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The Telescope Array (TA) experiment, the largest observatory studying ultrahigh energy cosmic
rays in the northern hemisphere, has reported an excess in the arrival direction distribution for
events with energies above 5.7 × 1019 eV, called the hotspot. We report here the latest results
of the TA hotspot using the most recent data measured by the TA surface detector array, which
is more than doubled exposure since the first publication; the hotspot still exists with 3 sigma
post-trial significance. By using an oversampling search with a 20◦ -circle, similar to the study of
the hotspot, we find an additional excess of events at slightly lower energies. The Perseus-Pisces
supercluster lies at the location of the new excess. Assuming this structure is responsible for the
excess, we conducted a statistical analysis to verify the correlation between observed events and
the members of the Perseus-Pisces supercluster.
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1. Introduction

2. Telescope Array experiment
The TA experiment is the largest cosmic ray observatory in the northern hemisphere, which
is located in the west desert of Utah, USA (39.3◦ N and 112.9◦ W, 1400 m above sea level). It is
a hybrid observatory, consisting of a surface detector (SD) array and three fluorescence detector
(FD) stations, to observe the extensive air showers induced by UHECRs. The SD array consists of
507 plastic scintillation detectors deployed on a square grid with 1.2 km spacing, covering an area
of approximately 700 km2 [11]. The FD stations, having 38 telescopes, overlook the area of the SD
array [12].

3. Datasets
Here, we used two types of dataset measured by the TA SD array for each study: the hotspot
and a new excess at slightly lower energies. To examine lower energy events, we used the data
collected over a data-taking period of 11 years, from May 11 of 2008 to May 10 of 2019. The event
selection criteria that apply to the data are as follows:
1. Energy ≥ 1019.4 eV,
2
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Ultra-high-energy cosmic rays (UHECRs) are energetic charged particles originating from
outer space that impinge on the earth’s atmosphere with energies above 1018 eV. There have been
many experiments to find out the nature and origin UHECRs for more than 60 years. Owing to these
efforts, we have found some answers to the physics of UHECRs. First, the significant suppression
of UHECR flux above ∼5 × 1019 eV has been confirmed [1–3]. In addition, the results of mass
composition show that the primary particles of UHECRs would be protons or light nuclei or a
mixed composition; heavy nuclei like iron is excluded [4–7]. However, the sources of UHECRs are
still unknown as yet.
The first step toward finding out the sources of UHECRs is searching for anisotropy in the
arrival directions of the UHECRs, particularly in relation to the inhomogeneous distribution of
matter in the nearby universe in which the sources of the UHECRs reside. Recently, there have
been reports about the anisotropy of the arrival direction of UHECRs, as detected by the Telescope
Array (TA) experiment and the Pierre Auger Observatory, respectively [8, 9].
In 2014, the TA experiment reported a cluster of UHECR events with energy greater than
57 EeV (1 EeV = 1018 eV) in the northern sky, called the hotspot [10]. By using 5 years of
data collected by the TA surface detector array, we showed oversampling analysis results using an
intermediate angular scale of 20◦ . The significance map was obtained using the Li-Ma analysis by
comparing the data to the isotropic background events. It was found that the maximum significance
of 5.1𝜎 at the position of (146.7◦ , 43.2◦ ) in the equatorial coordinates, and the probability that such
clustered events can be observed by chance in an isotropic UHECR sky, is estimated to be around
3.4𝜎 level by Monte-Carlo (MC) simulations. In this work, we update on the hotspot using the
most recent data and report an additional excess of events at slightly lower energies in the region of
the Perseus-Pisces supercluster.
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4. Update on the hotspot
To investigate an intermediate scale anisotropy, we conducted the oversampling analysis. First,
we set 0.1◦ × 0.1◦ grid in the equatorial coordinates. At each grid point, we summed over the
number of events in a given angular scale circle for the data, defined as 𝑁on . (𝑁off = 𝑁tot − 𝑁on )
Then, we generated 105 events assuming an isotropic flux taking into account the geometrical
exposure 𝑔(𝜃) = sin 𝜃 cos 𝜃 as a function of zenith angle (𝜃) because the detection efficiency for
this energy range is ∼100% regardless of zenith angle 𝜃. Using these isotropic background events,
we summed over the number of events in the given angular scale circle in the same manner we did
for the data, that defines 𝛼 = 𝑁iso,on /𝑁iso,off for exposure ratio of on to off. Then, by comparing the
oversampling of observed data to the isotropic background events, the statistical significance of the
excess of events at each grid point is calculated by the following equation [15]:
𝑆LM





  1/2
√
(1 + 𝛼)𝑁on
(1 + 𝛼)𝑁off
= 2 𝑁on ln
+ 𝑁off ln
.
𝛼(𝑁on + 𝑁off )
𝑁on + 𝑁off

(1)

For the hotspot analysis, we used 179 events with energies greater than 57 EeV recorded by
TA SDs for 12 years, selected by the criteria described in the previous section. Five oversampling
angular scales, 15◦ , 20◦ , 25◦ , 30◦ , and 35◦ , were introduced, and the Li-Ma analysis was conducted
at each grid point to examine anisotropy in arrival direction distribution. For each angular scale, we
search for the maximum Li-Ma significance and its positions. Among them, when we used a 25◦ circle for oversampling, the most significant excess to the isotropy was found at (144.0◦ , 40.5◦ ) in
the equatorial coordinates. Inside the 25◦ -circle from the position, 40 out of 179 events are detected,
whereas only 14.6 events are expected from the isotropic distribution. The Li-Ma significance is
3
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2. Zenith angle of arrival direction < 55◦ ,
3. At least five SDs triggered,
4. Shower geometry and lateral distribution function fit 𝜒2 /dof < 4,
5. Reconstructed pointing direction error < 5◦ ,
6. The fractional uncertainty in S(800) < 25%,
7. The largest signal counter surrounded by four working counters, there must be one working
counter to the left, right, down, up on the grid of the largest signal counter, but they do not have to
be immediate neighbors of the largest signal counter.
The energy of reconstructed events is determined by SD and renormalized by 1/1.27 to match
the FD energy scale determined calorimetrically [13]. There are 864 events with 𝐸 ≥ 1019.4 eV
in the dataset after the selection. The energy and angular resolution of events range from 10%
(𝐸 ≥ 57 EeV) to 20% (𝐸 ≥ 1019.4 eV) and from 1.0◦ to 1.5◦ , respectively [14].
For the hotspot analysis, we used the data recorded for 12 years, from May 11 of 2008 to May
10 of 2020. We adopted the selection criteria used for the original hotspot study, which are looser
than those for lower energy by eliminating the border cut used in the original analysis to remove
events near the array boundaries, and the minimum number of triggered SD is four. Therefore,
we could take advantage of more observed cosmic ray statistics, keeping reasonable energy and
angular resolution for investigating intermediate scale cosmic ray anisotropy [8]. There are 179
events having energies greater than 57 EeV.
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calculated to be 5.1𝜎. The Li-Ma significance map is shown in the left of Fig. 1. The probability
of detecting such clustered events by chance is estimated to be 6.8 × 10−4 , corresponding to ∼3.2𝜎,
by MC simulations.
In addition, we conducted an independent analysis by dividing our data into two periods: first
5-year and last 7-year. At the hotspot center, which is defined by the 12-year data, the Li-Ma
significance is 5.0𝜎, the hotspot, for the first 5-year dataset; however, it is calculated to be 2.3𝜎
for the last 7-year data, which is a "warm spot". Based on this, the time variation of the hotspot
was investigated by counting the cumulative number of events inside the hotspot as time goes on,
shown in the right of Fig. 1. Inside the hotspot circle defined by the 12-year dataset, the cumulative
number of observed events and that of isotropic background events are shown with ±1𝜎 and ±2𝜎
bands deviations from a linear increase rate. We conclude that the increase rate of the events inside
the hotspot circle is consistent with a constant within ±1𝜎 fluctuation.

5. New excess of events at slightly lower energy
For the hotspot analysis, the dataset with energy greater than 57 EeV was used. Now, we
lower the energy threshold slightly. While searching for anomalies at 𝐸 ≥ 1019.4 eV, 1019.5 eV, and
1019.6 eV, we found new excesses of events in arrival direction distribution at all three energies.
By adopting the same methodology used for the original hotspot study [8], we conducted the
oversampling analysis with 20◦ angular windows. The data selection criteria are tighter than those
for the hotspot to keep the energy and angular resolution best because we search for the anisotropy
in slightly lower energy. Note that the 11-year data was used for this analysis.
Fig. 2 shows the sky maps of the Li-Ma significance using a 20◦ -circle angular window for
19.4
10
eV, 1019.5 eV, 1019.6 eV, and 57 EeV, respectively. The black dots represent the positions of
the maximum Li-Ma significance, the maximum excess of events compared to the isotropy. For
three lower energy thresholds, new excesses of events are continuously observed around the upper
4
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Figure 1: The sky map using Hammer projection and the increase rate of the events inside the hotspot circle.
The left figure shows the hotspot sky map with the maximum Li-Ma significance position using the black
dot. In the right figure, the brown dots represent the cumulative number of observed events inside the hotspot
region, and the orange crosses indicate that of isotropic background events, respectively. The light blue and
peach bands show ±1𝜎 and ±2𝜎 deviations from a linear increase rate.
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right side of the sky maps in Fig. 2. For the highest energy, which has the hotspot, the maximum
significance position shifts from the new excesses in the lower energy to the center region in the
figure, the hotspot position, but there is still a warm spot as others for lower energy events.
The new excesses of events in the arrival direction are summarized as follows: the Li-Ma
significances are calculated to be 4.4𝜎 at (17.4◦ , 36.0◦ ), 4.2𝜎 at (19.0◦ , 35.1◦ ), and 4.0𝜎 at
(19.7◦ , 34.6◦ ) for 𝐸 ≥ 1019.4 eV, 𝐸 ≥ 1019.5 eV, and 𝐸 ≥ 1019.6 eV, respectively. Their positions
are marked with the black dots in Fig. 2.
In addition, we checked the time variation of the excess by dividing the data into two periods
as the same for the hotspot. The sky maps of the first 5-year data and the last 6-year data for
𝐸 ≥ 1019.4 eV are shown in Fig. 3. Unlike the hotspot, there is no apparent difference between the
first 5- and last 6-year data. Both of them have similar local significances toward the new excess
region, which are around 3𝜎. It indicates that steady excesses have been observed in this region.
To find out what causes this excess of events, we checked the large-scale structure of the
universe. We found that the place where the new excess of events appears is in the region of
the Perseus-Pisces supercluster (PPSC), which is one of the closest superclusters in the northern
hemisphere. According to studies on the large scale structure of the universe [16–18], the PPSC
is a part of the filaments of galaxies that extend to the Pegasus cluster. That elongated galaxy
distribution is the most dominant, dense structure toward the excess region. There is no dense
structure between us and the PPSC. Beyond the supercluster, at least up to ∼300 Mpc, no prominent
5
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Figure 2: The sky maps using Hammer projections. It is shown that the Li-Ma significance using a 20◦ circle angular window in the equatorial coordinates for different energy thresholds: (a) 𝐸 ≥ 1019.4 eV, (b)
𝐸 ≥ 1019.5 eV, (c) 𝐸 ≥ 1019.6 eV, and (d) 𝐸 ≥ 57 EeV. The color code indicates an excess (red) and a deficit
(blue) of events compared to the isotropy at each grid point. The black dot represents the position of the
maximum Li-Ma significance.
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large-scale structure other than the PPSC. This implies that we need to pay attention that the PPSC
could be responsible for the new excess of events.
Expanded sky maps are shown in Fig. 4 to check the distribution of the Perseus-Pisces
supercluster and the new excess of events on the sky. The black asterisks are the positions of the
representative members of the PPSC, which are clusters of galaxies and groups of galaxies. For
each energy threshold, the excess region is coincident with the distribution of the PPSC very well
overall. As we mentioned above, in the highest energy, 𝐸 ≥ 57 EeV, we have a warm spot other
than the hotspot, and that warm spot also overlaps with the PPSC. In the figure, the cyan diamonds
represent the center position of the excess, where the maximum Li-Ma significance appears, and
the green squares indicate the center of the PPSC, (20.9◦ , 27.9◦ ) in the equatorial coordinates. The
angular distances between those two center positions are as close as 8.6◦ for 𝐸 ≥ 1019.4 eV, 7.4◦
for 𝐸 ≥ 1019.5 eV, and 6.8◦ for 𝐸 ≥ 1019.6 eV.
To determine the probability of having an excess on top of the PPSC by chance, we performed
MC studies in the following way:
1. Find the angle 𝜃 𝑜𝑏𝑠 , between the position of the maximum Li-Ma significance of the data and
the center of the PPSC, at each energy.
2. Throw MC trials with the same statistics as the data and perform the Li-Ma analysis of each trial.
3. Count as successes those within angle 𝜃 𝑜𝑏𝑠 of the PPSC with a higher significance than the data
with the PPSC.
4. Calculate the probability of having an excess on top of the PPSC by chance.
We generated 5 × 105 MC trials. For 𝐸 ≥ 1019.4 eV, there are 49 instances out of 5 × 105 MC
trials having a greater Li-Ma significance than 4.4𝜎 within 8.6◦ from the center of the PPSC, which
corresponds to 3.7𝜎. In the same way, for 𝐸 ≥ 1019.5 eV, there are 52 cases out of the given MC
trials within 7.4◦ , whose Li-Ma significances greater than the pre-trial significance of 4.2𝜎, and its
post-trial significance is estimated to be 3.7𝜎. For 𝐸 ≥ 1019.6 eV, we have 134 realizations with
greater Li-Ma significance than 4.0𝜎 within 6.8◦ from the PPSC, corresponding to the post-trial
significance of 3.5𝜎. MC trials having an excess of events on top of the PPSC are not common
at all. This motivates us to conduct further statistical analyses, including a cross-correlation study
6
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Figure 3: The sky maps using Hammer projections. For the first 5-year data (left) and the last 6-year data
(right), the Li-Ma significances of the data with 𝐸 ≥ 1019.4 eV are shown in the equatorial coordinates. The
color code is the same as Fig. 2, but the center of the sky map is rotated by 180◦ . As a result, it is 0◦ in the
right ascension at the center, which shows the new excess more clearly around the center of the sky map.
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Figure 4: The expanded sky maps of the excesses of events with the nearby galaxies (gray dots) and the
representative members of the Perseus-Pisces supercluster (asterisks) for (a) 𝐸 ≥ 1019.4 eV, (b) 𝐸 ≥ 1019.5 eV,
(c) 𝐸 ≥ 1019.6 eV, and (d) 𝐸 ≥ 57 EeV, respectively. The cyan diamonds mark the positions having the
maximum Li-Ma significances, and the green square represents the center of the Perseus-Pisces supercluster.
The color code is the same as Fig. 2, but no projection is used.
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between the data and the members of the PPSC.

6. Summary
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We have persistent hints of intermediate angular scale anisotropies, the hotspot, at the highest
energies, 𝐸 > 57 EeV, with its post-trial probability estimated to be 3.2𝜎. A new excess appears in
slightly lower energy events with the local Li-Ma significance of 4.2𝜎. Behind the new excess, there
is the Perseus-Pisces supercluster, which extends from the Perseus cluster to the Pegasus cluster. We
performed MC studies to calculate the probability of having an excess on top of the Perseus-Pisces
supercluster by chance. It is estimated to be 3.6𝜎, indicating a rare occurrence. More analyses, such
as a cross-correlation analysis between the data and the members of the Perseus-Pisces supercluster,
are underway and will be published elsewhere.
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