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Figure 1: General view of the Telescope Array (TA) Observatory. Red and yellow circles show deployed
and not yet deployed TAx4 SDs. Positions of TALE SDs are marked with blue circles. The fields of view of
TAx4 FDs are shown with black shapes [5].

1. Introduction

The Telescope Array (TA) experiment is a hybrid detector operating in Utah, USA since 2008.
The TA Surface Detector (TA SD) [1] is an array of 507 solar-powered stations covering an area of
680 km2 placed in a square grid with 1.2 km spacing. Each SD station contains two layers of a plastic
scintillator with an area of 3 m2. The surface detector is overlooked by three fluorescence detector
(FD) stations – Middle Drum, Black Rock Mesa and Long Ridge with a total of 36 fluorescence
telescopes [2].

The TA is the largest cosmic ray observatory in the Northern Hemisphere. Its primary science
goal is the origin and properties of the ultrahigh-energy cosmic rays. These implies the study
of the spectrum, composition and anisotropy of the arrival directions of cosmic rays in a wide
range of energies. More scientific tasks include the physics of high-energy hadronic interactions,
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multi-messenger and interdisciplinary studies.
There are two extensions of the TA experiment, namely TA Low-energy Extension (TALE)

and high energy extension TAx4. Both extensions are hybrid experiments like TA. The TALE FD
station located at TA Middle Drum site has ten fluorescence telescopes, which observe 31-59◦ in
elevation, on top of the field of view of Middle Drum FD station. The TALE SD array consists of
80 stations, half of which are located with 400 m spacing and the other half with 600 m spacing. It
is planned to further enhance TALE SD by installing additional 54 stations with 100 m and 200 m
spacing [3]. TALE SD and TALE FD are in operation since September 2013 and September 2018,
correspondingly. Operation of the TALE extension made it possible to extend the available energy
range down to 2 PeV [4].

The high energy extension TAx4 is designed to increase the rate of the data collection at the
highest energies. The spacing of the TAx4 SD array is 2.08 km which makes it efficient for cosmic
rays with energies greater than 57 EeV. The area covered by 500 TAx4 SD stations is approximately
three times larger area than the one covered by TA SD. The combined effective area of the TA SD
and TAx4 SD is approximately 2800 km2. Two TAx4 FD stations are designed to observe the
hybrid events which are detected by both SDs and FDs. The construction of the TAx4 FD is
finished and more than half of the TAx4 SDs (257 SDs) have been deployed in 2019, see Figure 1.
The observations of TAx4 in hybrid mode have started in June 2020 [5, 6].

The paper is organized as follows. The selected results on the TA and TALE energy spectrum
are presented in Section 2, including declination dependence of the TA spectrum. The Section 3
shows the results on TA and TALE hybrid composition as well as the TA SD composition. The
new ultrahigh-energy photon flux limits are given in Section 4. The results on the arrival direction
anisotropy are highlighted in Section 5. These include the dipole update, hot spot update, new
clustering of high-energy events in the direction of Perseus-Pisces supercluster, and chemical
composition constraints from the anisotropy. Two interdisciplinary results, namely observations
of the Terrestrial Gamma-Ray Flashes with TA SD and variations of the SD trigger rate during
Thunderstorms are explained in Section 6. The results are summarized in Section 7.

2. Energy spectrum

The TA observatory has measured the cosmic ray spectrum over unprecedented five decades
of energy from 2 PeV to 200 EeV. Figure 2 shows the TA combined energy spectrum produced
using the 22 months TALE measurements in monocular mode [4] below 1018.2 eV and an 11 year
TA SD spectrum [7] above 1018.2 eV. The combined TA spectrum exhibits the knee feature at about
1015.5 eV, the low energy ankle feature at 1016.22±0.02 eV, the second knee at 1017.04±0.04 eV, the
ankle at 1018.69±0.01 eV, and the cutoff at 1019.81±0.03 eV [8]. Preliminary energy spectrum above
10 EeV measured by the TAx4 SD is compatible with the TA SD spectrum [9].

The Pierre Auger Collaboration has reported a new feature in the cosmic ray spectrum at
energy close to 1019.1 eV, named “instep” [10]. We have conducted a search for this new feature by
combining the HiRes I monocular [11], TA FD Black Rock and Long Ridge monocular [12] and
TA SD [7] spectrum measurements. The joint fit of these three spectra finds the “instep” feature at
1019.25±0.03 with a statistical significance of 5.3 standard deviations [8].
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Figure 2: The TA combined energy spectrum (black points) composed of 11 years of the TA SD data (blue
squares) and 22 months of TALE monocular data (red circles) [8].

Table 1: The fit parameters of the Auger and TA spectra: four power-law indices and three break points
Eankle , Einstep, Ecut. The errors quoted are the statistical errors [13].

The results of the joint Auger and TA spectrumworking group presented at theConference [13]
demonstrate that the spectra of two experiments are compatible in the energy range E < 1019 eVwith
a 9% difference in the absolute energy scale. Still, a discrepancy persists at the highest energies. Two
spectra agree in the common declination band −15.7◦ < δ < 24.8◦ with an additional assumption
of the energy dependent shift ±10% per decade for energies greater that 1019 eV. The comparison
of the broken power-law fits for Auger and TA spectra is given in Table 1 [13].

It is shown that the TA SD spectrum is considerably different in the two declination bands,
above and below δ = 24.87◦. The high-energy cut-off appears at 1019.64±0.04 and 1019.84±0.02 eV in
the lower and higher band, correspondingly. The global significance of the difference of the spectra
is 4.3 standard deviations [14].
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Figure 3: Mean reconstructed depth of the shower maximum Xmax as a function of shower energy measured
by (left) TALE FD monocular (black points) [15] and TA FD monocular (red points) [18]; (right) TALE
Hybrid detector [16].

Figure 4: Mean logarithmic atomic mass as a function of energy measured by (left) TALE FD monocular;
(right) TA SD (orange pentagons) [20] compared with the Pierre Auger Observatory SD delta results (blue
squares and red triangles) [24].

3. Chemical composition and hadronic interactions

The cosmic-ray composition is measured at TA Observatory in the energy range from 3 PeV
to 60 EeV. These include the Xmax measurements of TALE FD [15–17] in the lower energy range
from 3 PeV to 1 EeV, the TA FD Xmax results [18, 19] for energies greater than 0.3 EeV and the TA
SD composition at the highest energies up to 60 EeV obtained with the multivariate analysis using
Boosted Decision Trees [20, 21].

The Figure 3 shows so-called elongation plot – mean reconstructed depth of the shower
maximum Xmax as a function of shower energy measured by TALE FD in both monocular mode [15]
and hybrid mode [16] and TA FD [18]. The elongation rate demonstrates a break at energy of
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Figure 5: The TA SD photon flux limits presented at the Conference [29] based on the neural network p-γ
classifier compared with the results from AGASA [32], Pierre Auger Observatory [33–35], Yakutsk [36], and
previous TA SD result [31]. The predictions of certain models are shownwith lines and shaded areas [37–39].

∼ 1017.2 eV which is correlated with the observed break – second knee – in the cosmic rays energy
spectrum. The mean logarithmic atomic mass measured by TALE FD in monocular mode and TA
SD is shown in Figure 4. The TALE results shows that the composition gets heavier between first and
second knees, which is consistent with Peters Cycle interpretation of the cosmic ray spectrum [22].
The latter implies that galactic sources have the maximum acceleration energy of cosmic rays,
approximately proportional to the nuclear charge, see e.g. [23] for a review. As one may see in
Figure 4 (right) at the highest energies the results of TA SD indicate light composition, which is
not consistent with the Auger SD results showing heavier composition [24].

The joint fit of the TA spectrum and composition result within the astrophysical model of
ultrahigh-energy cosmic-ray sources is presented [25]. The model results in the prediction of the
cosmogenic neutrino flux, which is considerably higher than one predicted by similar fits to Auger
data.

The Xmax for the ultrahigh-energy events carries important information on the proton-air cross
section. Namely, it is shown that the cross-section is directly related with the exponential decay scale
of the tail of the Xmax distribution [26]. Moreover, the information on the chemical composition,
e.g. proton-to-helium ration, may be derived from the same decay scale value [27]. The results
of the proton-air cross-section measurements at

√
s = 73 TeV using the data of TA Black Rock

(BR) and Long Ridge (LR) FD collected in hybrid mode are presented at the Conference [28].
The proton-air cross-section is observed to be 520.1 ± 35.8[Stat.]+25.3

−42.9[Sys.] mb. The result is in a
reasonable agreement both with the results of HiRes and Auger experiments and the prediction of
high-energy hadronic models [28].
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Figure 6: Themaps of the Li-Ma significance of excess and deficit for 4 energy thresholds E > 1019.4 eV (a),
E > 1019.5 eV (b), E > 1019.6 eV (c), and E > 57 EeV (d). The black dot shows the position of maximum
Li-Ma significance.

4. Photon search

The updated results of the search for the ultrahigh-energy photons with primary energies greater
than 10 EeV are presented [29]. The analysis is based on the neural network classifier which employs
full time-resolved signals from all triggered TA SD stations along with 16 composition-sensitive
observables [30]. Implementation of the new classifier have substantially increased the efficiency
of the photon candidate selection compared to the previous analysis with the classifier based on the
Boosted Decision Trees [31]. The TA SD diffuse photon flux limits compared with the results of
Pierre Auger, Yakutsk and AGASA experiments are shown in Figure 5.

5. Anisotropy results

This section features the main TA results on the cosmic-ray anisotropy. Plese refer to the “TA
Anisotropy Summary” talk at the Conference for a more detailed review of these results [40].

The Pierre Auger Collaboration in 2017 has reported observation of the dipole-type anisotropy
in the arrival direction of the cosmic rays with energies above 8 EeV [41]. We have performed the
search of dipole structure in the latest data set of the TA SD. We have restricted the analysis on the
same energy threshold used by Auger. The latter corresponds to the condition ETA > 8.8 EeV with
the account of the 10% difference in the energy scale between TA and Auger experiments [42]. The
amplitude and phase of the dipole reconstructed by TA SD are compatible with the corresponding
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values reported by Auger. Still, with the present statistics the TA SD result is consistent with the
fluctuation of isotropic model at 2σ level [43].

The full sky analysis of dipole and quadrupole have been performed in three energy ranges
(8-16 EeV, 16-32 EeV and 32-∞ EeV) using the combined Auger SD and TA SD dataset [44]. The
use of the full sky data results in substantially smaller error in determining the components of both
dipole and quadrupole.

In 2014 the TA experiment observed a cluster of high energy events (E > 57 EeV) in a circle of
20◦ radius centered at R.A.= 146.7◦, δ = 43.2◦. The number of events in the circle was found to be
19 out of 72 total with the expectation of 4.5 events in case of uniform background. The post-trial
significance of the “hot spot” was reported at the level of 3.4σ [45]. We have repeated the search
for the hot spot above 57 EeV using 12 years of TA SD data. This represents a significant increase
of the statistics compared to the 5 years in the original analysis. The most significant excess have
been observed in a circle of 25◦ radius centered at R.A.= 140.0◦, δ = 40.5◦. 40 of 179 events are
located inside the circle, whereas only 14.6 events are expected in case of isotropic distribution.
The post-trial significance has decreased to 3.2σ, while the increase rate of the events inside the
new hot spot circle is consisted with linear law within 1σ [46].

The search for the event concentration at lower energies E > 1019.4 eV, E > 1019.5 eV,
and E > 1019.6 eV has revealed new excess in the direction of Perseus-Pisces supercluster. The
strongest excess has been observed for E > 1019.4 eV at R.A.= 17.4◦, δ = 36.0◦ with a local Li-Ma
significance of about 4 standard deviations, see Figure 6 [46].

The distribution of the arrival directions of cosmic rays can serve as a measure of the cosmic
ray mass composition. The new method has recently been developed for this purpose [47]. The
method constructs a test statistic (TS) based on the characteristic deflection of ultrahigh-energy
cosmic rays with respect to the luminous matter distribution in the local Universe. It is shown
that the TS is sensitive to the mass composition of the cosmic-ray events and the results of the
analysis are stable with respect to the model of galactic magnetic field. The method is applied to
the TA SD data and the new independent constraints on the proton and iron fractions are derived.
The results favor growth of the proton fraction and corresponding decrease of the iron fraction at
10 < E < 100 EeV and pure iron at the energies above 100 EeV [48]. It is also found that the Auger
best-fit composition model [49] is in tension with TA SD arrival directions at the level of 2σ [48].

6. Interdisciplinary results

6.1 Observation of Terrestrial Gamma-Ray Flashes with the TA SD

The studies of energetic radiation from lightnings at TA started with the observation of the
short-time bursts of TA SD events associated with the lightning flashes [50]. The installation of a
very high frequency Lightning Mapping Array (LMA) and electric field sensors in 2014 confirmed
that these events were indeed downward terrestrial gamma-ray flashes (TGFs) initiated in the first
couple milliseconds of negative lightning flashes [51]. A broadband interferometer (INTF) has
been recently added to TA site, turning the latter into versatile instrument for TGF studies.

We report observation of four TFGs, three of which result from negative cloud-to-ground
strokes and the fourth results from negative intracloud flash. It is clearly seen that the onset of each
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Figure 7: One of the TGFs registered at Telescope Array Observatory. The responses of TA SD stations
are depicted by purple curves. INTF data are shown with circles with color, size and opacity representing
power. Raw very high frequency LMA waveform is represented with light blue line. Green curve shows the
electric field change recorded by the fast sferic sensor [52].

of these TGFs coincide with the strong initial breakdown pulses (IBPs). The latter produces strong,
impulsive signals in the electric field change data, recorded by the fast sferic sensor. Breakdown
activity is also mapped by the LMA and by the INTF, see Figure 7 [52].

6.2 Observation of variations of SD trigger rate during Thunderstorms and Implications
for Large-Scale Electric Field

There are three trigger levels for TA SD, see [1] for details. The level-0 trigger is activated
when the scintillation energy greater than 0.3 Minimum Ionizing Particles (MIP) is recorded at
particular SD station. The level-0 trigger rate (approximately 750 Hz) is monitored at each station
with 10 minutes resolution and is included in the calibration data set.

We have investigated the thunderstorms reported by the National Lightning Detection Network
which have high recorded peak currents (>90 kA). It is shown that the deficit and excess of trigger
rate is observed at the level of ±1-2% in the time periods in which the thunderstorm passes above the
TA SD. The simulations are performed with the EFIELD option of CORSIKA [53] for large-scale
electric field using the SYBILL and URQMD for the high and low energy hadronic interaction
models, correspondingly.

In order to reproduce the observationswe have performed simulations of the cosmic ray showers
assuming two models of electric field. The field is assumed constant and vertically directed. In
the first model the field is localized inside the cloud, while in the second model it covered the
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entire distance from cloud to groud. The total potential difference varies in simulations between
−0.4 GV and 0.4 GV. It is shown that the first model can predict both deficit and excess of trigger
rate depending on the potential difference, while the second model does always predict excess. The
interpretation of the observations is therefore dependent on both the polarity and the type of the
thunderstorm (intra-cloud or cloud-to-ground). In order to proceed with more detailed studies of
the thunderstorm structure we plan to install the array of electric field mills at the Telescope Array
site [54].

7. Summary

As a summary we briefly list the most important results of the Telescope Array ultra-high
energy cosmic ray Observatory presented at the Conference:

• The construction of the TAx4 FD is finished and more than half of the TAx4 SDs (257 SDs)
have been deployed in 2019.

• The cosmic ray energy spectrum is measured over an unprecedented wide energy range from
1015.5 to 1020.5 eV.

• The new “instep” feature in the energy spectrum is confirmed at energy close to 1019.25 eV.

• According to the results of TALE FD, the cosmic ray composition is becoming heavier
between the first and the second knees.

• Both the composition and positions of the first and the second knees in the spectrum (1015.6 eV
and 1017.1 eV) are consistent with the Peters Cycle interpretation.

• Both the TA FD hybrid Xmax measurements and TA SD composition results are compatible
with predominantly light elements such as protons and heliumbetween 1018.0 eVand 1019.1 eV.

• The proton-air cross-section is estimated as 520.1±35.8[Stat.]+25.3
−42.9[Sys.]mb at

√
s = 73 TeV

using the TA FD data in hybrid mode.

• The diffuse photon flux limits are significantly strengthened using novel neural network
classifier.

• There are several indications of the anisotropy of arrival directions at the highest energy:

– Hot spot in the direction of Ursa Major (3.2σ post trial).

– Hint of the excess in the direction of Perseus-Pisces supercluster for E > 1019.3 eV.

– Declination dependence of the spectrum.

• The method for estimating cosmic-ray composition based on the correlations of the arrival
directions with the luminous matter distribution in the local Universe has been developed. As
a result of applying the method to TA SD data a composition with a large fraction of protons
is obtained.

10
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• Multiple TGFs have been observed with the TA SD together with Lightning Mapping Array
and broadband interferometer. It is shown that the onset of the TGF coincides with the strong
initial breakdown pulses.

• It is shown that the thunderstorm activity affects the trigger rate of TA SD. The amplitude of
the trigger rate change depends on both the polarity and the type of the thunderstorm.
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