
ガンマ線バースト研究の新機軸     2017年11月21日@ICRR 多米田裕一郎 | 神奈川大工

テレスコープアレイ実験による 
超高エネルギー宇宙線観測の現状と将来計画

多米田裕一郎 
大阪電気通信大学 工学部 基礎理工学科



ガンマ線バースト研究の新機軸     2017年11月21日@ICRR 多米田裕一郎 | 神奈川大工

• 超高エネルギー宇宙線 

• テレスコープアレイ(TA)実験 

• TA実験での物理結果 

• 超高エネルギー宇宙線観測の将来
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超高エネルギー宇宙線
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宇宙線のエネルギースペクトル
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宇宙線 
 宇宙空間から到来する高エネルギー粒子 
 エネルギーが高いほど、到来頻度が小さい 

超高エネルギー宇宙線 
 ~1018eVを超えるエネルギー 
 到来する宇宙線エネルギーには上限有?(GZK効果） 
 磁場による影響が少なく、到来方向の同定が可能? 
 

エネルギー 
スペクトル

質量組成 到来方向

宇宙線の起源解明

(＊) 1019 eV = 1.6 J
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組成純陽子モデ

銀河系内 銀河系外

GZKカットオフ

Dip

超高エネルギー宇宙線
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1. エネルギースペクトル	
2. 質量組成	
3. 到来方向

●		HiRes-2	
■		HiRes-1	
▼	AGASA

組成混合モデル

銀河系内 銀河系外

Dipの解釈問題

Dipによるエネルギーの較正
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超高エネルギー宇宙線
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1. エネルギースペクトル	
2. 質量組成	
3. 到来方向

純陽子

純鉄

純陽子

純鉄

HiRes Pierre Auger Observatory
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超高エネルギー宇宙線
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赤道座標

銀河座標
○　5.7x1019eV	
＊　AGN

1. エネルギースペクトル	
2. 質量組成	
3. 到来方向

AGASA

Auger

Mpc

M
pc

Solid	line:	視野の境界	
Dashed	line:	超銀河面

■:	銀河面	
■:	超銀河面

銀河間磁場中の宇宙線陽子の伝播 
磁場：　10-9G
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テレスコープアレイ(TA)実験 
~超高エネルギー宇宙線観測~
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Telescope Array Collaboration
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Telescope Array(TA)実験
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Millard county Cosmic Ray Center

Salt lake city 
University of Utah
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TA 実験

地表検出器

35km

大気蛍光望遠鏡ステーション

地表検出器

大気蛍光望遠鏡

HiRes-I

• 米国ユタ州ミラード郡南西部砂漠地帯 
• 大気蛍光望遠鏡ステーション ３カ所 

北サイトはHiRes-Iから移設 
• 地表検出器 507台 

敷地面積約 678 km2 
• 2007年11月よりステレオ観測開始 
• 2008年3月よりハイブリッド観測開始



30km 大気蛍光望遠鏡(FD)

校正用レーザー

校正用レーザー

地表粒子検出器(SD)群 
507台のSDで校正

滞在している街 
人口 : 3,000人
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地表検出器(SD)
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無線LAN アンテナ : 2.4GHz 

シンチレータ : 3m2 x 1.2cm x 2層 
波長シフトファイバ : 1.0mmf 2cm spacing 
光電子増倍管 : Electrontubes 9124SA x 2

FADC 12bit 50MHz 
GPS 
LAN-MODEM 
Charge Controller 
Battery

GPS アンテナ

太陽電池パネル: 120W 

ステンレスボックス
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地表検出器(SD)
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トリガー条件 
 3粒子以上 
 3台以上の地表検出器 
 8us以内に２条件を満たす 
各通信等でトリガー条件判定 

Trigger	efficiency	
100%	above	1018.7eV

1.2km 間隔
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SDイベントの例

1411.6.23

r = 800m

AGASA fitting function

S800 : energy estimator  

2008/Jun/25 - 19:45:52.588670 UTC

S800

Lateral distribution

air shower front
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30km 大気蛍光望遠鏡(FD)

校正用レーザー

校正用レーザー

地表粒子検出器(SD)群 
507台のSDで校正

滞在している街 
人口 : 3,000人
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大気蛍光望遠鏡(FD)
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望遠鏡ステーション　@ Black Rock

各ステーションの間隔 ~35km 
12台の望遠鏡を収納 
視野 方位角 : 108° 
  仰角    :   32° 

35km

地表検出器

大気蛍光望遠鏡
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大気蛍光望遠鏡(FD)
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3.3 ｍ

1 m

球面反射鏡 
口径 | ~3.3 m (18枚から成る合成鏡) 
曲率半径 | 6067 mm

PMT | １カメラ256本 
HAMAMATSU R9508 
Hexagonal bialkali photocathode 
Borosilicate glass window,     8dynodes  
Q.E. |30% (350nm),                 Gain | 8.0x104(800V) 

視野 | PMT 1.1° x 1.0 °,    Camera 18° x 15.6° 

60mm

BG3 filter
1 m

２段重ねで設置された望遠鏡 PMTカメラ PMT
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大気蛍光望遠鏡 (FD)
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空気シャワーの縦方向発達を測定 
エネルギーをカロリメトリックに決定 
Xmaxから質量組成を決定する 

縦方向発達のフィッティング関数　(G.H.関数)

観測された縦方向発達の例
FDステレオ 観測方法の概念図

• 望遠鏡１箇所：FD モノ 
• 望遠鏡２箇所：FD ステレオ 
• 望遠鏡と地表検出器：FD SD ハイブリッド

観測されたFDイベント例

粒
子
数
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TALE : TA Low Energy Extension
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• TAの低エネルギー拡張実験 
• 宇宙線の銀河系内から銀河系外への遷移
が期待されるエネルギー領域の観測 

• 大気蛍光望遠鏡 
• 高仰角 (30 - 57deg.) 
• 2013年9月より稼働 

• 地表検出器　(基盤研究(S), 2015-2020) 
• 103台, 400m, 600m, 1.2km 間隔 
• 35台設置済(黒)，16台が稼働(青)

TALE　FD TALE　SD

PoS(ICRC2015)445
TALE Fluorescence Detector Zachary Zundel, for the Telescope Array Collaboration

Figure 5: An event display of a cosmic ray air shower observed by both MD and TALE FDs. The region
bounded in red indicates the portion of the sky observed by the TALE FD. The region bounded in blue
indicates the portion of the sky observed by MD.

TALE%

MD%

Figure 6: Events where 80% of the signal is from Cherenkov light are shown in blue. Events where 80% of
the signal is from Scintillation light are shown in red. Events with intermediate amounts of Cherenkov and
Scintillation light are shown in black. Note tat the y-axis is a logarithmic scale.
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TA実験の成果
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エネルギー 
スペクトル

質量組成 到来方向
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エネルギースペクトル

21



ガンマ線バースト研究の新機軸     2017年11月21日@ICRR 多米田裕一郎 | 神奈川大工

エネルギースケール
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角度分解能 1.4度 
1019eV以上

エネルギー分解能 < 20% 
1019eV以上

ESD/1.27 = EFD
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TA SD : エネルギースペクトル
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Log(E/eV)	Ankle
=	18.69	± 0.02

Log(E/eV)	GZK
=19.81	± 0.04

TA SD 9年 
GZK超イベント：22イベント 
GZKがない場合の期待値：79.8イベント 
GZKと無矛盾(7σ)

D. Ivanov et al. ICRC2017
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エネルギースペクトルをフィット 
　陽子組成モデル 
　E > 1017.5eV 
　Injection spectrum :  
　Source density :  

陽子組成モデルと無矛盾 (>1018eV)

エネルギースペクトルの解釈

24

p 2.34
m 4.1

Δlog10E -0.11 (-21%)

地表検出器 7年分

�CMB + p ! p+ ⇡0

�CMB + p ! n+ ⇡+

�CMB + p ! p+ e+ + e�

E. Kido et al. ICRC 2017

E�p

(1 + z)m
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エネルギースペクトルの比較：TA実験/Auger実験(1)

25
D. Ivanov et al. ICRC2017
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エネルギースペクトルの比較：TA実験/Auger実験(2)
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D. Ivanov et al. ICRC2017



ガンマ線バースト研究の新機軸     2017年11月21日@ICRR 多米田裕一郎 | 神奈川大工

TALE : エネルギースペクトル
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T. AbuZayyad et al. ICRC2017
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Comparison with Other Experiments
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TA+TALE : エネルギースペクトル
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  ●  Auger 2017 
  ■  TA SD 9yr 
  ▼  TA FD mono 9yr 
  ▲  TALE Cherenkov

Y. Tsunesada et al. ICRC2017
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質量組成
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Xmaxを用いた質量組成解析
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•Proton 
•Fe

..... SIBYLL 
- - QGSJET II 
--- QGSJET 01

陽子、鉄原子核によるシャワー発達

QGSJET-II 
•Proton 
•Fe

Preliminary

シャワー発達の違いから核種を同定
Xmax | 空気シャワーの最大発達深さ
予想されるXmaxの分布をデータと比較

Xmax 分布

平均 Xmax 分布

log(E/eV)

Xmax [g/cm2]

Xmax
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TA MD hybrid : Xmax分布

31

MC : QGSjet II 03  (ー陽子　ー鉄)
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Figure 23: The final five year Middle Drum hybrid composi-

tion result, using pattern recognition and geometry cuts: the

X
max

values (grey points) of each data event, are plotted as

a function of energy, overlaid are QGSJETII-03 proton (blue),

and iron (red) MC “rails”. Black data points with error bars

represent the data <X
max

> values, in 12 energy bins (of width

log10(E/eV ) = 0.125), that are plotted as a function of bin

energy. The black rail is a fit to these binned values. All rails

are fitted up to the energy for which the data has low statis-

tics. The scale is chosen for emphasis on elongation, this cuts

6 events from the scatter plot.
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Figure 24: The data/MC comparisons of the shower maxi-

mum (X
max

), for E >10

18.2
eV: the distribution of measure-

ments is shown for the data (black points with error bars),

the QGSJETII-03 proton MC (blue), and iron MC (red) his-

tograms. The MC has been normalized to the area of the data.

The binned maximum likelihood estimated chi-squared test val-

ues show much better agreement between data and proton.

Data is not in agreement with iron.
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Figure 25: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.20 < log10(E/eV ) <
18.4.
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Figure 26: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.4 < log10(E/eV ) <
18.6.
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Figure 27: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.6 < log10(E/eV ) <
18.8.
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Figure 23: The final five year Middle Drum hybrid composi-

tion result, using pattern recognition and geometry cuts: the

X
max

values (grey points) of each data event, are plotted as

a function of energy, overlaid are QGSJETII-03 proton (blue),

and iron (red) MC “rails”. Black data points with error bars

represent the data <X
max

> values, in 12 energy bins (of width

log10(E/eV ) = 0.125), that are plotted as a function of bin

energy. The black rail is a fit to these binned values. All rails

are fitted up to the energy for which the data has low statis-

tics. The scale is chosen for emphasis on elongation, this cuts

6 events from the scatter plot.
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Figure 24: The data/MC comparisons of the shower maxi-

mum (X
max

), for E >10

18.2
eV: the distribution of measure-

ments is shown for the data (black points with error bars),

the QGSJETII-03 proton MC (blue), and iron MC (red) his-

tograms. The MC has been normalized to the area of the data.

The binned maximum likelihood estimated chi-squared test val-

ues show much better agreement between data and proton.

Data is not in agreement with iron.
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Figure 25: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.20 < log10(E/eV ) <
18.4.
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Figure 26: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.4 < log10(E/eV ) <
18.6.
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Figure 27: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.6 < log10(E/eV ) <
18.8.
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Figure 23: The final five year Middle Drum hybrid composi-

tion result, using pattern recognition and geometry cuts: the

X
max

values (grey points) of each data event, are plotted as

a function of energy, overlaid are QGSJETII-03 proton (blue),

and iron (red) MC “rails”. Black data points with error bars

represent the data <X
max

> values, in 12 energy bins (of width

log10(E/eV ) = 0.125), that are plotted as a function of bin

energy. The black rail is a fit to these binned values. All rails

are fitted up to the energy for which the data has low statis-

tics. The scale is chosen for emphasis on elongation, this cuts

6 events from the scatter plot.
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Figure 24: The data/MC comparisons of the shower maxi-

mum (X
max

), for E >10

18.2
eV: the distribution of measure-

ments is shown for the data (black points with error bars),

the QGSJETII-03 proton MC (blue), and iron MC (red) his-

tograms. The MC has been normalized to the area of the data.

The binned maximum likelihood estimated chi-squared test val-

ues show much better agreement between data and proton.

Data is not in agreement with iron.
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Figure 25: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.20 < log10(E/eV ) <
18.4.
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Figure 26: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.4 < log10(E/eV ) <
18.6.
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Figure 27: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.6 < log10(E/eV ) <
18.8.
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Figure 28: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.8 < log10(E/eV ) <
19.0.
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Figure 29: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = log10(E/eV ) > 19.
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Figure 30: The final Middle Drum hybrid composition result

using geometry and pattern recognition cuts, for QGSJET-01c,

QGSJETII-03, and SIBYLL 2.1 hadronic models. Data are the

black points with error bars. The solid black line is a fit to the

data. Colored lines are fits to MC. Blue is proton and red is

iron. The green hashed box indicates the total systematic error

on <X
max

>.

9. Conclusion

The importance of this paper is in its use of fluores-

cence detectors, identical to HiRes, with a hybrid recon-

struction technique. The HiRes composition result used a

stereo reconstruction method, while this paper uses a hy-

brid technique, similar but not identical, to one used by

the PAO group. It is therefore important that the cur-

rent hybrid TA data is in good agreement with the HiRes

results, as this indicates that di↵erences in aperture, re-

construction, and modeling by Monte Carlo simulations

do not lead to any significant systematic di↵erences in the

final physics result in the case of identical fluorescence de-

tectors.

The measured average X

max

at 1019 eV is

751±16.3 sys.±9.4 stat. g/cm2 and the elongation rate is

24.3±3.8 sys.±6.5 stat. g/cm2. Assuming a purely pro-

tonic composition, taking into account all reconstruction

and acceptance biases (using the QGSJETII-03 model), we

would expect the averageX
max

at 1019 eV to be 763 g/cm2
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Figure 28: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.8 < log10(E/eV ) <
19.0.
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Figure 29: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = log10(E/eV ) > 19.
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Figure 30: The final Middle Drum hybrid composition result

using geometry and pattern recognition cuts, for QGSJET-01c,

QGSJETII-03, and SIBYLL 2.1 hadronic models. Data are the

black points with error bars. The solid black line is a fit to the

data. Colored lines are fits to MC. Blue is proton and red is

iron. The green hashed box indicates the total systematic error

on <X
max

>.

9. Conclusion

The importance of this paper is in its use of fluores-

cence detectors, identical to HiRes, with a hybrid recon-

struction technique. The HiRes composition result used a

stereo reconstruction method, while this paper uses a hy-

brid technique, similar but not identical, to one used by

the PAO group. It is therefore important that the cur-

rent hybrid TA data is in good agreement with the HiRes

results, as this indicates that di↵erences in aperture, re-

construction, and modeling by Monte Carlo simulations

do not lead to any significant systematic di↵erences in the

final physics result in the case of identical fluorescence de-

tectors.

The measured average X

max

at 1019 eV is

751±16.3 sys.±9.4 stat. g/cm2 and the elongation rate is

24.3±3.8 sys.±6.5 stat. g/cm2. Assuming a purely pro-

tonic composition, taking into account all reconstruction

and acceptance biases (using the QGSJETII-03 model), we

would expect the averageX
max

at 1019 eV to be 763 g/cm2
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Figure 23: The final five year Middle Drum hybrid composi-

tion result, using pattern recognition and geometry cuts: the

X
max

values (grey points) of each data event, are plotted as

a function of energy, overlaid are QGSJETII-03 proton (blue),

and iron (red) MC “rails”. Black data points with error bars

represent the data <X
max

> values, in 12 energy bins (of width

log10(E/eV ) = 0.125), that are plotted as a function of bin

energy. The black rail is a fit to these binned values. All rails

are fitted up to the energy for which the data has low statis-

tics. The scale is chosen for emphasis on elongation, this cuts

6 events from the scatter plot.
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Figure 24: The data/MC comparisons of the shower maxi-

mum (X
max

), for E >10

18.2
eV: the distribution of measure-

ments is shown for the data (black points with error bars),

the QGSJETII-03 proton MC (blue), and iron MC (red) his-

tograms. The MC has been normalized to the area of the data.

The binned maximum likelihood estimated chi-squared test val-

ues show much better agreement between data and proton.

Data is not in agreement with iron.
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Figure 25: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.20 < log10(E/eV ) <
18.4.
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Figure 26: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.4 < log10(E/eV ) <
18.6.
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Figure 27: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.6 < log10(E/eV ) <
18.8.
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Figure 28: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = 18.8 < log10(E/eV ) <
19.0.
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Figure 29: The X
max

distributions from the data (black

points), QGSJETII-03 proton MC (blue histogram), and iron

MC (red histogram): energy range = log10(E/eV ) > 19.
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Figure 30: The final Middle Drum hybrid composition result

using geometry and pattern recognition cuts, for QGSJET-01c,

QGSJETII-03, and SIBYLL 2.1 hadronic models. Data are the

black points with error bars. The solid black line is a fit to the

data. Colored lines are fits to MC. Blue is proton and red is

iron. The green hashed box indicates the total systematic error

on <X
max

>.

9. Conclusion

The importance of this paper is in its use of fluores-

cence detectors, identical to HiRes, with a hybrid recon-

struction technique. The HiRes composition result used a

stereo reconstruction method, while this paper uses a hy-

brid technique, similar but not identical, to one used by

the PAO group. It is therefore important that the cur-

rent hybrid TA data is in good agreement with the HiRes

results, as this indicates that di↵erences in aperture, re-

construction, and modeling by Monte Carlo simulations

do not lead to any significant systematic di↵erences in the

final physics result in the case of identical fluorescence de-

tectors.

The measured average X

max

at 1019 eV is

751±16.3 sys.±9.4 stat. g/cm2 and the elongation rate is

24.3±3.8 sys.±6.5 stat. g/cm2. Assuming a purely pro-

tonic composition, taking into account all reconstruction

and acceptance biases (using the QGSJETII-03 model), we

would expect the averageX
max

at 1019 eV to be 763 g/cm2
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Figure 1: Preliminary 8 year BR/LR hybrid Xmax data of two independently performed analyses
compared to several different reconstructed Monte Carlo models.

This analysis has recently been extended to seven years of data, collecting an additional 175
events [10], shown in Figure 2.

2.3 Stereo Composition

The stereo technique uses multiple fluorescence detectors to measure an air shower profile.
TA has three FD stations, so a single shower of sufficient energy and geometry may be viewed
simultaneously by up to all three detectors, though more commonly only two detectors are used.
TA FD stations are all equally distant, 21 km, from a central point of the SD array. When a shower is
observed by multiple detectors at different sites, each detector constructs locally a shower-detector
plane. Multiple planes crossing each other constrain the air shower track tightly, providing another
reconstruction method to accurately determine the geometry. Figure 3 shows mean Xmax, hXmaxi,
measured using the stereo technique over eight years. Stereo reconstructed hXmaxi of QGSJet II-04
proton and iron are also shown as well.

2.4 SD Composition

The techniques presented thus far use fluorescence detectors which observe Xmax and compo-
sition has been inferred by comparing the moments and distributions of Xmax to models. Another
method of measuring composition is employed at TA using only the SD array. This method uses
multivariate analysis (MVA) and a boosted decision tree (BDT) using thirteen observables sensitive

4

MC : QGSjet II 04 
陽子, ヘリウム, 窒素, 鉄

W. Hanlon et al. ICRC2017
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Figure 4: Mean atomic mass of data
measured using only the TA SD ar-
ray. This method requires a model
to compare the data to. Here QGSJet
II-03 is shown. The mean atomic
mass of the BR/LR hybrid data is
shown in comparison.

also consistent with a light composition as well (see Figure 1). For energies above 1019 eV though
TA’s exposure is rapidly decreasing, causing a possible depletion of events in the tails of the Xmax

distributions due to statistical undersampling.
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Preliminary

Figure 5: Comparison of four dif-
ferent measurements of Xmax using
TA data. The gray band are system-
atic uncertainties of 20.3 g/cm2 on
BR/LR hybrid reconstruction. Event
numbers of the BR/LR hybrid data
(A) all also shown.

The widths of the Xmax distributions, s(Xmax), of the different TA analyses is shown in Fig-
ure 6. The widths are also consistent with a light composition for 1018.2 < E < 1019.0 eV. The
widths of the distributions are shown only up to 1019 eV because TA statistics become too low
above that energy to accurately measure them. If deep Xmax tails are present in the true distribu-
tions, then high statistics are required to ensure s(Xmax) is not biased by undersampling. hXmaxi is
less susceptible to bias by the presence a few events in tails of the distribution. In the face of very
few total events in the entire distribution, even a couple of events in the tails may have a very large
effect on s(Xmax). For that reason, TA does not at this time have sufficient exposure in our Xmax

analyses to have confidence in the widths of our distributions above 1019 eV.

3. Conclusions

Telescope Array employs multiple analyses combining different components of the observa-
tory to perform high quality measurements Xmax of UHECRs. At least seven years of data have

6

W. Hanlon et al. ICRC2017
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Telescope Array Composition Summary William Hanlon
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also consistent with a light composition as well (see Figure 1). For energies above 1019 eV though
TA’s exposure is rapidly decreasing, causing a possible depletion of events in the tails of the Xmax

distributions due to statistical undersampling.
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Figure 5: Comparison of four dif-
ferent measurements of Xmax using
TA data. The gray band are system-
atic uncertainties of 20.3 g/cm2 on
BR/LR hybrid reconstruction. Event
numbers of the BR/LR hybrid data
(A) all also shown.

The widths of the Xmax distributions, s(Xmax), of the different TA analyses is shown in Fig-
ure 6. The widths are also consistent with a light composition for 1018.2 < E < 1019.0 eV. The
widths of the distributions are shown only up to 1019 eV because TA statistics become too low
above that energy to accurately measure them. If deep Xmax tails are present in the true distribu-
tions, then high statistics are required to ensure s(Xmax) is not biased by undersampling. hXmaxi is
less susceptible to bias by the presence a few events in tails of the distribution. In the face of very
few total events in the entire distribution, even a couple of events in the tails may have a very large
effect on s(Xmax). For that reason, TA does not at this time have sufficient exposure in our Xmax

analyses to have confidence in the widths of our distributions above 1019 eV.

3. Conclusions

Telescope Array employs multiple analyses combining different components of the observa-
tory to perform high quality measurements Xmax of UHECRs. At least seven years of data have
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13

Seven years of BR/LR hybrid Xmax data can not distinguish the mix at the current level of 
sensitivity.

Composition working group  UHECR2016
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38

p-induced EAS �-induced EAS

Photon-induced showers:
I arrive younger
I contain less muons
I ) multiple SD observables affected:

I front curvature, Area-over-peak, number of FADC
signal peaks, �2/d .o.f ., S

b

Results: photon flux limits

E0, eV 1018.0 1018.5 1019.0 1019.5 1020.0

� candidates ◆1 0 ◆1 0 ◆4 0 ◆4 0 ◆4 2
n̄ < 3.09 3.09 3.09 3.09 6.72
A

eff

53 192 846 2138 4317
F� < 0.059 0.016 0.0037 0.0014 0.0016

/PRELIMINARY/

models from J. Alvarez-Muniz et al. EPJ Web Conf. 53, 01009 (2013)

p-induced EAS �-induced EAS

Photon-induced showers:
I arrive younger
I contain less muons
I ) multiple SD observables affected:

I front curvature, Area-over-peak, number of FADC
signal peaks, �2/d .o.f ., S

b

G.I. Rubtsov et al. ICRC2017
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到来方向解析(データ・セット)
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SDデータ9年 

Geometrical acceptance; exposure  8600 km2 yr sr

異方性解析データ・セット 
• zenith angle <55° 
• core inside array boundary 

• angular resolution: <1.5° 
• energy resolution: ~20% 

ホットスポット解析データ・セット 
• loose cuts (4 stations) 
• angular resolution: <1.7° 

57 EeV以上 108
100 EeV以上 23

10 EeV以上 3691
40 EeV以上 257
57 EeV以上 108
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到来方向分布
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S. Troitsky et al. ICRC2017

K.S. Test p-value = 0.01

57 EeV以上の到来方向分布（超銀河座標系）
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Figure 2: P-values obtained by the flux-sampling test. The blue stars and green crosses correspond to testing
the isotropy and the LSS model, respectively. The red horizontal line shows the a priori chosen confidence
level of 95%.

Large-scale structure. The UHECR sources, regardless of their nature, are expected to trace the
matter distribution. In the limit when the density of sources is sufficiently high so that they can be
treated statistically, the UHECR flux can be calculated, as a function of energy, with essentially one
free parameter, the typical deflection angle q . The predicted flux may be compared to observations
and thus give constraints on the possible values of q . The analysis of this type has been previously
performed using the HiRes [5], the PAO [6, 7] and the TA [8] data.

We have examined the most recent TA data set for correlations with the LSS. The mass dis-
tribution in the Universe was inferred from the 2MASS Galaxy Redshift Catalog (XSCz) that is
derived from the 2MASS Extended Source Catalog (XSC). We have assumed that sources follow
the matter distribution, and propagated UHECRs from sources to the Earth taking full account of
the energy attenuation processes under the assumption that the primary particles are protons. The
arrival directions were smeared with the 2d Gaussian function of the angular width q .

The map of the predicted flux was compared to the sky distribution of the observed UHECR
events by the parameter-free flux-sampling test (see Refs. [8, 9] for details). At a given value of q ,
the result of the test is the p-value that shows how likely it is that the UHECR distribution follows
the one expected in a given model (LSS or isotropy). The results of the test, as a function of q ,
are shown in Fig. 2 for two energy thresholds of 10 EeV and 57 EeV as indicated on the plots.
The blue crosses and green pluses show the p-values obtained by testing the isotropy and the LSS
model, respectively. The red horizontal line shows the confidence level of 95%.

At low energies E > 10 EeV, the data are compatible with isotropy and not compatible with
the structure model unless the smearing angle is larger than ⇠ 20�. This is expected, since even in
the case of protons, and taking into account the regular component of the Galactic magnetic field
only, the deflections of the UHECR at E ⇠ 10 EeV are expected to be of the order of 20� 40�,
depending on the direction.

At intermediate energies E > 40 EeV (not shown on Fig. 2), the situation is similar. The TA
data are compatible with the isotropic distribution and not compatible with the LSS model unless
the deflections exceed ⇠ 10�.

Finally, at the highest energies E > 57 EeV, the behavior is different. The data are compatible
with the structure model but incompatible with the isotropic distribution at the ⇠ 3s C.L. (pre-
trial), for most values of the smearing angle.
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Figure 2: P-values obtained by the flux-sampling test. The blue stars and green crosses correspond to testing
the isotropy and the LSS model, respectively. The red horizontal line shows the a priori chosen confidence
level of 95%.

Large-scale structure. The UHECR sources, regardless of their nature, are expected to trace the
matter distribution. In the limit when the density of sources is sufficiently high so that they can be
treated statistically, the UHECR flux can be calculated, as a function of energy, with essentially one
free parameter, the typical deflection angle q . The predicted flux may be compared to observations
and thus give constraints on the possible values of q . The analysis of this type has been previously
performed using the HiRes [5], the PAO [6, 7] and the TA [8] data.

We have examined the most recent TA data set for correlations with the LSS. The mass dis-
tribution in the Universe was inferred from the 2MASS Galaxy Redshift Catalog (XSCz) that is
derived from the 2MASS Extended Source Catalog (XSC). We have assumed that sources follow
the matter distribution, and propagated UHECRs from sources to the Earth taking full account of
the energy attenuation processes under the assumption that the primary particles are protons. The
arrival directions were smeared with the 2d Gaussian function of the angular width q .

The map of the predicted flux was compared to the sky distribution of the observed UHECR
events by the parameter-free flux-sampling test (see Refs. [8, 9] for details). At a given value of q ,
the result of the test is the p-value that shows how likely it is that the UHECR distribution follows
the one expected in a given model (LSS or isotropy). The results of the test, as a function of q ,
are shown in Fig. 2 for two energy thresholds of 10 EeV and 57 EeV as indicated on the plots.
The blue crosses and green pluses show the p-values obtained by testing the isotropy and the LSS
model, respectively. The red horizontal line shows the confidence level of 95%.

At low energies E > 10 EeV, the data are compatible with isotropy and not compatible with
the structure model unless the smearing angle is larger than ⇠ 20�. This is expected, since even in
the case of protons, and taking into account the regular component of the Galactic magnetic field
only, the deflections of the UHECR at E ⇠ 10 EeV are expected to be of the order of 20� 40�,
depending on the direction.

At intermediate energies E > 40 EeV (not shown on Fig. 2), the situation is similar. The TA
data are compatible with the isotropic distribution and not compatible with the LSS model unless
the deflections exceed ⇠ 10�.

Finally, at the highest energies E > 57 EeV, the behavior is different. The data are compatible
with the structure model but incompatible with the isotropic distribution at the ⇠ 3s C.L. (pre-
trial), for most values of the smearing angle.

4

期待されるフラックスマップ 
smearing angle 6° 
57EeV以上 
LSSと無矛盾 
一様等方とは矛盾赤道座標系>57EeV, proton

S. Troitsky et al. ICRC2017
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ホットスポット
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 9

>57EeV Significance分布

ホットスポット 5.1σ(Pre-trial), @RA=~147°, Dec=~43° 
観測数=19、バックグランド数=4.49 (半径20°円内)

解析窓半径20°赤道座標系
TA SD 5yr 
57EeV以上の72イベント 
ホットスポット 5σ 

偶然確率　3σ 
@RA=146.7°, Dec=43.2° 
観測数=19 
バックグランド数=4.5

Abbasi, R.U., et al., ApJL, 790, L21 (2014)



ガンマ線バースト研究の新機軸     2017年11月21日@ICRR 多米田裕一郎 | 神奈川大工

ホットスポット
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TA SD 9yr 
57EeV以上の143イベント 
ホットスポット 5σ 

偶然確率　3σ 
@RA=144.3°, Dec=~40.3° 
観測数=34 
バックグランド数=13.5 

赤道座標系 解析窓半径25°

解析窓　15°, 20°, 25°, 30°, 35° 
25°の時優位度が最大

K. Kawata et al. ICRC2017
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超高エネルギー宇宙線全天マップ
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宇宙線望遠鏡による極高エネルギー宇宙線の研究 多米田裕一郎 | 神奈川大工/32

近傍の銀河クラスタ

16

• TA実験とAuger実験の到来方向分布 
• おおぐま座の方向にホットスポット 
• 乙女座銀河団の方向にはエクセス無

Ursa Major Cluster 
(D=20Mpc) 

Virgo Cluster 
(D=20Mpc) 

Dots : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC)  

Nearby Galaxy Clusters 
Perseus-Pisces  
      Supercluster  
         (D=70Mpc) 
 

13 

TA hotspot is found near the Ursa Major Cluster 
TA & PAO found no excess in the direction of Virgo. 

Huchra, et al, ApJ, (2012) 

Centaurus  
Supercluster (D=60Mpc) 

    Eridanus  
  Cluster  
(D=30Mpc) 

    Fornax Cluster 
 (D=20Mpc) 

(K. Kawata et al. ICRC 2015)

TA実験とAuger実験の到来方向分布(57EeV以上) 
ホットスポット近辺にあるのはおおぐま座銀河団 
おとめ座銀河団の方向にはエクセスなし

>57EeV 
TA 109イベント(7yr) 
Auger 157イベント(10yr)
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エネルギースペクトルの異方性
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Figure 10: Event fraction in the Off source region
above the break energy versus log10(Eb/EeV ) ob-
tained in Monte Carlo simulations for the AGN case.

Condition N Fraction
Eb > 101.470EeV , No f f (E>Eb)

Nall (E>Eb
> 0.12 2004 0.845

Eb > 101.470EeV , No f f (E>Eb)
Nall (E>Eb

< 0.12 213 0.090
Eb < 101.470EeV , No f f (E>Eb)

Nall (E>Eb
< 0.12 4 1.7 ⇥10�3

Eb < 101.470EeV , No f f (E>Eb)
Nall (E>Eb

> 0.12 152 0.0064

Table 4: The number of occurrences with stated con-
ditions in the AGN case. Chance probability to ob-
tain larger deviation is ⇠ 1.5⇥10�2 after considering
penalty factor for the scan in the opening angle.
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Figure 11: Comparison of energy distributions ex-
pected for protons arriving from the sources with in-
jection index of -2.2, evolution parameter of 7 and
2MRS density profile.
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Figure 12: Same figure with Fig. 16 with artificial
cut on source distribution at off source side <75Mpc.

To model observed differences in energy distributions in Monte Carlo, we performed simu-
lations using a propagation code CRPropa2.2.0.4 [10] and the source distribution from the 2MRS
catalogue [11] using the density profile calculation described in [12]. Fig. 11 and Fig. 12 dis-
play results. Here injection index and evolution parameter were set to -2.2 and 7, respectively [13].
Qualitatively, the difference of observed energy distributions between the On source and Off source
regions was reproduced well by this simulation. We conclude that there is strong indication for flux
differences of UHECR in different regions of the sky in the Northern hemisphere. We believe that
the approach developed here will help to reveal cosmic ray sources and their chemical composition.

7

“On source”と”Off source”でイベント数を比較 
On source : SGP latitude < 30° 
Off source : SGP latitude > 30° 

地表検出器５年分 
イベント数が3.2σの優位度で異なる 

MCと比較 
陽子組成モデルを仮定 
ソース分布は2MRSカタログ 

陽子組成で予言されるイベント数と無矛盾 

T. Nonaka et al. ICRC 2017

α1 log10(Eb/EeV) α2
All -1.78 1.78 -3.91

On source -1.78 1.83 -3.91
Off source -1.78 1.67 -3.86
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number of events, while a1,2 represent spectrum indexes below Eb and above Eb respectively.

DN(E)

D log10

⇣
E
Eo

⌘ =C0

 
e (E,Eb)

✓
E
Eo

◆�a1

+(1� e (E,Eb))

✓
E
Eo

◆�a2
!

(2.1)

e(E,Eb) = {1 : (E < Eb) ,0 : (E > Eb) (2.2)

The best fit parameters for the energy distribution obtained from the entire exposure are Co =

2.141+0.343
�0.298 ⇥10+4, a1 =�1.775+0.053

�0.053, log10(Eb/EeV ) = 1.778+0.040
�0.068 and a2 =�3.910+0.643

�0.660.
When we evaluate possible difference in energy distributions in On and Off source regions, a1

is set to the value obtained from the fit to the distribution for the entire exposure, C0 is scaled to
the corresponding fraction of the exposure, while log10(Eb/Eo) and a2 are set free and obtained
from the fitting in corresponding areas. Obtained broken power law functions are plotted in Fig. 3
as solid and dashed lines. Errors for the resulting parameters are shown in Fig. 3 by red and
blue contours. Table. 1 summarizes best fit parameters and errors. There are difference in break
energy between On source and Off source area. The difference, D log10(Eb/Eo) is 0.16. For the
events fraction in the Off source area above the break energy, (No f f (E > Eb)/Nall(E > Eb)), we
obtain 0.34 instead of 0.48 which is expected from the exposure ratio. The chance probability was
estimated in a simulation which assumes that both distributions are statistically equivalent with the
entire exposure. Namely, in each energy bin the events has been shuffled to On and Off source
distributions accordingly to the corresponding fraction of the exposure, binomially. At each trial,
we obtain a random distribution coming from the same population, and did same evaluation for the
distribution difference. Fig. 5 shows the frequency distribution. The horizontal axis corresponds
to “Off source” ‘s break energy and vertical axis corresponds to event fraction above the break
energy. Table. 2 shows chance probability to obtain each case. The observed value correspond to a
probability ⇠ 0.62⇥10�4 (3.2s ).
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Figure 1: The zenith angle distribution of observed
shower events with energy E � 10 EeV.
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• 最高エネルギー宇宙線の起源解明 
地表検出器 500台（特別推進研究, 2015-2020） 
2.08 km 間隔, 2100 km2  

大気蛍光望遠鏡ステーション 2箇所 (米国) 
　　HiRes II の移設 

• 現行 TA SD と合わせて約3000 km2 
TA SD19年分 
               稼働期間 2017 ~ 2020年 
TAハイブリッド16年分 

　　　稼働期間 2016 ~ 2020年 

• ホットスポットを5σ以上の優位度で確定 
ホットスポット構造、点源探索など
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今年度内の設置を目指して 
準備中！！
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エネルギースペクトル 
TALE実験を含め5桁のエネルギー領域で測定 
陽子組成と無矛盾なスペクトル 
異方性もある？ 

質量組成 
陽子などの軽い組成 
Auger実験とは系統誤差の範囲内で一致 

到来方向解析　 
超銀河面、LSSに相関？ 
ホットスポットの兆候あり 

拡張計画 
TA x 4 : より高統計での観測で、ホットスポットなどを確定したい 
さらなる拡張計画を目指してR&Dも活発に行われている


