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direction anisotropy.
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1. Introduction

Figure 1: Map of the Telescope Array experiment
together with the extensions. The red border line
indicates the Telescope Array (TA), and the pink one
represents the low energy extension, Telescope Array
Low Energy Extension (TALE). The fourfold exten-
sion of TA, TA×4, is located north and south of the
main TA array. All the TA projects employ a hybrid
technique to observe extensive air showers induced by
primary ultra-high energy particles striking the Earth’s
atmosphere.

The Telescope Array (TA) is the largest
ultra-high energy cosmic ray (UHECR) obser-
vatory in the Northern Hemisphere. It is located
in Delta, Utah, USA, at about 1400 m above
sea level, which is perfect for observing exten-
sive air showers (EAS) induced by UHECRs.
Together with the TA Low Energy Extension
(TALE) and TA×4 expansion, TA measures the
properties of the EAS by employing a hybrid
technique using arrays of scintillator detectors
that sample the footprint of the EAS at the
Earth’s surface along with imaging telescopes
that measure the fluorescence and Cherenkov
light from the EAS.

The scientific objectives of TA are to un-
derstand the origin and nature of UHECRs by
studying their energy spectrum, mass composi-
tion, and anisotropy. In addition, we are making
efforts to understand the physics of hadronic
interactions in the ultra-high energy (UHE)
regime beyond the energy reach by terrestrial
accelerators. We also build a bridge to multi-
messenger astrophysics, involving searches for
high energy photons, neutrinos, and dark mat-
ter. We are also engaged in interdisciplinary
studies including the study of thunderstorms,
terrestrial gamma-ray flash as well as imaging
of meteoroids. Furthermore, the TA experi-
ment offers opportunities to utilize the TA sites
as a test facility for the development of next-
generation UHECR experiments [1–7].

Figure 1 shows the map of the Telescope
Array experiment together with the extensions.

As briefly described above, TA employs a hybrid technique using surface and fluorescence detectors
(SDs, FDs) [8, 9]. A total of 507 SDs are laid out with 1.2 km spacing on a square grid over
approximately 700 km2 area, as indicated with the red line in Figure 1. Three FD stations are sited
at the apices of a triangle with each station, viewing between 3◦–31◦ in elevation over the airspace
above the SD array. A total of 38 fluorescence telescopes are distributed over these three stations
to measure the ultraviolet light emitted as the extensive air shower traverses the atmosphere.

TALE is designed to observe cosmic rays with energies from ∼1018 eV down to ∼1015 eV [10].
The TALE FD station is located next to the TA Middle Drum FD. The pink line in Figure 1 indicates
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TALE’s detection area. They comprise 10 telescopes observing 31◦–59◦ in elevation directly above
the view of TA Middle Drum FD. A total of 80 TALE SDs are deployed with 400 to 600 m spacing
for hybrid as well as stand-alone measurements.

The combination of TA and TA×4 aims to extend the observation area to about 3000 km2 [11]
in order to enhance significantly our data sample at the highest energies required to identify the
origin of UHECR. TA×4 SD array includes 500 new SDs with 2.08 km spacing located on two
square grids, one to the north and the other to the south of the original TA array. The extension
is focused on the collection of UHECR showers with energies greater than 3 × 1019 eV, so we are
able to reduce the cost by a factor of three by increasing the spacing by a factor of

√
3 to 2.08 km.

As of 2023, 257 out of 500 SDs are deployed and operational in conjunction with 12 new TA×4
fluorescence telescopes for hybrid measurement. The first deployment increased the SD observation
area by ∼1000 km2.

Under the Telescope Array Collaboration, which includes the main TA, TALE, and TA×4, we
have conducted observation of cosmic rays spanning the energy range 1015–1021 eV in order to
study the origin and nature of cosmic rays. In this conference, TA presents the experiment’s current
status and recent results related to the energy spectrum, mass composition, and anisotropy. This
paper is organized as follows. In Section 2, spectrum measurements by the TA, TALE, and TA×4
are presented, including results from studies of systematic effect on the energy scale. Section 3
presents the latest mass composition analysis using TALE FD monocular and hybrid data, along
with ultra-high energy photon searches in TA SD data using a neural network classifier for protons
and photons. In Section 4, we update the anisotropy analysis results using the most up-to-date
TA SD data. Section 5 covers collaborative efforts of joint working groups for mass composition,
anisotropy search, and interdisciplinary research. Finally, Section 6 presents a summary of these
discussions.

2. Energy Spectrum

In this Section, we provide updates on the energy spectrum measurements conducted by the
main TA, the TALE, and also the TA×4 expansion. The foundation of our analyses relies on the
Monte Carlo simulations (MC) using the CORSIKA program [12]. These simulations are used to
evaluate our detector performance, reconstruction resolutions, and exposure calculation, ultimately
leading to the calculation of energy spectra.

We analyze 14 years of TA SD data. The detectors are estimated to have 20% energy and
1.4◦ angular resolutions at energies greater than 1019.0 eV. Figure 2 shows the measured TA energy
spectrum and a comparison of the spectrum between high- and low-declination bands. The left
panel shows the energy spectrum acquired from the 14 years of TA SD data with the selection
criteria described in [13]. The black points with error bars indicate the data and the black solid line
represents a fit to a broken power law with two floating breaks. The first break, usually referred to
as the ankle feature, appears at 𝐸ankle = 1018.68±0.01 eV with spectral indices of 𝑝1 = −3.27 ± 0.02
before and 𝑝2 = −2.69 ± 0.02 after the ankle. The second break, the cutoff feature, is obtained at
𝐸cutoff = 1019.78±0.04 eV with a spectral index of 𝑝3 = −4.47 ± 0.41 after the cutoff.

The right panel of Figure 2 shows differences in the cutoff energies depending on the declination.
The suppression occurs at 𝐸 = 1019.65±0.03 eV and 𝐸 = 1019.84±0.02 eV for the lower declination
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Figure 2: Energy spectrum using 14-year TA SD data and declination dependence in cutoff energies.
Left: The black dots with error bars indicate the data and the black solid line represents a fit to the broken
power law having two breaks, where 𝑝1, 𝑝2, and 𝑝3 are the spectral indices before, between, and after the
break points of 𝐸ankle and 𝐸cutoff , respectively. Right: The red dots indicates the data in the lower declination
band (−15.7◦ ≤ 𝛿 < 24.8◦) in the TA’s filed of view overlaid with the red fitting line. The black open circles
shows the data in the higher declination range (𝛿 ≥ 24.8◦) overlaid with its black fitting result.

Figure 3: Softening spectral feature in 14-year TA SD data. The black points with error bars represent
the datasets and the red solid lines indicate fits to the broken power law having three breaks.

(−15.7◦ ≤ 𝛿 < 24.8◦) and the higher declination (𝛿 ≥ 24.8◦) bands in the TA’s field of view,
respectively. The local significance of the difference in cutoff energies is calculated to be 4.8𝜎, and
the global significance of having such a significant difference by chance is estimated to be 4.4𝜎.
We searched for instrumental causes for this cutoff energy difference, but none have been found.
This difference is likely astrophysical in nature.

We also observe the softening feature in the energy range from 1019 eV to 1019.5 eV, which
was found by the Pierre Auger Observatory (Auger) [14]. Figure 3 shows the softening feature
observed in the northern hemisphere by using TA SD, TA FD, and HiRes FD data. The joint fit of
the broken power law gives three breaks. The softening feature is observed at 𝐸 = 1019.20±0.03 eV
in the northern hemisphere data with a statistical significance of 6.5𝜎. This break is higher than
𝐸 = 1019.11±0.03 observed by Auger. The energies of the softening feature observed by TA and
Auger agree at the 1.2𝜎 level after rescaling by 9% in energy. Note that the TA FD observation
period was removed from the TA SD spectrum measurement to ensure statistical independence.

We revisit the energy spectrum calculation by adopting the constant-intensity-cut (CIC) recon-
struction method [15], which is used for Auger’s analysis, in order to explore possible systematic
differences between TA and Auger’s energy spectrum measurements. In Figure 4, the black points
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Figure 4: Comparison of energy spectra obtained from the standard method and the CIC method.
The black open circles indicate the energy spectrum obtained using the standard method, while the red dots
represent the energy spectrum obtained using the CIC method. The results show consistency within a 2%.
On the right side, similar comparisons for both high and low declination are presented, and the results remain
consistent.

indicate the energy spectrum obtained by the standard MC-based method, and the red points rep-
resent that obtained by the CIC method. It shows that they are consistent within 2%. We also
perform the same comparisons for the high- and low-declination regions of the sky. The results are
consistent, which is further indication that the declination dependence is not a systematic difference.

We conduct systematic studies to assess the effects on the energy scale in energy spectra [16].
This effort is part of our ongoing work to understand the differences between the energy spectra of the
TA and Auger. We evaluate the systematic deviations in energy scales within the energy spectrum,
originating from differences in atmospheric fluorescence yield and missing energy estimation. By
adopting AirFly’s fluorescence yield and Auger’s missing energy estimation, we observe a shift in
the scale factor between FD and SD in TA data from 1.27 to 1.35. With this adjusted scale factor,
we recalculate the energy spectrum using 14 years of TA SD data, employing both the standard and
the CIC methods.

Figure 5 displays the energy spectra obtained by TA and Auger alongside the results of the
systematic effect study. Significantly, the energy scale offset, which was approximately +9% in the
energies below 1019.5 eV, is reduced to about +1% when we adopt the same energy assignments
arising from the fluorescence yield and invisible energy models. This reduction resulted from
the utilization of the AirFly model and Auger’s missing energy estimates, which differed from
the standard TA values by approximately -14% and +7% off, respectively. However, persistent
differences at higher energies suggest that these differences are independent of TA-Auger FD
analysis differences. Again, both the standard method, represented by blue triangles, and the CIC
method, represented by red dots, yield consistent energy spectra.

Figure 6 shows energy spectra using TALE FD monocular and hybrid data [17, 18]. The spectra
of cosmic rays in the energy range of 1015.3–1018.3 eV collected by the TALE FD are shown along
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Figure 5: Systematic effects on the energy scale in 14-year TA SD data. The black points indicate the
spectrum obtained using 14 years of TA SD data analyzed using the standard TA fluorescence yield and
missing energy corrections, while the orange open circles show the Auger results [14]. The TA energy
spectra obtained by adopting AirFly’s fluorescence yield and Auger’s missing energy estimation are shown
with the red points (using the standard TA MC-based method) and the blue triangles (using the CIC method),
respectively.

with the broken power law fits with two breaks. The updated results using TALE FD data collected
over a period of approximately 8 years and its broken power law fit are shown with the magenta
squares and the blue line on the left panel, respectively. We present the previous measurement of
TALE FD data with the black squares and its broken power law fit with the magenta line on the same
panel [10]. The parameters to the broken power law fit to the TALE spectra are summarized in the
figure. Note that this analysis uses the EPOS-LHC hadronic model while the previous analysis used
QGSJetII-03. Therefore, the energy scale has changed overall compared to the previous result.

The preliminary result of the energy spectrum, using TALE hybrid data collected for around
1.5 years, is presented with the black dots on the right panel of Figure 6. This analysis uses the
QGSJetII-04 hadronic interaction model. The result is consistent with the previous FD monocular
result [10], which is marked with the blue open squares in the figure (the same as the black squares
on the left panel). Further analyses with more statistics, as well as with different hadronic interaction
models, are ongoing.

As reviewed in Section 1, just over half of the planned TA×4 SDs have been successfully
deployed and are operational. We measure the energy spectrum using 3-year TA×4 SD events with
energy greater than 1019.5 eV, where we have reasonably good trigger efficiency [19]. The left panel
of Figure 7 shows the measured TA×4 SD energy spectrum along with the result of a fit to a broken
power law function. The cutoff appears at 1019.85 eV, and spectral indices are summarized in the
figure. The significance of the cutoff is estimated to be around 2.8𝜎. Note that the overall spectrum
is consistent with the TA SD measurements shown with the gray squares. The right panel of Figure
7 shows the combined energy spectrum using 14 years of TA SD data and 3 years of TA×4 SD data.
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Figure 6: Energy spectra measured by the TALE FD in monocular and hybrid modes. Left: The
cosmic ray spectra measured by the TALE FD are shown, along with the broken power law fits with two
breaks [17]. The magenta squares indicate the updated 8 years of TALE FD data using the EPOS-LHC
hadronic model, while the black squares represent the previous data using QGSJetII-03 [10]. The blue and
red lines depict the broken power law fits for the updated and previous measurements, respectively. The fit
parameters are summarized in the figure. Right: The cosmic ray spectra measured by the TALE hybrid
mode are displayed here [18]. The black points represent TALE hybrid data collected for approximately 1.5
years, while blue open squares are the previous TALE FD data [10], which are the same as the black squares
in the left panel. The results are consistent with the previous FD monocular result.

Figure 7: Energy spectrum measured by the TA×4 SD and the combined energy spectrum with TA
SD. Left: The energy spectrum measured by the TA×4 SD over three years is presented with the blue squares
representing the data and a blue line indicating the broken power law fit [19]. We have included the TA SD
energy spectrum using the filled gray squares and the Auger energy spectrum [14] with the gray open circles
for comparison. The green arrow denotes the systematic uncertainty arising from the 21% uncertainty in the
energy scale, which is nearly independent of energy [20]. Right: The combined energy spectrum of 14 years
of TA SD data and 3 years of TA×4 SD data is shown with the black dots together with Auger’s data [14].
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Figure 8: ⟨𝑋max⟩ as a function of energy and primary cosmic ray fraction using 8 years of TALE
FD monocular data [17]. Left: The red, black, and blue squares indicate the measured ⟨𝑋max⟩ for 8
years, 7 years of TALE FD monocular data, and the TA hybrid data [22]. A change in the elongation rate
𝑑⟨𝑋max⟩/𝑑 log 𝐸 occurs at 1017.2. Right: The fraction of four primary cosmic rays as a function of energy
is presented with the red, green, magenta, and blue squares representing protons, helium, nitrogen, and iron,
respectively. These results show a pattern of transitioning from light to heavy and back to light in the energy
range of 1015 to 1018 eV.

3. Mass Composition

Here, we update the mass composition measurements from the TALE FD monocular and
hybrid data, in the energy range from a few PeV to a few EeV. In addition, we report the results of
ultra-high energy photon search using a neural network classifier.

The updated TALE FD mass composition analysis uses simulations of four primary species—
proton, helium, nitrogen (CNO), and iron—using the EPOS-LHC hadronic model [17], whereas
the TALE hybrid mass composition analysis simulates three primary cosmic ray particles—proton,
nitrogen, and iron with the QGSJetII-04 model [21]. The Monte Carlo simulation data and real air
showers registered in the detectors are processed using the same event selection and reconstruction
procedures. The resulting shower 𝑋max distributions for each simulated primary type were used to
fit the observed data 𝑋max distribution.

Figure 8 displays ⟨𝑋max⟩ as a function of energy on the left and four primary cosmic ray
fractions estimated by fitting the Monte Carlo distributions with the EPOS-LHC model on the right.
This analysis uses 8 years of TALE FD monocular data [17]. In the left panel, the red squares
represent the results of this analysis, while the blue data points at higher energies are obtained from
a hybrid measurement conducted by TA [22]. The fitted line is in agreement with the ⟨𝑋max⟩ values
measured by the TA hybrid mode. A change in the elongation rate 𝑑⟨𝑋max⟩/𝑑 log 𝐸 appears at
energy 1017.2 eV, which can be interpreted as a change in the evolution of composition with energy.
This change is likely correlated with the observed break in the cosmic ray energy spectrum [23].
The right panel shows the transition from light to heavy, and then back to light patterns in the energy
range of 1015 eV to 1018 eV.

Figure 9 shows ⟨𝑋max⟩ as a function of energy on the left and three primary cosmic ray fractions
estimated by fitting Monte Carlo distributions with the QGSJetII-04 model on the right. For this
analysis, we use 5 years of TALE hybrid data [21]. In the left panel, the black points represent
⟨𝑋max⟩ values of the data, while the red, green, and blue colors indicate Monte Carlo rails of protons,
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Figure 9: ⟨𝑋max⟩ as a function of energy and primary cosmic ray fraction using 5 years of TALE hybrid
data [21]. Left: The black points indicate ⟨𝑋max⟩ values from the data, while the red, green, and blue points
represent Monte Carlo simulations for protons, nitrogen, and iron, respectively. A change in the elongation
rate 𝑑⟨𝑋max⟩/𝑑 log 𝐸 appears 1017.1 eV. Right: The fraction of three primary cosmic rays as a function of
energy is shown from top to bottom. The red, green, and blue squares denote protons, helium, nitrogen, and
iron, respectively.

Figure 10: Comparison of the neural network predictions for SD data and photon flux limit estimation
[24]. Left: The histograms show the neural network’s predictions for SD data, lightning, and Monte Carlo
proton- and photon-induced events. The x-axis indicates the photon-likeness, where 0 means a proton-like-
induced air shower and 1 means a photon-like-induced air shower. This indicates that the neural network has
successfully learned to identify photon-like-induced events. Right: Photon flux limits estimated using TA
SD 14 years of data and our previous analysis results are shown alongside results from various collaborations.
The red colors indicate the updated results, whereas the green and blue colors represent the previous 11-year
and 9-year previous estimations, respectively.

nitrogen, and iron, respectively. This analysis shows a change in the elongation rate of ⟨𝑋max⟩ at
energy 1017.1 eV, which coincides with the 2nd knee in energy spectrum. The right panel shows
the transition from light to heavy, and then back to light patterns in the energy range of 1016.5 eV to
1018.5 eV.

The TALE monocular and hybrid analyses yield consistent results regarding the break in the
elongation rate and the estimation of the primary cosmic ray fraction. These results are consistent
with a picture that the transition from galactic to extragalactic cosmic rays occurs over the ∼1.5
decades of energy below the 2nd knee, which is approximately at 1017 eV.
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Figure 11: Sky map of the TA Hotspot in equatorial coordinates using a Hammer projection and its
growth over the years [26]. Left: The color code represents the Li-Ma significance using a 25◦-radius
circle angular window in equatorial coordinates for 15 years of TA SD events with 𝐸 ≥ 5.7 × 1019 eV. The
black diamond mark indicates the maximum Li-Ma significance at (144.0◦, 40.5◦). Right: The black dots
depict the cumulative number of events falling inside the Hotspot circle with a radius of 25◦-radius circle at
(144.0◦, 40.5◦). The blue solid line indicates the estimated event rate inside the Hotspot. The light blue and
gray bands represent ±1𝜎 and ±2𝜎 deviations from a linear increase rate.

We perform ultra-high energy photon searches using a neural network classifier to distinguish
between protons and photons [24]. We train the neural network using TA SD reconstruction and
test it with Monte Carlo datasets.

The left panel of Figure 10 shows a histogram of neural network prediction on Monte Carlo data
and observed data. The x-axis indicates photon-likeness, where 0 means proton-like-induced air
shower and 1 means photon-like-induced air shower. These histograms, plotted using a logarithmic
scale for the vertical, clearly demonstrate that the neural network has effectively learned to identify
photon-like-induced events. Based on this, we estimate the photon flux using 14 years of TA SD
data. The results are shown in the right panel of Figure 10 on top of the analysis results of other
collaborations. In this figure, the red points indicate the updated results, whereas the green and
the blue represent the previous 11-year and 9-year estimations, respectively. Notably, the updated
results are consistent with 11-year results [25].

4. Anisotropy

To investigate anisotropies in the arrival direction of UHECR, we perform oversampling
searches using intermediate-scale angular circles and estimate the significances of excesses or
deficits of events compared to the isotropic source Monte Carlo simulations. We report the updates
on the intermediate-scale anisotropies—the TA Hotspot and the Perseus-Pisces supercluster (PPSC)
excess —measured by the TA SD using the most up-to-date data, collected over 15 years [26].

The TA Hotspot refers to an excess of events with energies greater than 57 EeV, observed in
the vicinity of the Ursa Major constellation. The left panel of Figure 11 shows the sky map of the
Li-Ma significance using a 25◦-radius circle angular window in equatorial coordinates. The color
code indicates an excess (red) and a deficit (blue) of events compared to isotropy. The maximum
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Figure 12: Sky map of the Perseus-Pisces supercluster excess in equatorial coordinates using a Hammer
projection and its growth over the years [26]. Left: The Li-Ma significance maps are shown, using 20◦-
circle angular windows in equatorial coordinates for 15 years of TA SD events with energies greater than
1019.4 eV. Note that the coordinates are rotated by 180◦ in right ascension from Figure 11. The black diamond
mark represents the positions of the maximum Li-Ma significance, located at (17.9◦, 35.2◦). The excess
overlaps with the Perseus-Pisces supercluster (PPSC) region. Right: The cumulative number of events
observed inside the PPSC 20◦-circle from (17.9◦, 35.2◦) is shown with black dots. The blue solid line
indicates the estimated event rate inside that circle. The light blue and gray bands represent ±1𝜎 and ±2𝜎
deviations from the linear increase rate, respectively.

Li-Ma significance is calculated to be 4.8𝜎 at (144.0◦, 40.5◦), marked by black diamond symbols,
in equatorial coordinates.

To quantify how often such an excess appears anywhere in an isotropic UHECR sky within
TA’s field of view by chance, we conduct a Monte Carlo study. The chance probability of finding
such an excess is estimated to be 2.7 × 10−3, approximately equivalent to 2.8𝜎. We also examine
the growth of the Hotspot over the years. The increase rate of the events inside the Hotspot circle
is consistent with the linear increase within ∼2𝜎, as illustrated in the right panel of Figure 11.

The PPSC excess is an excess of events observed at slightly lower energies than those in the TA
Hotspot. This intermediate-scale anisotropy in the arrival direction distributions was found during
an investigation of the energy spectrum mismatch in the TA and Auger data. The energy range
we examine is 1019.4–1019.6 eV, where the energy spectrum excess becomes prominent. The left
panel of Figure 12 displays the sky map of the Li-Ma significance using a 20◦-radius circle angular
window in equatorial coordinates. The black diamond marks indicate the Li-Ma significances of
4.0𝜎 at the position of (17.9◦, 35.2◦) for 𝐸 ≥ 1019.4 eV.

We also estimate the probability of having such an excess appearing in simulated isotropic
UHECR sky by chance. For the evaluation of the PPSC excess, since the excess coincides with
the overall distribution of the elements of the PPSC, we establish the criteria for the Monte Carlo
study as follows. The positions of the maximum Li-Ma significances in the Monte Carlo datasets
should be as close to the PPSC as the data. In other words, the Monte Carlo datasets should satisfy
these criteria: (𝑆mc ≥ 𝑆obs) and (𝜃mc ≤ 𝜃obs). The chance probability of having an equal or higher
excess as close to the PPSC as the data is estimated to be 3.3𝜎 for 𝐸 ≥ 1019.4 eV. Furthermore, we
investigate the increase rate of the events inside the PPSC circle. The growth is consistent with the
linear increase within ∼2𝜎, as shown in the right panel of Figure 12.
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Figure 13: Comparison of ⟨𝑋max⟩ (right) and 𝜎(𝑋max) (left) [27]. The measurements of ⟨𝑋max⟩ at TA and
for the Auger data transferred into the TA detector (AugerMix) using the Sibyll 2.3d high-energy interaction
model are presented with the blue and red colors. The statistical and systematic errors of each are indicated
with error bars and shaded areas, respectively. The dashed line in the left depict Auger and TA systematic
uncertainties combined in quadrature.

5. Joint and Interdisciplinary Research

TA and Auger have established collaborative working groups since 2012. These groups have
engaged in detailed discussions regarding the technical aspects of data analysis methods concerning
energy spectrum, mass composition, and anisotropy. Here, we present the results of the working
groups’ analyses related to mass composition [27] and anisotropies in arrival direction distributions
[28, 29]. The analysis conducted by the spectrum working group is available separately [30, 31].

The composition working group employs a technique to transfer the best description of the
Auger 𝑋max distributions in each energy bin to the TA detector simulation, event reconstruction,
and analysis chain [27]. For this analysis, we use the Sibyll 2.3d hadronic interaction model. Figure
13 compares ⟨𝑋max⟩ on the left and 𝜎(𝑋max) on the right. The results of ⟨𝑋max⟩ are generally in
agreement with statistical and systematic uncertainties. In the right figure, the 𝑋max fluctuations
for the TA dataset, 𝜎(𝑋max), are not shown for 𝐸 > 1019.2 eV because of the challenges associated
with reliably estimating it for these energy ranges, given the relatively limited event statistics. The
measurements of TA and Auger are compatible at the current level of statistics and understanding
of the systematics.

The anisotropy working group presents two analysis results: anisotropy searches and astrophys-
ical interpretations using different source models, assuming various combinations of injected mass
compositions and galactic and extragalactic magnetic field models [28, 29], as shown in Figure 14.
The upper panels show that the cosmic ray flux map (left) and Li-Ma significance map (right) for
the combined data of TA and Auger at 𝐸TA

Auger ≥
48.2 EeV
38 EeV , with a top-hat smoothing radius Ψ = 25◦ in

equatorial coordinates. Three notable excesses are featured: one in the direction of the Centaurus
constellation in the southern hemisphere, one near the direction of the Ursa Major constellation,
and one in the direction of the Perseus-Pisces supercluster region [28].

The lower panels illustrate the results of likelihood analyses using various source models and
injected mass compositions [29]. The left panel presents the result for the large-scale structure
(LSS) source model using the 2MRS galaxy catalog [32], incorporating a composition mixture of
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Figure 14: Results of joint observations of UHECR arrival directions using data recorded at the TA
and Auger. Upper: The cosmic ray flux map (left) and Li-Ma significance map of combined data of TA and
Auger at 𝐸TA

Auger ≥
48.2 EeV
38 EeV with a top-hat smoothing radius Ψ = 25◦ in equatorial coordinates [28] (right).

Lower: The results of the likelihood analysis using different source models and injected mass composition
mixes [29].

90% protons and 10% iron. Alternatively, the right panel displays the results for the starburst galaxy
(SBG) source model used in [33], incorporating a composition mixture of 50% oxygen and 50%
silicon. These results serve as examples to demonstrate that some models are consistent with the
data, while others are not. The former model results are consistent with the data between these two
examples.

TA has collaborated with several interdisciplinary study groups, including those focused on
thunderstorms, terrestrial gamma-ray flash (TGF), and imaging meteoroids. In this conference, we
present observations of the optical emission of a lightning flash in conjunction with a downward-
directed TGF at the TA SD [34]. For this work, TA constitutes a unique instrument that allows us
to study gamma-ray emissions from the atmosphere over a very large area in conjunction with a
radio-based lightning mapping array (LMA).

To investigate the optical emissions linked to a downward-directed TGF, we use the TA
SDs along with a high-speed video camera, alongside various lightning measurement instruments
positioned at the TA SD site. Figure 15 shows selected high-speed video frames of a lightning
flash associated with a TGF and how the TA SDs collaborate to study the emission. This particular
TGF resulted in a burst of three gamma-ray triggers reported by the TA SDs, which we referred
to as triggers A, B, and C. The filled triangles in the right panel indicate the source height for
each of these triggers. This analysis enhances our understanding of the initiation and propagation
mechanism of TGF.
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Figure 15: Optical emissions of a TGF and the map of TA SDs that detected the emission [34]. Left:
Selected high-speed video frames of the TGF-producing flash are shown along with the map of TA SDs that
triggered the emissions. Right: Plot of elevation vs. azimuth for the whole flash in a camera frame. The
red, green, and blue triangles correspond to the sources of the TGF for triggers A, B, and C, as detected by
the TA SDs consecutively.

6. Summary

In summary, the Telescope Array Collaboration has deployed and operated the TALE and
TA×4 extensions and continued to run the original TA detectors to measure the properties of the
EAS by employing a hybrid technique of utilizing arrays of scintillator detectors and fluorescence
telescopes. Here, we included notable highlights from the presentations given by the Telescope
Array Collaboration. More contributions are available in the proceedings of this conference.

Combining TALE+TA+TA×4 data, we measured over five orders of magnitude in energy, and
six spectral features were detected: knee, low energy ankle, second knee, ankle, instep/shoulder
feature, and cutoff. We found strong evidence of the spectrum anisotropy in the northern hemisphere
(4.4𝜎 global chance probability) near the cutoff energy. The mass composition analyses using TALE
monocular and hybrid data revealed a light-heavy-light pattern in the energy range of 1015–1018

eV. It appears light and steady for 𝐸 > 1018 eV, but the statistics for energies greater than 1019

eV are not yet sufficient. By investigating the arrival direction distributions, we have identified
two intermediate-scale anisotropies in data: a persistent TA Hotspot near the direction of the Ursa
Major constellation and a new excess at slightly lower energy in the direction of the Perseus-
Pisces supercluster. Looking ahead, we need to continue increasing statistics, particularly for the
anisotropy and composition measurements. We aim to complete the TA×4 project and gather more
data to further our understanding of cosmic rays.
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