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The Telescope Array (TA) experiment, the largest observatory for ultra-high energy cosmic rays in
the Northern Hemisphere, has identified two medium-scale anisotropies: the TA Hotspot near the
constellation Ursa Major and an excess in the direction of the Perseus-Pisces supercluster. Studying
these medium-scale anisotropies may provide insights into the origins of ultra-high energy cosmic
rays. This presentation will explore an oversampling analysis of TA surface detector data to
evaluate these medium-scale event excesses and will present the latest findings on the TA Hotspot

and the Perseus-Pisces supercluster excess.

39th International Cosmic Ray Conference (ICRC2025)

15-24 July 2025 IC RC 2025

The Astroparticle Physics Conference

Geneva, Switzerland Geneva July 15-24, 2025

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:jihyun@cosmic.utah.edu
https://pos.sissa.it/

TA SD Anisotropies Jihyun Kim

1. Introduction

Charged particles of extremely high energy, known as ultra-high energy cosmic rays (UHECRs),
arrive from outer space carrying energies that exceed 10'® eV. Upon striking the Earth’s atmosphere,
these primary particles interact with atmospheric atomic nuclei, which initiates an extensive cascade
of secondary particle production. This cascading process ultimately results in atmospheric particle
showers comprising millions of individual subatomic components.

The Telescope Array (TA) is designed to detect these extensive air showers initiated by UHECR
particles. Situated in Utah’s western desert in the USA, at geographic coordinates 39.3°N, 112.9°W,
it stands as the largest UHECR observatory in the Northern Hemisphere. Located at an elevation
of 1,400 meters above sea level, the site is ideal for capturing the peak development of extensive air
showers.

TA employs a hybrid detection technique, combining a surface detector (SD) array with fluo-
rescence telescopes. The SD array consists of 507 individual counters, each spaced 1.2 km apart,
collectively covering an area of approximately 700 km?. Each detector features two layers of plastic
scintillators designed to register the particle footprint of air showers at ground level [1]. Comple-
menting this, three fluorescence detector (FD) stations, equipped with a total of 38 fluorescence
telescopes, monitor the sky above the SD array across an elevation angle of 3°-31°. These tele-
scopes are sensitive to the ultraviolet emissions produced as UHECR-induced air showers propagate
through the atmosphere [2].

We analyze the properties of extensive air shower events measured by the SD and FD systems
to reconstruct the fundamental characteristics of the original particles, such as their energies, mass
compositions, and arrival directions. By investigating the nature and origins of UHECRs, the TA
aims to identify their sources and understand the mechanisms responsible for their extreme energies,
thereby offering insights into some of the most energetic and violent phenomena in the universe.

To identify the astrophysical sources of UHECRs, we search for non-uniform patterns in the
spatial distribution of cosmic ray arrival directions, looking for evidence of directional clustering
rather than a random, isotropic distribution. Such anisotropic patterns could reveal the locations of
sources and the acceleration mechanisms behind these particles. This investigation is exceptionally
challenging, as cosmic magnetic fields systematically deflect particle trajectories. Nevertheless,
ongoing research continues to advance our understanding of the plausible astrophysical sites that
may host UHECR sources.

In 2014, the TA collaboration published indications of medium-scale anisotropy in the arrival
directions of UHECRs with energies greater than 5.7 x 10'° eV, a feature that became known as the
TA Hotspot [3]. Analysis of five years of data from the TA SD array revealed a concentration of
events near the Ursa Major constellation. The investigation employed an oversampling method with
a 20° angular distance window to identify this clustering pattern. Statistical evaluation using the Li-
Ma method [4] quantified the maximum local significance as 5. 10 at the sky position (146.7°,43.2°)
in equatorial coordinates. Through extensive Monte Carlo simulations, the post-trial significance
was estimated to be 3.40.

Several potential astrophysical sources have been proposed to explain the hotspot, including
the galaxies M82 and Mrk 180 [5], the active galactic nucleus Mrk 421 [6], and galaxy filaments
connected to the Virgo Cluster [7]. However, none of these candidates has been definitively
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confirmed, which indicates that further observational data will be necessary to resolve the nature
and origin of the TA Hotspot.

In more recent work [8—10], the TA has identified another statistically significant excess among
events with energies exceeding 10'°# eV. This finding emerged during investigations into differences
in energy spectrum measurements between TA and the Pierre Auger Observatory (Auger). When
examining the arrival directions of events in this relatively lower energy range, an excess of events
was found aligned with the Perseus-Pisces Supercluster (PPSC) structure. This feature is now
referred to as the PPSC excess.

In this study, we report on the investigation of medium-scale anisotropies, specifically, the TA
Hotspot and the PPSC excess, using the 16-year dataset collected by the Telescope Array surface
detector array between May 11, 2008, and May 10, 2024.

2. Oversampling Analysis Methods

To investigate medium-scale anisotropies in the data, we perform oversampling analyses across
a grid in equatorial coordinates. At each grid point, we count the number of events within a
predefined angular distance window, denoted as No,. The complementary count, Nog = Niot — Non,
is derived from the total number of events Ny in the data set.

We then repeat this procedure using 10° simulated cosmic ray events generated under the
assumption of an isotropic flux. These simulations incorporate the geometrical exposure function
g(0) = sin 8 cos 6, where 0 is the zenith angle, assuming a uniform detection efficiency across all
zenith angles in the relevant energy range. From the isotropic sample, we define the exposure ratio
@ = Niso.on/ Niso,off» Where Niso on and Niso off represent the number of simulated events inside and
outside the angular distance window, respectively. By comparing the observed oversampling results
to the isotropic expectation, we compute the statistical significance of any excess using the Li-Ma
formula [4]:

1/2

Stm = V2 [Non 111(—(1 + )Ny ) + NogrIn (—(1 +“)N°“) (1)

a(Non+Noff) N0n+Noff

3. Results

3.1 TA Hotspot

The following event selection criteria were applied in the TA Hotspot analysis [3]: (1) each
event had to include at least four SD counters, (2) the zenith angle of the event’s arrival direction
had to be less than 55°, and (3) the reconstructed energy had to exceed 5.7 x 10'° eV. This energy
threshold was adopted based on the correlation study with active galactic nuclei conducted by the
Auger [11], in order to avoid introducing a free parameter during the scan of the phase space.

Oversampling analyses were performed at grid points defined in equatorial coordinates, with
a step size of 0.1° in both right ascension (ranging from 0° to 360°) and declination (from —10° to
90°). An angular window with a 20° radius was initially used, following medium-scale anisotropy
studies by the AGASA collaboration [12, 13], to avoid arbitrary parameter scanning. Later, we
included scans over various window sizes and identified a 25° radius as yielding the most significant
excess. In recent analyses, this 25° window has been adopted as a fixed parameter for consistency.
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Figure 1: The sky map of the TA Hotspot using Hammer projection. The Li-Ma significance using a
25°-circle angular window is shown in equatorial coordinates for 16 years of SD events with energies greater
than 5.7 x 10'° eV. The black diamond indicates the maximum Li-Ma significance position measured at
(144.0°, 40.5°). The color code indicates an excess (red) and a deficit (blue) of events compared to isotropy.

Here, we analyze 16 years of data collected by the TA SD array. This dataset comprises 228
events with energies exceeding 5.7 x 10'° eV. Using a 25° angular distance window, we find the
most significant excess of events at equatorial coordinates (144.0°, 40.5°), with a Li-Ma significance
of 4.90. Within this 25° radius, 46 events are observed, whereas an isotropic distribution would
predict 19.1 events. Figure 1 shows the sky map of the TA Hotspot in equatorial coordinates
displayed using a Hammer projection. The color scale represents deviations from isotropy, with
red indicating excesses and blue indicating deficits compared to isotropic expectation. The black
diamond marks the location of the highest Li-Ma significance at (144.0°, 40.5°).

To assess the likelihood of such an excess arising by chance in an isotropic UHECR sky, we
generate Monte Carlo simulations. Each simulated dataset contains the same number of events
as observed, distributed isotropically while accounting for the geometrical exposure of the TA SD
array. A trial is considered a success if the maximum Li-Ma significance in the simulation satisfies
Smc = Sobs.- The resulting chance probability of observing such an excess anywhere in TA’s field
of view is found to be 2.1 x 1073, which corresponds to a significance of approximately 2.90".

3.2 Perseus-Pisces Supercluster Excess

An additional excess was identified in events with slightly lower energies, specifically those
above 10! eV, during an investigation into the difference between the TA and Auger energy spectra
in the common sky region [14, 15]. Part of this study aimed to explore whether the TA Hotspot
extends toward lower declinations at energies below the original Hotspot threshold. To maintain
consistency with the original Hotspot analysis [3], we employed a fixed angular window of 20° in
the oversampling procedure, thereby avoiding the introduction of a free parameter in the scan [8].
This approach led to the identification of an additional excess in the arrival direction distribution,
known as the Perseus-Pisces Supercluster (PPSC) excess.
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Figure 2: The sky maps of the Perseus-Pisces Supercluster (PPSC) excess using Hammer projection.
The Li-Ma significance using a 20°-circle angular window is shown in equatorial coordinates for different
energy thresholds: (a) E > 10'%# eV, (b) E > 10'%7 eV, and (c) E > 10'%-6 V. The black diamonds indicate
the maximum Li-Ma significance positions for each energy threshold. Additionally, (d) shows the nearby
major large-scale structures (LSS) overlaid with the Li-Ma significance map for E > 10'** eV. The color
code indicates an excess (red) and a deficit (blue) of events compared to isotropy.

The event selection criteria used in the PPSC excess analysis are identical to those applied in the
TA-Auger energy spectrum comparison study. This consistency allows for a unified investigation
of both spectral features and anisotropy at lower energies, while preserving reliable energy and
angular resolution: (1) each event must involve at least five SD counters, (2) the reconstructed
primary zenith angle must be less than 55°, (3) both the geometry and lateral distribution fits must
have a y?/degree of freedom less than 4, (4) the angular uncertainty estimated by the geometry fit
must be less than 5°, (5) the fractional uncertainty in S(800) estimated by the lateral distribution
fit must be less than 25%, and (6) the counter with the largest signal must be surrounded by four
working counters—one to the north, east, south, and west on the grid, although these counters do
not need to be immediate neighbors of the largest signal counter.

Over 16 years of data collection with the TA SD array, we recorded 1186, 767, and 464 events
with energies exceeding 10'%4 eV, 10'% eV, and 10! eV, respectively. Oversampling analyses
were performed at grid points in equatorial coordinates, with a step size of 0.1° in both right
ascension (ranging from 0° to 360°) and declination (from —15.7° to 90°). The resulting Li-Ma
significances for each energy threshold are as follows: 3.7c at (17.9°, 35.2°) for E > 10'94 eV,
3.90 at (19.2°, 35.2°) for E > 10 eV, and 3.70 at (21.8°, 36.2°) for E > 10! eV. These
consistent excesses are observed in the direction of the PPSC, with angular separations of 7.7°,
7.4°, and 8.3° from its center, respectively. The corresponding sky maps for the PPSC excess at
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Figure 3: Evolution of medium-scale anisotropies. (Left) Cumulative number of events with £ >
5.7 x 10" eV (black dots) within a 25° radius centered at the Hotspot’s maximum Li-Ma significance
(144.0°, 40.5°), compared to the isotropic expectation (orange X’s). The red dashed line represents the esti-
mated isotropic event rate, with shaded bands indicating + 10 (pink) and +20" (orange) statistical fluctuations.
(Right) Cumulative number of events with E > 10'%4 eV (black dots) within a 20° radius around the PPSC
excess center (17.9°, 35.2°), shown alongside the isotropic expectation (orange X’s) and the same statistical
bands.

each energy threshold are shown in Figure 2.

Figure 2(d) shows nearby large-scale structures similar to the PPSC, within the TA’s field of
view and up to a distance of 150 Mpc, the GZK horizon for proton primaries, overlaid on the excess
map. These structures include the Virgo Cluster (17 Mpc), PPSC (70 Mpc), Coma Supercluster
(90 Mpc), Leo Supercluster (135 Mpc), and Hercules Supercluster (135 Mpc). No comparable
excess is observed near any of these other major structures. The PPSC stands out as a unique
and significant structure within the TA’s field of view. It is the closest supercluster to Earth aside
from the Local Supercluster and is located near the Local Void [16, 17], where the magnetic field
strength is expected to be weaker than in other regions of the cosmic web. The PPSC’s proximity,
location near the Local Void, and the absence of similar excesses elsewhere make this observation
particularly compelling. This further highlights the PPSC as a promising target for future studies
aimed at identifying the sources of UHECRs.

We also examine the evolution of the TA Hotspot and the PPSC excess. Figure 3 displays the
cumulative event counts for the TA Hotspot (left) and the PPSC excess (right). In each panel, black
dots represent the total number of observed events within a 25° radius centered at (144.0°, 40.5°) for
the Hotspot and a 20° radius centered at (17.9°, 35.2°) for the PPSC excess. The orange X markers
denote the cumulative number of events expected under an isotropic distribution. The red dashed
line indicates the expected isotropic event rate, while the shaded pink and orange bands correspond
to =10 and +20 statistical fluctuations, respectively. This figure illustrates the accumulation of
observed events deviating from the isotropic expectation and shows the temporal evolution of the
statistical significance of these deviations.

4. TA Hotspot Visibility Under Exposure Weighting

In this section, we discuss how significant the TA Hotspot would appear to Auger. In [18], the
Auger Collaboration investigated the excess regions reported by TA using both vertical and inclined
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Figure 4: TA and Auger exposures and exposure ratio of TA to Auger as a function of declination
(Left) Exposure distributions for the Auger vertical, Auger inclined, and TA spectra, highlighting the
complementary coverage of the declination band. (Right) Exposure ratio of TA to Auger as a function of
declination, illustrating the mismatch in coverage.
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Figure 5: Comparison of the TA Hotspot using declination weights in equatorial coordinates. (Left)
The TA Hotspot as observed by TA. (Right) The TA Hotspot as it would appear to Auger, accounting for
the declination weights of TA Hotspot events. The blue solid lines represent a 25° angular distance window
from the Hotspot center.

air showers, which now cover declinations up to 44.8°. They reported no excesses in the Auger data
corresponding to the TA Hotspot and the PPSC excess regions.

Figure 4 shows the TA and Auger exposures as a function of declination (left), and the ratio
of TA to Auger exposures as a function of declination (right). While the total integrated exposures
accumulated by Auger in these regions are comparable to those of TA, a direct comparison is
not straightforward due to differences in the exposure profiles. Specifically, the Auger’s exposure
drops off rapidly toward the northernmost declinations, which significantly affects the sensitivity to
anisotropic features such as the TA Hotspot.

To evaluate how the TA Hotspot would appear to Auger, we weight the TA events according
to the ratio of Auger to TA exposures as a function of declination. Figure 5 shows the TA Hotspot
for reference (left), and the weighted TA events based on the exposure ratio (right). Here, we focus
on the Hotspot region defined by 15° < ¢ < 45°. At the center of the TA Hotspot (144.0°,40.5°),
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while TA observes a local Li-Ma significance of approximately So-, the weighted significance drops
to around 20" as seen by Auger, i.e., statistically insignificant. Given the rapid decrease in exposure
at high declinations, Auger is inherently less sensitive to anisotropies in the northern sky, making
it unlikely to observe the excesses reported by TA with present exposure.

5. Summary

Using 16 years of data from the Telescope Array surface detector array, we examine medium-
scale anisotropies in the arrival directions of UHECRs. Our analysis confirms the presence of a
persistent Hotspot at the highest energies (E > 5.7 x 10! eV) near the Ursa Major constellation,
with a local significance of 4.90- and a global significance of 2.90. We also report an updated
observation of an excess of events at slightly lower energies (E > 10'°# V) in the direction of
the Perseus-Pisces supercluster, exhibiting a local significance of 3.70- and a chance probability
corresponding to 3.1¢ for such an excess occurring near the Perseus-Pisces supercluster.

These results are consistent with earlier measurements of medium-scale anisotropies and
support a possible correlation between UHECR arrival directions and large-scale structures of
the universe. This correlation may provide insights into the distribution of UHECR sources or
the influence of intergalactic magnetic fields. The ongoing expansion of the Telescope Array
experiment, TAx4, is expected to substantially increase data collection capabilities, which play a
crucial role in identifying the origins of UHECRs. Continued observations will be essential for
further investigating the nature and stability of both the TA Hotspot and the PPSC excess.
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