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Ultra-high energy cosmic rays (UHECRs) are extremely energetic, charged particles with energies
greater than 10'8 eV, originating from outer space. We investigate anisotropic patterns in the arrival
direction distribution of UHECRSs to identify their source locations. The Telescope Array (TA)
experiment, the largest UHECR observatory in the northern hemisphere, has observed evidence
of two intermediate-scale anisotropies in UHECR arrival direction distributions: the TA Hotspot
and the Perseus-Pisces supercluster excess. In this presentation, we will describe an oversampling
analysis that we performed to find the excess of events using the data measured by the TA surface
detector array. We will report the latest results of the TA Hotspot and Perseus-Pisces supercluster
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1. Introduction

Ultra-high energy cosmic rays (UHECRs) are extremely energetic, charged particles with
energies greater than 10'8 eV, originating from outer space. The origin of these particles has been a
subject of research for a long time; however, it remains a crucial question yet to be answered due to
the presence of cosmic magnetic fields that deflect their trajectories. Nonetheless, by studying the
arrival direction distribution of cosmic rays with energies greater than 10!°-
to identify their source locations since they are expected to experience only small deflections. An
analysis of the anisotropy of the arrival direction distribution can reveal characteristic distributions
that may provide indications of UHECR source locations.

The first report of the intermediate-scale anisotropy in the arrival direction distribution of

eV, it may be possible

UHECR events measured by the Telescope Array (TA) experiment was a high concentration of
events with energies greater than 5.7 x 10! eV, the so-called TA Hotspot [1]. It was observed
near the direction of the Ursa Major constellation using a total of 72 events observed by the surface
detector array over a 5-year period. By performing an oversampling analysis with 20°-radius circles,
we obtained a 5.10 excess of events compared to isotropic backgrounds using the Li-Ma method,
described in Section 3.2. The chance probability of detecting a hotspot with Li-Ma significance
equal or greater than the data in an isotropic sky was calculated to be 3.7 x 107# (3.407) assuming
15°, 20°, 25°, 30°, and 35° oversampling radius circle searches.

However, no notable potential sources corresponding to the direction of the Hotspot have been
identified within the observable distance range of UHECR events, ~100 Mpc, taking into account a
theoretical upper limit on the energy of cosmic ray protons traveling from their sources. Numerous
studies have explored potential sources of the TA Hotspot, such as M82, Mrk 180 [2], Mrk 421 [3],
and filaments of galaxies connected to the Virgo cluster [4]. Despite these efforts, the source of
the Hotspot remains undetermined. Since the first report, we have constantly updated the Hotspot
measurements with new data, and the Hotspot persists in TA data with over ~3¢ significance [5].

Recently, while studying the energy spectrum mismatch in the TA and Auger data, we observed
a new intermediate-scale anisotropy in the arrival direction distributions of events at slightly lower
energies than the TA Hotspot energy [5, 6]. We made sky maps of events with minimum energy
thresholds of 10'%# eV, 10!° eV, and 10'%-% eV, where the energy spectrum excess becomes
prominent, and found an intermediate scale anisotropy appearing in the direction of the Perseus-
Pisces supercluster (PPSC) for each energy range. We used 11 years of data recorded by the surface
detector array that had 864, 558, and 335 events with minimum energy thresholds of 10! eV,
1019 eV, and 10'%-% eV, respectively. With 20°-radius circles, we obtained Li-Ma significances of
4.40,4.20, and 4.00 for the three energy ranges [6].

Since the new excess of events appears in the region of the PPSC, which is one of the notable
structures within TA’s field of view, we estimated the chance probabilities that random excesses
could be observed as close to the PPSC as data in isotropic skies of UHECRs. Two criteria, the
maximum Li-Ma significance and its angular distance to the center of the PPSC, were used for
assessing Monte Carlo simulations. The chance probabilities of excesses appearing in the Monte
Carlo trials, with sigmas greater than or equal to that of the data, and as close to the PPSC as the
data, were estimated to be 3.60, 3.60, and 3.40 for the three energies, respectively.

In this work, we report on the intermediate-scale anisotropies, the TA Hotspot and the PPSC
excess, measured by the Telescope Array experiment using the most up-to-date data, collected over
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15 years.

2. Telescope Array Experiment

The Telescope Array (TA) experiment is the largest UHECR observatory in the northern
hemisphere. It employs a hybrid technique to observe extensive air showers induced by primary
ultra-high energy particles striking the Earth’s atmosphere. The observatory is located in the
west desert of Utah, USA (39.3° N, 112.9° W, 1400 m above sea level). A total of 507 surface
detectors (SDs) are spread out with 1.2 km spacing on a square grid over approximately 700 km?
area to measure the air showers induced by UHECRs. Each SD counter has two layers of plastic
scintillator to sample the footprint of the extensive air shower when it reaches ground level [7].
Three fluorescence detector (FD) stations are sited at the apices of a triangle with each station
having a field of view overlooking the area of the SD array. A total of 38 fluorescence telescopes
in the FD stations measure the ultraviolet light emitted as the extensive air shower traverses the
atmosphere, viewing 3°-31° in elevation [8].

3. Methods

3.1 Event Selection

To investigate intermediate-scale anisotropies in the arrival direction distributions, we use 15
years of TA data recorded between May 11, 2008, and May 10, 2023, by the surface detector array.
We have two analyses for the intermediate-scale anisotropies. The main difference lies in their
energy thresholds. The TA Hotspot analysis, which was the first anisotropy observed in TA data,
uses the minimum energy of 5.7 x 10'° eV, whereas for the PPSC excess one adopts a threshold of
10'94 eV, where an excess in the energy spectrum was observed. In addition to this, the details of
the selection criteria are slightly different to include a sufficient number of events while keeping
reasonable energy and angular resolutions.

The selection criteria adopted for the PPSC excess are as follows:

. Each event must include at least five SD counters.
. The reconstructed primary zenith angle must be less than 55°.
. Both the geometry and lateral distribution fits must have y?/degree of freedom less than 4.
. The angular uncertainty estimated by the geometry fit must be less than 5°.
. The fractional uncertainty in S800 estimated by the lateral distribution fit must be less than 25%.
. The counter with the largest signal must be surrounded by four working counters: one to the
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north, east, south, and west on the grid, but they do not have to be immediate neighbors of the
largest signal counter.

The ongoing TA Hotspot analysis employs the same energy threshold and selection criteria as
those utilized in the original Hotspot paper [1] to keep the consistency of the analysis. In the original
Hotspot paper, we used TA SD data collected over 5 years; therefore, it was necessary to introduce
slightly looser selection criteria than those described above to include a sufficient number of high
energy events while keeping reasonable energy and angular resolutions. The main differences are
described as follows:

1. Each event includes at least four SD counters.
2. The angular uncertainty estimated by the geometry fit must be less than 10°.
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Figure 1: The sky map of the TA Hotspot in equatorial coordinates using a Hammer projection. Color
represents the Li-Ma significance using a 25°-radius circle angular window in equatorial coordinates for 15
years of SD events with E > 5.7 x 10! eV. The black diamond indicates the maximum Li-Ma significance
position at (144.0°, 40.5°). The color code indicates an excess (red) and a deficit (blue) of events compared
to isotropy.

The energy scale of the SD was normalized to match the FD calorimetric energy scale using
hybrid events [9]. Using these event selection criteria, 1125 events remain with £ > 10194 eV for
the PPSC excess analysis and 216 events with E > 5.7 x 10'° eV for the Hotspot analysis in the
15-year data set. The energy and angular resolutions of this data set are 20% and 1.5°, respectively.

3.2 Oversampling Analysis
To investigate anisotropies in the arrival direction distributions, we perform oversampling

searches using intermediate-scale angular circles and estimate the significances of excesses or
deficits of events compared to the isotropic background events by Monte Carlo simulations [10]:
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First at each grid point in right ascension (0°-360°) and declination (—10°-90°), using 0.1° steps,
we count the number of events within a given angular scale circle for the data, defined as Nyy.
Then, the number of events outside the circle is determined by subtraction from the total number of
events, Nof = Niot — Non. Next, the same calculation at each grid point is conducted for an isotropic
simulation to determine the exposure ratio of on to off, @ = Njso.on/Niso.off- In this analysis,
we used 107 events assuming an isotropic flux taking into account the TA’s geometrical exposure
g(6) = sinf cos 6 as a function of zenith angle (6) because the detection efficiency for this energy
range is ~100% regardless of zenith angle 6.

4. Results and Discussion

4.1 Telescope Array Hotspot
In this analysis, we use 15 years of data, collected by the Telescope Array surface detector

array, with the same energy threshold, 5.7 x 10'® eV, adopted in the initial report. A total of 216
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Figure 2: The growth and event ratio of the TA Hotspot. (Left) The black dots show the cumulative
number of events falling inside the Hotspot circle with a radius of 25° centered at (144.0°, 40.5°). The blue
solid line indicates the estimated event rate inside the Hotspot. The light blue and gray bands show =10
and +20 deviations from a linear increase rate. (Right) The red dots indicate the event ratio: the number
of events falling inside the Hotspot to the total number of events with energy greater than 5.7 x 10 eV.
The blue solid line represents the event ratio of the number of isotropic simulation events falling inside the
Hotspot region to their total number of events.

events are in this data set. Note, however, in the initial report a 20°-radius oversampling circle was
used. We now use 25°-radius circles for the oversampling analysis.

Performing an oversampling analysis with 25°-radius circles, the maximum Li-Ma significance
is calculated to be 4.80 at the position of (144.0°, 40.5°) in equatorial coordinates. At the position
of maximum Li-Ma significance, it is observed that 44 out of 216 events are located within a
25°-radius circle, whereas 18.0 events are expected from an isotropic distribution. Figure 1 shows
the sky map of the TA Hotspot in equatorial coordinates using a Hammer projection. The black
diamond indicates the position of maximum Li-Ma significance (144.0°, 40.5°).

To quantify how often such an excess appears anywhere in an isotropic UHECR sky within TA’s
field of view by chance, we generate many Monte Carlo event sets. Each Monte Carlo set contains
the same number of events as the data (216 events), thrown isotropically taking into account the
geometrical exposure of the TA surface detector array. We count as successes the number of sets
where the maximum Li-Ma significance is at least as significant as the data, (Syc > Sobs). The
chance probability of finding such an excess is estimated to be 2.7 x 1073, ~2.80.

Figure 2 shows the growth of the number of events inside the Hotspot and the ratio of the
number of events inside the Hotspot to the total number of events as a function of the year. The
left panel shows the cumulative number of events falling inside the Hotspot circle of 25° from
(144.0°, 40.5°) with black dots. We overlay the blue solid line indicating the estimated event rate
inside the Hotspot. The light blue and gray bands represent +10- and +2¢ deviations from the
linear increase rate. The rate of event accumulation inside the Hotspot circle is consistent with the
linear growth within ~20.

The right panel of Figure 2 shows the event ratio of the TA Hotspot as a function of the year.
The red points represent the ratio of the number of events falling inside the Hotspot to the total
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Figure 3: The sky maps of the PPSC excess in the equatorial coordinates using a Hammer projection.
The Li-Ma significance maps are shown, using a 20°-circle angular windows in equatorial coordinates for
different energy thresholds: (a) E > 10'%* eV, (b) E > 10! eV, and (c) E > 10" eV. Panel (d) shows
the prominent structures of the local large-scale structure of the universe in TA’s field of view within 150
Mpc overlaid with the significance map of E > 10'%# V. The black squares indicate the center positions
of those local large-scale structures. The black diamonds represent the positions of the maximum Li-Ma
significances. The black x’s indicate the locations of the brighter objects within the PPSC. The color code
indicates an excess (red) and a deficit (blue) of events compared to isotropy.

number of events each year. The blue solid line represents the expected event ratio for an isotropic
simulation.

Every year we thoroughly examine our newly observed data sets and have found no serious
defects to affect the acceptance of the highest energy events. We conclude that there are considerable
fluctuations in these data. It is necessary to continue observation to investigate the TA Hotspot
feature.

4.2 Perseus-Pisces Supercluster Excess

The number of events in the 15-year TA SD data set with E > 10194 eV, E > 10197 ¢V,
and E > 10'%6 eV is 1125, 728, and 441, respectively. We calculate the Li-Ma significances
of excess/deficit of events compared to isotropic expectations at each grid point using 20°-radius
oversampling circles. Analysis results are depicted in Figure 3. The black diamonds indicate the
Li-Ma significances of 4.0¢ at the position of (17.9°, 35.2°) for E > 10'%* eV, 3.9¢ at the position
of (19.0°, 35.1°) for E > 10'%-3 eV, and 3.5¢ at the position of (19.7°, 34.6°) for E > 10'%-%eV. As
seen in Fig. 4(d) the excess is coincident with the overall distribution of the elements of the PPSC.
Therefore, we calculate the angular distances between the center of the PPSC and positions of the
maximum of Li-Ma significance. They are 7.7°, 7.4°, and 6.8° for E > 1094 eV, E > 10192 ¢V,
and E > 10! ¢V data sets. This suggests that the excess in the data is coincident with the PPSC.
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Figure 4: The growth and event ratio of the Perseus-Pisces supercluster (PPSC) excess. (Left) The
cumulative number of events with E > 104 eV falling inside the PPSC excess circle with a radius of 20°
from (17.9°, 35.2°) is shown with black dots. The blue solid line indicates the estimated event rate inside
the PPSC excess. The light blue and gray bands represent +10- and +20 deviations from the linear increase
rate, respectively. (Right) The red dots indicate the event ratio: the number of events falling inside the PPSC
excess circle to the total number of events with E > 10!, The blue solid line represents the event ratio
of isotropic simulation events (those falling inside the PPSC excess region divided by their total number of
events).

We estimate the probability of such an excess appearing in an isotropic UHECR sky by chance.
For the Hotspot analysis, we applied one criterion to test whether isotropic Monte Carlo sets would
be at least as significant as the data, (Syc = Sops). To estimate PPSC excess, we add one more
criterion: the positions of the maximum Li-Ma significances of Monte Carlo sets should be as close
to the PPSC as the data (fpc < Oobs). The chance probabilities of having equal or higher excess as
close to the PPSC as data are estimated to be 3.30-, 3.20, and 3.00 for E > 10'%4 eV, E > 10197
eV, and E > 10" eV data sets, respectively.

We examined whether there is an additional excess near any of the local large-scale structures
of the universe akin to the PPSC. The structures similar to the PPSC in TA’s field of view within
150 Mpc are: the Virgo cluster (17 Mpc), PPSC (70 Mpc), Coma supercluster (90 Mpc), Leo
supercluster (135 Mpc), and Hercules supercluster (135 Mpc). Their center positions are marked
in the Li-Ma significance map of E > 10'°# eV in Figure 3 (d). The data do not show an excess at
any of the locations of other nearby major structures other than the PPSC.

This finding suggests the presence of a potential cosmic ray source in the direction of PPSC.
The PPSC is of particular importance within the TA’s observation range due to its distance and
uniqueness. It is the closest supercluster to us, aside from the Local supercluster in which we reside.
Additionally, it is next to the Local Void [11-13] where the magnetic field strength, presumed to be
comparatively weaker than in other cosmic web structures, the large-scale structure of the universe,
further enhances its significance. Assuming UHECR particles are ejected from the PPSC, their
trajectory from the PPSC to us would be less deflected by the cosmic magnetic fields in the Local
Void so that the excess of events could be measured close to the PPSC.

We also examine the growth and the event ratio of the PPSC, which are shown in Figure 4.
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The increase rate of the events inside the PPSC excess circle is consistent with the linear increase
within ~20-. We have observed higher event ratios of the PPSC excess compared to the isotropic
expectation throughout most of the observation periods with some statistical fluctuations. It is
crucial to further investigate astronomical objects within the Perseus-Pisces supercluster and to
increase the statistical power of northern hemisphere cosmic ray studies.

5. Summary

We investigated intermediate-scale anisotropies in 15 years of TA SD data. We have persistent
evidence for the TA Hotspot at the highest energies, 5.7 x 10!° eV. The global significance of such
an excess appearing by chance anywhere in TA’s field of view is estimated to be 2.80". A new excess
of events with E > 10!%4 eV, slightly lower than the Hotspot, has been constantly observed in the
direction of the Perseus-Pisces supercluster. The chance probability of having an equal or higher
excess as close to the PPSC as data is estimated to be 3.30-. The completion of TAX4, the four-fold
expansion of the Telescope Array experiment [14], and the ongoing operation of TA are expected
to play a vital role in resolving the enigma surrounding the origin of UHECRs.
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