
17 August 2017                                   H. Sagawa                              KIAA-WAP II,  Beijing, China            1

33Latest results of 
the Telescope Array experiment on 

ultra-high energy cosmic rays

Hiroyuki Sagawa
for the Telescope Array Collaboration

Institute for Cosmic Ray Research
University of Tokyo

17-August 2017 KIAA WAP II                     KIAA Peking University, Beijing, China



17 August 2017                                   H. Sagawa                              KIAA-WAP II,  Beijing, China            2

• Telescope Array (TA)
• Latest results

– Energy Spectrum
– Composition
– Anisotropy

• Future of Telescope Array

Content

The results were reported at ICRC2017
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Energy spectrum of cosmic rays

Highest-energy 
cosmic rays
~1020eV
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𝛼𝛼 = ~3

Cosmic-ray flux

Knee
~5×1015 eV

Acceleration of cosmic rays 
to Knee energy (~5×1015 eV)
could be explained by 
shock wave acceleration
(sourc spectral index 𝛼𝛼=2.0 ~ 2.2)
at supernova explosions in the Galaxy

What are the most powerful accelerators
that generate cosmic rays of 1020 eV
in the universe?
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Astrophysical cosmic-ray accelerators
as source candidates

Hillas condition E < e B r 𝛽𝛽

magnetars
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Telescope Array(TA) 30 km

Surface Detector

30 km

6

Utah, USA

507 scintillator
detectors

1.2-km spacing
~700 km2

operational
since March, 2008

2017/8/28

39.30° N
112.91° W
1370 m ASL
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Surface Detectors (SD)

2 layers scintillator
1.2 cm thick,  3m2 area
Optical fibers to PMTs
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Communication: radio

Power: Solar/Battery
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Long Ridge Black Rock Mesa

Middle Drum

New Telescopes

6.8 m2
~1 m2

14 telescopes @ station
256 PMTs/camera

Fluorescence Detectors (FD)

12 telescopes/station
256 PMTs/camera

5.2 m2

Reutilized from HiRes-I
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Hybrid event example
SD
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• Telescope Array (TA)
• Latest results

– Energy Spectrum
– Composition
– Anisotropy

• Future of Telescope Array

Content
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TA shower analysis with SD
An SD hit map of a typical event

Time fit

Lateral distribution
profile fit

800 m

S800

Use S800 as an energy estimator
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(SD scaled to FD energy: calorimetric)

E(SD)=ETBL/1.27 

E > 1019 eV
Angular resolution = 1.4o

E > 1019 eV
Energy resolution < 20%

Energy Scale Check and Resolution

Hybrid events

Final energy is scaled by 1.27

𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇

𝐸𝐸𝐹𝐹𝐹𝐹
ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

= 1.27

𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸(𝑆𝑆𝑆𝑆𝑆, 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃)
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TA SD Spectrum (9 years data)

Log(E/eV) Ankle
= 18.69 ± 0.02

Log(E/eV) GZK
=19.81 ± 0.04

Normalized Log Likelihood / NDOF = 21.96/22 
N_EXPECT (> GZK, no cut-off)       : 79.8
N_OBSERVE (data > GZK)               : 22
GZK CHANCE PROBABILITY            : 2×10-12 ~7σ
BEREZINSKY E_1/2, log10(E/eV)   : 19.80 ± 0.05

fit to broken power law
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TA & Auger Spectrum WG report

Fit above E > 1019 eV
Entire skies of TA and Auger                                    Common declination band 

• Break points are roughly  in agreement
• Smaller but significant difference remains
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Declination dependence in TA

3.9σ effect in TA using broken power law fit
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TA Low-energy Extension (TALE)
Galactic to Extra-Galactic Transition

TALE-FD: 10 reused HiRes telescopes to look 
higher in the sky (31-59o) to see shower 
development to much lower energies

TALE-SD array: Graded infill 
surface detector array - more 
densely-packed surface detectors 
(lower energy threshold)

TALE-FD: TALE-SD array:
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All 10 Telescopes installed and in operation since 
fall 2013
Test array of 16 scintillation SDs has been in 
operation → Totally 103 were deployed in Feb. 
2017
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Nearby Events with Cerenkov 
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Knee

TALE Energy Spectrum
(Monocular)
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Comparison with other measurements

.  
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• Telescope Array (TA)
• Latest results

– Energy Spectrum
– Composition
– Anisotropy

• Future of Telescope Array

Content
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Xmax Technique 
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longitudinal shower development

Xmax

• Longitudinal development of cosmic-ray showers depends 
on primary particle type

• FD observes longitudinal shower development
• Xmax (depth of shower maximum): the most efficient 

parameter for determining primary particle type
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Xmax distributions (Hybrid, Stereo)

proton

Helium
Nitrogen

Iron

MD                         MD/BRM/LR
BRM/LR
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Elongation rate (Hybrid, Stereo)

Proton

Helium

Nitrogen

Iron



17 August 2017                                   H. Sagawa                              KIAA-WAP II,  Beijing, China            26

Proton

Helium

Nitrogen

Iron

Xmax width (Hybrid, Stereo)
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• Telescope Array (TA)
• Latest results

– Energy Spectrum
– Composition
– Anisotropy

• Future of Telescope Array

Content
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Cosmic ray
Origin

 Low energy cosmic rays
 bend by the magnetic field
 Isotropy at the Earth

 Highest energy cosmic rays 
 Almost go straight against magnetic field
 Possible to find cosmic-ray hotspot

Why highest energy cosmic rays?

Cosmic rays are charged particles
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• 9 years of TA SD data
• Zenith angle up to 55°, loose border cut
• Geometrical acceptance; exposure  8600 km2 yr sr
• Angular resolution: better than 1.5°
• Energy resolution:  20%

Anisotropy Analysis
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Global anisotropy Super-Galactic (SG) coordinates

p-value for K-S test = 0.01 for SG latitude, & E > 57 EeV

Isotropic for other energy thresholds/coordinates
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Correlation with Large-Scale Structure 
(LSS) 

expected flux density from
proton (E>57 EeV) LSS 2MASS
Galaxy Redshift catalog (XSCz)
Smearing angle = 6o

Darker color represents larger flux.   
UM — Ursa Major;  Co — Coma;  V — Virgo;  PP — Perseus-Pisces

Equatorial coordinates

(20 Mpc)                   (90 Mpc)          (20 Mpc)                   (70 Mpc) 

Gray patterns:
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Global anisotropy Large-scale structure

For E>57 EeV,
consistent with LSS
inconsistent with isotropy

(theta = smearing angle)
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TA Hotspot (5 years data)
72 events with E > 57 EeV

Observed: 19
Expected : 4.5
(26% of events in 6% of area)

Oversampling circle radius: 20o

Maximum pre-trial significance : ~ 5σ
at RA=146.7o, Dec=+43.2o

Post-trial significance: 3.4σ

Equatorial coordinates

pre-trial significance
Excess

Deficit

ApJL 790:L21, 2014: loose cuts
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Hotspot with 9 years data

With original 20° oversampling, spot looks 
larger…. Thus, scan over 15°, 20°, 25°, 30°, 
& 35°

With  25° oversampling, 
Maximum pre-trial significance: ~5σ

at RA=144.3o, Dec=+40.3o

Observed: 34
Expected : 13.5

Post-trial significance : 3σ

143 events with E > 57 EeV
SGP
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Spectral anisotropy 

“cold spot” at lower energies,
same place as the hot spot at high

Post-trial significance: 3.7σ

E>1019.2 eV

Maximum pre-trial signif. at (R.A., Decl.) = (139o, 45o)
for average spherical cap size <r> of radius 30o

Scanned for log10E > 19.0, 19.1, 19.2, 19.3
radius <r>  = 15o, 20o, 25o, 30o

7 years of TA SD data

Hot
(excess)

Cold
(deficit)

red points: events inside the circle
blue points: expectation defined

outside the circle
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Spectral Anisotropy
(from the point of regions with more/less nearby objects)

Super-Galactic Plane (SGP)

Off source region

On source region

log(EON/EeV)= 1.83

log(EOFF /EeV)
= 1.67

EON and EOFF: 3.2σ difference

Equatorial coordinates Colored dots: 2MRS galaxies (E < 75Mpc)

(within 30o from SGP)

more nearby objects

TA energy distributions
(5 years of SD data)
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• Telescope Array (TA)
• Latest results

– Energy Spectrum
– Composition
– Anisotropy

• Future of Telescope Array
– TAx4
– TALE SD and NICHE

Content



WAPP

TAx4
• TA

• Surface Det.  ( )
• 507 SDs (1.2 km spacing), ~700 km2

• Fluorescence Det. ( ): 3 stations

• TAx4 extension
• Surface Det. (              ) 

• Additional 500 SDs (2.08 km spacing)
• Quadruple TA SD (~3,000 km2 incl. TA SD)

• Funded by JSPS from JFY2015 for five years

• Fluorescence Det. (              )
• additional 2 FD stations (12 HiRes Telescopes)

• Approved by NSF in 2016
• Northern site construction underway

• Construction from JFY2015
• Add detectors in about three years
• TA 19 year data by 2020

• ~300 highest-energy cosmic rays

• Detailed observation of the hotspot
• TA 16.3 years of hybrid data

TA

TAx4 ext.

TAｘ４ ext. 

Delta City

38

(JFY: Japanese Fiscal Year)
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① Scintillator counter assembly (Japan)

Utah, USA
② Final assembly (workshop)
③ Assembled SDs (workshop)
④ Staking (for SD positioning and follow-up surveys)

• 2/3 of TAx4 site finished by ATVs
• 1/3 will be finished this fall (2017) by helicopter

Plan 
– Permission from Bureau of  Land Management
– TAx4 SD deployment

TAx4 SD

1
2

3

4

Japan Utah, USA
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TALE SD Array

Full TALE SD Array (103) deployed Feb 2017 – now commissioning

2017 March 13 10:23:06
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NICHE
Use non-imaging light collection to extend the 
range of TA/TALE to below 1015 eV
- Hybrid with TALE Telescope (left figure)

- 0.25 km2, 70-m spacing (E > 1015.5 eV)
- Stand-alone array overlapping with TALE SD

- 1.5 km2, 200-m spacing (E > 1017eV)
- 100-m spacing (E down below 1015 eV)

Array of 15 Cerenkov detectors (jNICHE) are being 
added

jNICHE: funded by JSPS (JFY2014-2017)

March 2017: Deployed 4 Cherenkov Detectors 
(CDs)

Non-Imaging CHErenkov array
MD/TALE FDs
TALE SDs
NICHE
J-NICHE

2 CDs                                 TALE

4 jNICHE CDs
Deployed in Mar 2017

Triple coincidence



17 August 2017                                   H. Sagawa                              KIAA-WAP II,  Beijing, China            42

• TA SD/FD and TALE FD energy spectrum shows spectral features 
(1015.4 eV < E < over 1020 eV)
– ankle (1018.69 eV),  cutoff (1019.81 eV)
– 2nd ankle, 2nd knee in lower energy region

• TA Xmax: compatible with light composition (E > ~1018.2 eV)
• TA hotspot (3σ) now appears larger than we originally thought
• TAx4 is coming soon; construction underway
• Full TALE SD was recently deployed and is coming on line. 

Conclusions
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backup
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Surface Array Energy Measurement
• Energy table is 

constructed using 
the MC (CORSIKA)

• Determination of 
event energy by 
interpolating 
between S800 vs. 
sec(θ) lines

• Uses novel “de-
thinning” of 
CORSIKA (paper 
draft in internal 
review)
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TALE Fluorescence-
dominant Event
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High Energy Hybrid Event

Energy: 1.3 × 1020 eV
Zenith Angle: 55.7°

Surface array constrains 
geometry fit via extra timing 
& core information
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Stereo Observation

Intersect shower planes to get more 
precise geometry

Xmax
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Hybrid Observation

● Astropart. Phys. 64 49 (2014).          
4 yrs, 297 Events > 1018.4 eV
● Cuts based on pattern recognition 
technique to improve resolutions  s ≤ 
25 g/cm2, all energies.
● Update:

7 yr, 613 Events > 1018.4 eV
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Search for UHE photons
MVA estimator (𝜉𝜉)

Multi-Variable Analysis (MVA)
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Search for UHE neutrinos
MVA estimator (𝜉𝜉)
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TA SD composition (MVA)
(with TA hybrid composition (Xmax)
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Consistent with Fluctuation

BUT, inconsistent with chance excess from 
isotropic distribution (Poisson: average = 0.9 
per year)  at   ~ 2.6σ

Cumulative Probability 
Distribution of number of 
events per year

K.S. Test shows data is consistent with 
fluctuation for hotspot 
(Poisson: average = 2.78 per year, no 
time variation),
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years 1-9
25° circles

years 1-5
20° circles

Supergalactic coordinatesHot spot 
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19.07.2017 slide 55 of 17TA anisotropy summary//ICRC2017

Hot spot Years 6-9 vs. 1-5
no hypothesis – no tests

years 1-5
total 72

years 6-9
total 71
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Ursa Major Cluster
(D=20Mpc)

Virgo Cluster
(D=20Mpc)

Perseus-Pisces
Supercluster

(D=70Mpc)

Eridanus
Cluster

(D=30Mpc)

Fornax Cluster
Centaurus
Supercluster (D=60Mpc)

Huchra, et al, ApJ, (2012)
dots (・) : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC)

TA hotspot is found near the Ursa Major Cluster

TA
All sky survey with TA and Auger

with Nearby Galaxy Clusters
TA         7 years (>57 EeV)
Auger 10 years (>57 EeV)

(no E scale adjust.)
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Interaction lengths of p,He,O and Fe

Astrophysically p and He 
are very different
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Single Source Two Separated Sources

Clarify the details of the Hotspot 
Simulated TA 19 year-equiv. data
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Doublet
(∆θ=1.31o)

Triplet? or
Doublet

(∆θ=1.35o)

Small-scale anisotropy Autocorrelations

Auger 10 years (6 events)

TA 9 years (23 events)

2 doublets above 100 EeV.
 the probability to have ≥2 doublets with ∆𝜃𝜃 = 2 deg

P = 0.30% (2.8σ)
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