. (a) Artistic view of CALIPSO orbiting around Earth as part
of the "A-Train" satellite constellation. On the bottom, a TAIGA-IACT (left) and a TAIGA-HiSCORE station
(right) "receiving" light from the CALIPSO LIDAR. (b) Predicted CALIPSO passages above TAIGA during
season 2015/16: satellite passages maximum altitude distribution (top), and as a function of date (bottom).
Statistics is given for all days and only-dark-nights. Only passages above 88° have been observed by HiSCORE.

2. TAIGA detection of the LIDAR onboard the CALIPSO satellite

2.1 CALIPSO

The CALIPSO (Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite was
launched on April 28, 2006 as a joint NASA and CNES mission [12], as part of a seven satellite
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constellation known as the “A-Train” (see figure 1(a)) in Sun-synchronous orbit at an altitude of
approximately 700 km. With an orbit every 98.4 minutes (~ 14.6 orbits per day), it repeats its track
every 16 days. CALIPSO contains a LIDAR known as CALIOP (Cloud Aerosol Lidar with Orthogonal
Polarization), with the goal of obtaining high resolution vertical profiles of clouds and aerosol in the
Earth’s atmosphere. CALIOP produces simultaneous, co-aligned 20 ns pulses (532 and 1064 nm wave
length, 110 mJ energy), pointed at 3° away from the geodetic nadir in the forward direction with respect
the satellite motion, at a repetition rate of 20.16 Hz. A spot on the ground of approximately 70 m rms
diameter is estimated. On September 18, 2018, CALIPSO joined the C-Train orbit (~16.6 km below
the A-Train), together with the CloudSat spacecraft.

To predict date, time, and the maximum altitude of CALIPSO passages over TAIGA we used the
PyEphem package [10]. Figure 1(b) shows the predicted maximum altitude during season 2015/16.
The full satellite track in the sky is obtained using the SGP4 propagator together with CALIPSO

historical TLE [11].
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Figure 2: TAIGA-HiSCORE "SAT" (orange) and "EAS" (blue) detected events. Left: event rate; middle: event
multiplicity; right: reconstructed direction and time (color coded) evolution. Top: Run 25/03/2017 (1 cluster
array). Middle: Run 23/01/2018 (2 cluster array). Bottom: Run 19/04/2021 (3 cluster array).
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Figure 3: Compilation of detected CALIPSO passages over the TAIGA Observatory. (a) HiSCORE: 16
reconstructions of CALIPSO from 2015-2021. (b) IACT: 2 passages in both IACTs (4 reconstructions) of
CALIPSO from the April 2021 observation campaign. The satellite tracks are obtained using the SGP4
propagator together with public TLEs.
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Figure 4: Preliminary "raw" CALIPSO-HiSCORE calibration. (a) reconstructed Zenith vs time, for pas-
sage 19/04/2021. Blue: original reconstruction; Orange: reconstruction after raw calibration (D_time=0.8 s,
D_Misp=0.1 °, see text for details). (b) D_time, and D_Misp "raw" corrections as function of passage time.

2.2 TAIGA-HiSCORE

The reconstruction of those HISCORE events that are due to laser pulses from the satellite ("SAT
events") is obtained with the HISCORE standard data analysis procedure [3, 7]. For this work, the
Hybrid array time calibration is used [6]. This type of events differs from normal EAS events for their
arrival time front, well approximated by a plane wave (first step of EAS reconstruction). Knowing the
time of the satellite maximal altitude, t,,,, the satellite speed, and the laser beam pointing direction,
it is possible to isolate the SAT events by selecting a time interval of [-15,+5] s around #,,5x. A further



TAIGA: CALIPSO-LIDAR detection Andrea Porelli

35

h = = fit: (0.00 + 0.05) deg
30 1,
@ alpha_NN

25 A
.
20 1 *
.
151 -
.
10 1 +
5

N mm.. ........

0.0 0.1 0.2 0.3 0.4
angular distance [deg]

Figure 5: Pointing resolution for HISCORE SAT laser events . Distribution of angular distance between
consecutive reconstructed directions, divided by V2, for passage 10/12/2018. Bins scale with 1/@. The
preliminary upper limit for the angular error is 0.05° (satellite motion not considered).

selection based on the number of hits (> 15), the reconstructed zenith angle (< 10°), and a )(z—cut
on the plane wave reconstruction, allows to eliminate the remaining EAS from the event sample.
Examples of detected and reconstructed passages are given in figure 2 for the 1-, 2- and 3-cluster array
configurations of HISCORE in 2017, 2018 and 2021. Figure 3(a) shows a sky plot (AltAz) containing
all the 16 CALISPO passages detected and reconstructed with HISCORE.

We perform a preliminary verification of the HISCORE reconstruction (absolute pointing), using
as reference the predicted satellite track. It must be noted that the satellite track propagator (time,
location) contains systematic effects still under investigation, thus these results are preliminary, and
are shown only to illustrate the calibration concept and its main results. Figure 4(a) gives an example
of the preliminary calibration, showing the evolution in time of the reconstructed zenith angle, and
compares with the absolute track prediction (black line). By minimizing the space angle between the
two tracks, two parameters are extracted: a time shift, D_theta, and the angular distance from the
predicted track, D_Misp. We emphasize, that D_Misp is not the real mispointing error of HiSCORE,
but a convolution of likely satellite dominated effects as mentioned before. Figure 4(b) shows the
distribution of these parameter as function of the passage date, over the 2015-2021 period.

We use SAT events to characterize the directional reconstruction precision of HiSCORE. The
pointing precision of plane wave events reconstruction is estimated by the space angle ann, i.e. the
space angle between successive laser events (separated in time and direction by 50 ms and 0.03 deg,
respectively) divided by V2. Figure 5 shows e y distribution for all events for the passage 10/12/2018,
with an rms of 0.05 deg. This is better than the pointing precision of 0.1 deg for highest energy EAS
[2]. An improved method, based on a precision satellite tracking, is in preparation, and will allow to
check for other systematic tracking errors.

2.3 TAIGA-IACTs

The discovery and analysis of CALIPSO LIDAR signals in the HISCORE archival data triggered a
targeted observation campaign with the TAIGA-IACTSs in April, 2021 (first hints for a satellite passage,
see [5]). With the IACTs, we obtained two stereo-mode detections of CALIPSO on April 6 and 19,
2021, which are displayed in figure 3(b). Their maximum elevations were 86.3 ° and 89.9 °, which
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Figure 6: TAIGA-IACT "SAT" event detection. Top-left: trigger rate for raw (blue) and cleaned (orange)
camera images, around the passage time. Top-right: image size (blue) and maximum amplitude (orange) vs
time, around the passage time. Bottom-left: image cluster (black) and pixel (red) multiplicity for events inside
the selection time window (red band in the top row). Bottom-right: camera image center of gravity as function
of time, reproducing the signal track.

corresponds to a laser foot print distance to the observatory of ~45 km and ~1 km, respectively. These
are the first space-based LIDAR detections with IACT telescopes on ground.

Figure 6 shows the 19/04/2021 CALIPSO passage detected by TAIGA-IACT telescope 1. This
is the first ever combined IACT-HiSCORE LIDAR detection. The top-left panel shows the camera
trigger rate for raw (blue) and cleaned (orange) images, around ¢,,,, (red dashed line); the image
cleaning selects pixels with amplitude larger than 10 phe. The top-right panel shows, for the same
time interval, the image size and the maximum amplitude distributions. To separate SAT from EAS
induced images, a simple event selection based on event time (ts 47 €[-13,+3] s around #,,,, red band)
and max amplitude (A;,4x = 300 phe) is performed. The bottom-left panel shows the image cluster
(red) and pixel (black) multiplicity for the selected SAT events. The reconstruction of the signal arrival
direction is obtained by calculating the pixel amplitude center of gravity (COG) inside the camera,
and then projecting it into the local AltAz sky (see figure 3(b)). The bottom-right panel of figure 6
shows the image COG time evolution inside the camera, reproducing a clear track. Analysis of this
particular passage is difficult, due to serious saturation effects in the camera (close-by passage).

The main goal of a combined IACT and HiSCORE detection of the LIDAR is, to use the
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satellite direction directly measured with the TAIGA-IACT as an independent and precise localization
of the emission point, and thus solving the systematic uncertainties related to precision satellite
track predictions discussed above for the HISCORE stand-alone LIDAR signal analysis. The satellite
localization for each laser pulse thus turns into an absolute reference for HISCORE - to allow verification
of reconstruction, and calibrate the absolute pointing correction. Moreover, the precise knowledge
of the emission point allows to directly perform the array time calibration, as done in [6]. This final
analysis is still in progress, and will profit from further combined satellite observations, at moderate
camera illumination.

3. Conclusion

The TAIGA Observatory pioneered observation of space based LIDARs by ground based Air
Cerenkov installations: by detecting CATS on board the ISS in 2015-17 with HISCORE, and now with
the 100 times brighter LIDAR on the CALIPSO satellite. First detections of an orbiting laser with
IACTs started at TAIGA in April, 2021, including a first combined HiSCORE-IACT observation.

Orbiting LIDARSs are now established as point-like sources of laser light from large distance, and
generate at ground a nearly plane wave - despite passing up to several 100 km of air. They are detected
also for directions far outside the nominal narrow beam geometry, i.e. for HISCORE up to elevations
of 88 ° - up to 10’s km off the footprint. Precise understanding of this emission is currently lacking.

We summarize the main interest of large Cerenkov detectors in space based LIDARs:

* Precision calibration of extended, complex air Cerenkov instruments
- Internal timing offsets between detectors and sub-systems in large setups
- spatial reconstruction verification (pointing, system test) with varying illumination levels
- priority: calibrate absolute pointing of detectors like HISCORE

- efficient cross comparison and calibration of components in large installations
 Characterization of setups for exotic, short pulsed optical SETI-like signals
 In-flight characterization of the spatial LIDAR beam profile - instrinsically impossible at ground

* Light propagation in atmosphere: unique setup with 700 km base-length to measures LIDAR
forward scattering (amplitude, time delay patterns at various angles)

We note, that the Cerenkov telescope VERITAS had first LIDAR detections in May, 2021, is now
scheduling regular observations, and found archival detections up to 54 ° (500 km distance) [9].
For the upcoming CTA project, space based LIDARs will be a relevant verification tool.

Outlook for TAIGA:
- obtain absolute pointing, by simultaneous LIDAR detection with IACT and HiSCORE

- improve the HiSCORE plane-wave pointing error assessment
- start routinely hybrid CALIPSO observations by IACT and HiSCORE
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