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3Cosmic ray sources are uncertain.

～10-3 km-2 yr-1 (E > 1020 eV)

Ultra-High-Energy Cosmic Rays
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～

confine• Magnetic fields of the sources confine 
cosmic ray particles up to the energies
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Arrival Directions
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超高エネルギー宇宙線陽子の相互作用
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SOPHIA

Allard 2006

最高エネルギーで
エネルギー損失距離 < 100 Mpc
→ 宇宙線源は近傍に限られる
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p +  → p(n) + 0(＋)



超高エネルギー宇宙線原子核の相互作用
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Allard 2011

宇宙線原子核のエネルギー:
ローレンツ因子Γ×質量数A に比例

1回の光崩壊によるエネルギー損失:
A → A-1 の時
E → E - E/A 
軽い原子核で比較的影響が大きい

CMB(z=0)とのGDRによる
エネルギー損失距離の減少:
～A×4・1018 eV

原子核のエネルギー:
EN = mNc2Γ

= Ampc2Γ

宇宙線原子核のエネルギー損失距離 (- E/ (dE/dx))

2022/9/29 2023年度学変A申請「高エネ原子核宇宙」勉強会



• Cosmic ray sources are uncertain
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Observation of UHECRs
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FD station

SD array

28km

TALE

SD array

Surface Detector

(SD)

Fluorescence Detector

(FD) station

1.2 km 間隔
～700 km2

507 SDs

2 層 3 m2  面積 1.2 cm 厚
プラスチックシンチレータ

12 telescopes

TA検出器
配置

2008年5月からSDFD稼働開始
米国ユタ州

緯度 39.30°N
経度 112.91°W
標高 1382 m

• 北半球最大の検出面積
• SDとFDのハイブリッド観測
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1.5 km spacing 1600 SDs: cover ～3000 km2

4 FD sites
Operation in a stable mode from 2004

TeVPA2019 Dawson
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TALE (Telescope Array Low energy Extension) 

2022/9/29

TALE FD was
installed in Nov. 2012 

14

TALE 
80 SDs



Event reconstructions with SDs
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Empirical formula used by AGASA

Modified empirical formula in AGASA

Event map:

Size = # of particles

Color = timing
Time fit

Lateral distribution profile fi t

r  = 8 0 0 m

S800

Timing -> shower geometry

S800 -> primary energy
2022/9/29
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Event reconstructions with FDs
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エネルギースペクトル

17D. Ivanov, ICRC2021

TA SD 11 years data

Fit to broken power law

Log (E (eV)) Ankle
= 18.69 ± 0.01

Log (E (eV)) E2

= 19.81 ± 0.03

2022/9/29

TASD TAFD

HiRes

Auger実験は、約
1.3x1019 eVでスペク
トルのindexが変わる
特徴を発表。
TA SD, FD と HiResの
データを合わせて、
broken power law fit 
1019.25±0.03 eVに
break，有意度5.3σ
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Combined energy spectrum of TA SD with TALE FD Mono.

Log (E (eV)) 
= 16.22 ± 0.02

Knee
Log (E (eV))
Second knee 
= 17.04 ± 0.04

Log (E (eV))
Ankle 
= 18.69 ± 0.01

Log (E (eV))
Cutoff 
= 19.81 ± 0.03

D. Ivanov 
Log (E (eV)) 
= 19.25±0.03

2022/9/29



D. Ivanov

エネルギースペクトルの赤緯依存性

• エネルギースペクトルのカットオフに違い

– log(E/eV) = 19.64 ± 0.04 低赤緯帯 (-16° - 24.8 °)

– log(E/eV) = 19.84 ± 0.02 高赤緯帯 (24.8 ° - 90 °)

• カットオフの違いの有意度～ 4.3σ

TA SD data

Auger実験と共通の天域

2022/9/29 19

22 months TALE FD monocular data + 11 years TA SD data
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Auger Energy Spectrum
ICRC2021



E > 57 EeVの宇宙線の到来方向の異方性 (TA hotspot)
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Preliminary

J.H. Kim,

赤道座標

Significance map from isotropy expectation

TA SD 12 years data

2022/9/29

- 179 イベント E > 5.7 × 1019 eV (12年 TA SD データ)

- Maximum local significance: 5.1𝜎 (144.0°, 40.5°)

観測: 40 イベント

等方分布の期待値: 14.6 イベント

- Post-trial probability: 𝑷 𝐒𝐌𝐂 > 𝟓. 𝟏𝝈 = 𝟔. 𝟖 × 𝟏𝟎−𝟒 → 𝟑. 𝟐𝝈



E > 1019.4 eVの宇宙線の到来方向

2022/9/29 22

arXiv: 2110.14827
Submitted to ApJL

イベントの超過がホット

スポットよりも少し低い
エネルギーでも
観測された。

イベント超過の
有意度
For E ≥ 1019.4 , 3.6𝜎
For E ≥ 1019.5 eV, 3.6𝜎
For E ≥ 1019.6 eV, 3.4𝜎
(20 度のoversampling 
半径)
11年間のTA実験のSD
データを使用

hotspot

New excess



Correlation of arrival directions with astrophysical sources
searched by the Auger and TA anisotropy working group
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A. di Matteo

• Auger: E > 38 EeV
• TA: E > 49 EeV
• Correlations with a sample of 

nearby starburst galaxies and 
2MRS catalog galaxies.

• Angular scales and energy 
thresholds were scanned.

• Post-trial significance of the 
correlation with starburst galaxies 
is estimated to be 4.2σ.

Rescale of energies

Equatorial coordinate
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Auger intermediate-scale anisotropy
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Auger correlation study with catalogs



Measurement of mass composition with TA SD and FD in hybrid mode

• Energy Range: 1018.2 eV – 1019.1 eV
• 3560 events after the quality cuts
• Systematic uncertainty of <Xmax>: ± 17 g/cm2

• QGSjetII-04 interaction model was compared with the data
→ agreement with light composition

• More events are needed to study highest energies

W. Hanlon 10 years TA SD and FD hybrid data
Mean Xmax σ (Xmax)

262022/9/29



Measurement of mass composition with TA SDs
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Y. Zhezher

Machine learning technique based on BDT and 16 composition-sensitive observables 
with 12 years of TA SD data. 



Measurement of mass composition with TALE FD in monocular mode

• Jun. 2014 – Nov. 2018  TALE FD mono data
• Energy Range: 1015.8 eV – 1018.3 eV
• Break point log (E/eV) = 17.291 ± 0.060 + 0.077 − 0.084 (EPOS LHC)

ApJ 909 178 (2021)
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Upper limits of UHE photons

29

MNRAS, 492, 3984 (2020) Astropart. Phys. 110, 8 (2019)
updated in 2021.  

• UHE photons were not detected.
• Left: the updated upper limit on GZK photons with 11-years TA SD data
• Right: upper limit for directions in the field of view with 9-years TA SD data
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Measurement of mass composition by Auger



Xmax anisotropy by Auger
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Implications of anisotropies from the ICRC2021

Auger

TA

Common with Auger



特に最高エネルギーの宇宙線イベントの取得を加速させ、TA実験で得られた

異方性の兆候を確かめる

新しく2.08 km 間隔のSDを500台建設 (TASD: 1.2 km spacing)

TA SDs とあわせて 4×TA SD の検出面積 (~2800 km2)

257台を2019年3月に設置

2019年11月から全6通信塔を稼働 →定常観測

2つの新しいFDステーション (4+8 HiRes Telescopes) を建設

北側: 2018年6月から定常観測

南側: 2020年9月から定常観測

最高エネルギーで、～4×TA SD 相当のSDイベント数

～3×TA SDFD 相当のSDFD ハイブリッドイベント数

TAx4実験

TA SD

TAx4 north 
新規FD

TAx4 south 
新規FD

TAx4 
新規SD

Spacing: 2.08 km

Spacing: 2.08 km

Spacing: 1.2 km

新規SDアレイ

新規SDアレイ

TAx4 SD: 

NIMA, 1019,

165726 (2021)



新規SDアレイ(2.08km間隔、257台)
のデータ解析

34

H. Jeong

TA SD 9年間のデータ

TAx4 SD 1 year data

2019/11 – 2020/11

2023年度学変A申請「高エネ原子核宇宙」勉強会

Timing fit 

→ Shower geometry

Lateral fit 

→ Energy
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新規FD単眼解析
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TAx4 North

TAx4 South

• 2019/06/26 – 2021/04/14

• エネルギー分解能: ~20%
• 天頂角分解能: ~3°
• 𝛹 分解能: ~7°
• Impact Parameter 分解能: ~11%
• 全ての幾何学的なパラメタは、十分MCと一致していることを確認。

Matt Potts

■: TAx4 FD mono

●: TA Combined (ICRC2019)
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新規FDSD ハイブリッド解析
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M. Potts
Preliminary

TAx4 SDのトリガー条件: 10 EeV付近で～30%
→ ハイブリッドトリガーの安定運用は2020年6月に開始。

FDs がトリガーした時間をSDの通信塔に送り、その付近(+/- 128 usec)の時間の信号を取得する。
→～3×TA SDFD 相当のイベント数 (E > 10 EeV)を見込んでいる。
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Future prospects: the TAx4 experiment

• We plan to deploy the remaining 
250 SDs to realize the full TAx4 
coverage in 2023-2024.

• We are investigating the analyses of 
anisotropies and compositions with 
new detectors.
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Image of ～200 SDs
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Summary
• The TA experiment continue to observe UHECRs from 2008 with the largest detection area in the northern hemisphere.
• Arrival directions

– 3.2σ hotspot with E > 57 EeV was obtained using TASD 12 years data
– 3.5σ excess with E > 1019.4eV was obtained using TASD 11 years data
– Correlation with a sample of Starburst Galaxies at 4.2σ confidence level obtained by the Auger and TA working group.

• Energy Spectrum
– Declination dependence was claimed at 4.3σ in the energy spectrum using TASD 11 years data

• Mass composition
– TA SD and FD hybrid: consistent with light composition with 18.2 < log (E/eV) < 19.1. More events at the highest energies are needed. 
– TA SD: Analysis was conducted for 18.0 < log (E/eV). More events at the highest energies are also needed. 
– TALE FD mono.: Xmax results were obtained with log (E/eV) > 15.3.
– Upper limits of photons are being updated.

• Implications of anisotropy are being updated by the TA experiment.
• Plan of the detectors of the TAx4 experiment: 

– 500 new SDs with 2.08 km spacing + TA SDs (1.2 km spacing)  → Coverage of 4×TA SDs ～2800 km2

– 2 new Fluorescence Detector (FD) stations (4+8 Telescopes)

• 257 new SDs were deployed in 2019. The SDs are running stably since Nov. 2019. 
• New FDs were completed. New north FD is running stably since Jun. 2018. New south FD is running stably since Sep. 2020. 

• The extension of the SDs to the full coverage of TAx4 is scheduled for 2023 and 2024.

• Preliminary energy spectra were measured with new SDs, FDs, and SD FD hybrid.
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