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Highest energy 

1019eV~

1event /km2・year

extragalactic origin.

Knee

2nd Knee

Cut off

Cosmic ray energy spectrum  1015eV – 1020eV

Dip - Ankle

Ultra High Energy Cosmic Ray

◇ 1016eV – 1020eV range

◇ Extragalactic (1019eV)
◇ Anisotropy is expected

Directional/Spectrum 

◇ Flux of cosmic ray is very

Small. 

→ Large detection area.



◇ trajectory of cosmic ray in galactic magnetic field.

1018eV 1019eV 1020eV

(Few degree) 

◇ Effect of Inter Galactic Magnetic Field (IGMF): 

generally random field.  B < ~10-9G Few degree 

Proton

 Anisotropy
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Distribution of Galaxy with in 75Mpc（2MRS）
Most of Galaxy concentrate near SGP direction

equatorialdistance (Mpc)
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• Interaction with CMBR and IRB 

• UHECR attenuate while propagation.

• Matter distribution differ depending on directions

• Cosmic ray sources ∝ matter distribution

Attenuation due to interaction with 
bach ground photon

• Matter distribution at near distance

(lower cut off Energy 
and more suppression of flux) (Extended spectrim)

Super Galactic plane(SGP)

J.W Cronin et.al  2009
arXiv:0911.4714v1 [astro-ph.HE] 
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V.Berezinsky et.al Phys. Rev. D 74, 043005 (2006)

Modulated spectrum shape 
from single source at various distance

• Spectrum from single source at various distance (left)
• Simple simulation of spectrum modulation depending on matter distribution (right side)

On: object distributed at near
Off: object do not distribute at near

Toy situation 
Propagate with crpropa code



Observation
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Calorimetric observation (Fluorescence detector)

Number ofAir shower particle

Atmosphere

Observation by ground detectors
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Northern / Southern hemisphere 
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UHECR2016 M.Roth

Telescope Array

Auger Observatory



27Km

SD

FD

●1.2 km grid SD (3m2 )
● 3 sub array :

+cross boundary trigger 
→  Total 507 SD

●Detection area～700 k㎡

10

Location:N39.3°,W112.9°
Alt 1350-1500m asl

◇ Fluorescence  Detector 

◇ Surface Detector

△ Comm Tower

Telescope Array detector



Pierre Auger Observatory
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UHECR2016 M.Roth



Long Ridge Black Rock Mesa

Middle Drum

256 PMTs/camera

HAMAMATSU R9508

FOV~15x18deg

12 cameras/station

From HiRes

~30km New FDs

6.8 m2

~1 m2

14 cameras/station

256 PMTs/camera

5.2 m2
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Fluorecence Detector (TA)



Surface Detector (TA)

12mm plastic scintillator

1mm SUS

12mm plastic scintillator

WLSF  (475nm ) x5m  PMT ETL9124SA

3㎡Solar Panel ＋ Battery
Wireless LAN (2.4GHz)
ＧＰＳ ~20nsec
WF sample 50Msps FADC

2 independent layer 
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TASD:

◇Signal = Scintillation light in detector 

◇photons collected by WLSFs and  

guided to PMT

◇Thin scintillator = Low threshold   

EM component sensitive.

Response

simulation

time (nsec)(1μ sec)

1019eV Proton shower (stacked energy deposit)
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10 new telescopes to look higher in 
the sky (31-59o) to see shower 
development to much lower energies

Infill surface detector array of 
more densely packed surface 
detectors (lower energy 
threshold)

TA Low Energy extension (TALE)



Ti (αi ,ψ , R)
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Use SD timing information → 

Ψ、R resolution improve (Hybrid analysis)

Energy

R

GeometryHit on Camera

Event reconstruction



Observed hit 

map

Hit timing : → Arrival direction 

Lateral distribution of energy deposit → Energy estimator “S(800)” 

(Energy deposit at 800m)

Hit timing 

○ An event hit map are shown 

○ Geometrical and LDF reconstruction fit 

is shown for this event.  

LDF

Surface Detector



Results of Spectrum studies

◇ New lower energy range spectrum from TALE FD observation 

◇ TASD 7 year spectrum for higher  energy range



Spectrum from E 1015.6 – 1020.3 eV
◇ Comparison with experiments

○ TA measured the energy spectrum for 4.7 orders of magnitude (1015.6- 1020.3 eV).

○ Found 4 structure  : “low energy ankle”@1016.34eV            “2
nd

Knee”@1017.3 eV 

“Ankle”@1018.72eV      “suppression” @ 1019.8eV

○ @ E>1018.2 eV spectrum shape are fitted with pure proton model

○ Discrepancy with Auger in spectrum shape. @ E> 1019.3eV

Systematics or some hint for cosmic ray source?

<Summary of Spectrum observation>



TA spectrum from E 1015.6 – 1020.3 eV
Exposure

Resolution

TASD 7 year 

data



•Uniform proton source distribution, E > 1018.2 eV
•Injection spectrum E-p, Emax = 1021 eV

•Source density ∝ (1 + z)m

•Consider energy losses with CMB and IRB
•z < 0.7, BIGMF < 0.1 nG

p = 2.18 + 0.08 - 0.14 [stat. + sys.]
m = 6.8 + 1.6 - 1.1 [stat. + sys.]
ΔlogE = -0.04 (-9%) + 0.04 – 0.03 [stat. + sys.]
χ2 = 18.0/17

Fitting TA spectrum with proton model



Results of Composition studies



Auger Xmax UHECR2016 
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Mixed Composition?
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UHECR2016 Matthias Plum



MD Hybrid

Xmax is composition sensitive parameter.

“Depth of shower maximum”

Red: Proton MC prediction. 

Blue: Iron MC prediction.

Black : Observed data.

X
max 

measurements in TA
Stereo mode

(use 2 FD 

station)

Hybrid mode (BR/LR)

(use FD and SD 

timing)



Standard mean vs log(E) plot

“Shift Plot”

Plot shows Xmax required to maximize data/MC agreement (QGSJETII-03). Color= Pvalue

◇ Comparisons were done for single composition assumption.

◇ “Shape” is consistent with “proton”.

◇ Standard statistical test on shifted distribution (points) Pink, blue bands for other 

hadronic models. 16 g/cm2 systematic uncertainty.

X
max 

distribution shape
QGSJETII-03



◇ For each analysis ,(data -iron) / (proton-iron)  are calculated at each data point and 

compared with corresponding values of each composition

QGSjetII-03 case

◇ Corresponding average lnA value is “light component”.

◇ It depends on Hadron Interaction model large.

◇ N and He have large difference in mean free path in CMB

→ Hadron Interaction is very important while understanding anisotropy.

X
max 

measurements in TA

(Other Hadron model)



Proton Cross section



◇ σp-air(inelast.) @ 95TeV of √S is 567.0±70.5[Stat.] (+25,-29)[Sys.] mb

◇ The value observed is between EPOS-LHC and Sibyl2.1.

Λ= 50.47 ± 6.26 [stat.] g/cm2

Systemastic [mb]

Model +- 17

20% He +18

Gamma < 1% -23

Total (+25, -29)

Λ = KΛp-air = K(14.45 mp/σp-air)

K: Model dependent factor

obtained via MC

P-air Inelastic Cross section 

R. Abbasi et al., PRD 92 032007 

(2015)

○ Use deep penetrating shower (proton), 

○ Mean free path(Λ) is extracted from Xmax.

○ The factor k between ratio extracted 

Λ and true mean free path Λ
p-air

is 

estimated with MC.

○ k's systematic is considered while error 

estimation

Methodology :



Study of Air shower



Air shower study 

• Using detector observe shower in deeper atmosphere 
• Compare signal with MC under condition of higher muon

purity
• Higher muon purity leads larger discrepancy. 
• Muon excess . .

R.Takeisi (ICRR)

Shower observation with different detector

• Muon excess in observed shower (~ 1019eV) 

Collaboration with Auger group
in US
Colorado School of Mine (CSM)、
Case Western Univ
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• TAアレイからのトリガー配信
• TCP/IP接続で取得することができる。
• TAサイトでの他の測定でも利用可能。

• アレイのDAQに負荷をかけずに測定を付
加できる。

導入したトリガー配信によって
TAに同期してAuger検出器で波形が取得さ
れていることを確認

Operation of Auger SD in TA site.

TAとAugerの共同実験
水タンク(Muonにより感度) 

TA SD と同期したイベントの取得
(2013- 継続) 
概ね安定に稼動

2016年度



Results of anisotropy studies



Equatorial coordnate

ICRR 2015 Kawata

Arrival direction of high energy event obtained from 7 year data.

Oversampling using 20 deg. radius circles, Li-Ma significance.

Blue: 5 year data ( published in ApJL 790, L21 (2014))

Red: 6 and 7 year data (37 events)

Hot spot (7 Year data)

7 year data 109 events (Zenith angle < 55 (deg.))

Max significance: RA 148.4 (deg.) Dec 44.5 (deg.) (“Hotspot”)

Observed: 24 events, isotropy: 6.88 events → Significance: 5.1σ (Li-Ma)

Chance probability to exceed 5.1σ in the exposure: 3.4σ (0.037 %) (post-trial)

(15, 20, 25, 30, 35 (deg.) radius circles are searched.)

3.4σ (0.037 %) was also obtained in 5 year data in ApJL 790, L21 (2014)
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No correction for

Energy scale difference

b/w TA and Auger !!

TA : 7 years 109 events (>57EeV)

Auger : 10 years 157 events (>57EeV)

Southern hotspot is seen at Cen A(Pre-trial ~3.6σ)

TA + Auger Sky map (57EeV vs 57EeV)
Hot spots
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TA + Auger Sky map (57EeV vs 42EeV)

UHECR２０１６
Arrival directions at ultra-high energies - A review

共通するDeclination 領域を
用いて対応する
閾値エネルギーを調整



Other anisotropy studies



2MRS catalogue D<75Mpc

Blue〜Redは corresponds to 0〜75Mpc

A search for anisotropy in spectrum shape in TA FOV

○ Distance distribution of matter is different 

between 

direction of SGP, and not SGP

→Reflecting energy loss process, spectrum 

Shape's difference should emerge

(More distance → More attenuation）

○ The attenuation depends on composition 

→ Check attenuation and see consistency with 

an assumption of composition

2015/09/26 JPS meeting 2015 @Osaka City Univ (Japan) translated to English

Relative amount of objects 

(in 2MRS , efficiency corrected)

red：SGP <30 deg lat (On source)

black：Off source 



0.34

1.67

P=6.2x10
-

4

- Observed feature agree with assumption from    

matter distribution qualitatively . 

- Chance probability was evaluated by repeating 

same procedure to MC distribution (null hypo)

P=6.2x10
-4   

（3.2σ）

Observed Energy distribution 

Broken power low fit

Confidence contour

Break Energy and  spectrum index  at higher energy

Log
10

(E
b

/EeV) Fraction (E>Eboff)

On 1.83 (1.78) 0.66 (0.52)

Off 1.67 (1.78) 0.34 (0.48)

- Exposure ratio is 52:48

(harf / harf , On/ Off)

-Off source shows early break 

and sudden attenuation.

（）expected

@ null hypo

Break energy vs Fraction in MC(uniform)

Spectrum shape differ in TA FOV

A search for anisotropy in spectrum shape in TA FOV



Comparison with proton model

-Extract matter distribution from  2MRS catalog

- Propagate proton assuming source spectrum 

and evolutionParameter (CRPROPA 2.0.4)

(P=-2.2 m=7 obtained E.Kido et.al)

- Calculate expected distribution of observed 

energy 

- Scale the distribution with number of event 

in the data (E>10
19

eV)

-result is shown in right side

- Red | SGP lat |< 30° (on source)

- Blue | SGP lat |> 30° (off source)

Off source : Eb = 1019.67eV
MC expect E> Eb : 40(±0.4%) event

Data E> Eb : 30 event
P~6%

Procedure

Assume 2MRS matter dist ,Proton composition

■Spectrum attenuation observed at Off source region is still consistent with pure proton.



Energy correlation between events
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• Low energy events(19<E<57EeV) near high energy event ( E>57EeV )
• Small window 3°
• What Physics could be the cause of such correlation? 

• ①Heavier particle at high energy exist small scale clustering

• ②very small magnetic field  small scale clustering

○High energy event

Number of event in 3deg

e
ve

n
ts

(αδ) =(210, 60)
Nobs=9

Nbkg= 0.93

空気シャワー観測による宇宙線の起源探索
勉強会



Result (coincidence of LE clustering and HE event)
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4.96σ

• Li-Ma σ

赤経

赤
緯

• σLi-Maのdistribution at high energy event direction

Uniform

At least 1 event E>57EeV correlate 
with low energy prob 3.2σ

ＭＣ >4.96σ

σLi-Ma

黒: 105 set MC
緑: σLi-Ma > 4.96 963case (2.3σ)
赤: coincidence with E>57EeV

76time P=7.6x10-4 (3.2σ)
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拡張計画
TAx4 ：

TALE 低エネルギー拡張
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TAx4 拡張計画

North

South

既存TAアレイの南北２領域に2.08 km 間隔で新規SDを追加。
TA地表アレイとあわせて、合計3000 km2 の観測面積 (～Auger) の面積で観測

• Hot spot 宇宙線起源 の解明
• 広い検出器間隔 57EeV で Efficiency > 95%
• エネルギー分解能 -29% +22%
• 角度分解能 ～2.2度
• HiResⅡ望遠鏡を移設 ハイブリッド観測

北半球の異方性の精査観測
エネルギースペクトルの詳細な測定
質量組成の特定

トリガー・再構成効率 Energy 分解能
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TAx4  Experiment

- TAx4 experiment gives statistics correspond to 19 years of observation by TA

- Figures are simulations of the expected anisotropy at statistics of TAx4 data .
- These simulations are done in 2 scenarios.

Left side is the case that hot spot have origin at one location.
Right side is the case that hot spot have origin at two location.

UHEAP 2016 @ University of Chicago
2017/3/31
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検出器開発・アセンブリ
ファイバーレイアウトのR&D
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16/01月 PMT輸送振動試験 OK

16/02月 100 台製作＠明星電気
16/03月 アメリカへ輸送

輸送後の状態確認  OK

16/08月 75 台製作＠明野観測所
16/11月 アメリカへ輸送

17/01月-02月 最終アセンブリ
TALE サイトへ設置

納品シンチレーター
相対発光量(100枚毎サンプル) Npe (/MIP)

シンチロット＃

製作したSDのMIP count (Npe)

８月に行われた明野観測所での作業風景
国内大学・ロシアからの研究者学生が参加
ファイバーを張っているところ

PMT ETL  Hamamatsu

PMT 量子効率ばらつき小@475nm
PMT  管面の一様性向上

Ave. ~20pe / mip



10 基の高仰角 望遠鏡 (31-59o)で低エネルギー側の浅く発達するシャワーを観測
Hybrid観測のために密集した地表粒子検出器を配置 (400m,600m,1200m 間隔)

1016eV-1018eVにかけての スペクトルとXmax(化学組成)の高統計・精密観測

～ΔEfd 16% @1016eV,  11% @1018.5 eV ～ΔXmax １０g /cm2

TA Low Energy Extension (TALE)

望遠鏡は先行して稼動



Auger prime Upgrade
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E-mu 弁別をすべての検出器で行う。



まとめ
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• 観測結果
• 1015.6- 1020.3 eVで宇宙線スペクトルの測定
• TA Xmax の測定結果は 陽子 （または軽元素）と無矛盾
• Auger 明確に mixed composition. と主張
• 北半球 E~5.7x1019 eV 以上で異方性の兆候(Hot Spot)

• Spectrum 超銀河面方面とそれ以外での差異
• 全球での異方性解析 (Hotspot 解析 Dipole)

• 拡張計画
• TAx4 : 高統計で高エネルギーでの異方性を調べる。(TA19年分)

• TALE: 低エネルギーで精密測定 宇宙線源の遷移を見る
• 関連観測 R&D

• 雷との相関観測
• μ粒子検出器、Augerとの共同観測 空気シャワーの詳細測定
• 電磁シャワーからの電波測定 将来の測定方法のR&D

• 新型大気蛍光望遠鏡のR&D (FAST等)

• Auger, EUSO等との同時観測


