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One of the uncertainties in the interpretation of ultrahigh energy cosmic ray data comes from the
hadronic interaction models used for air shower Monte Carlo (MC) simulations. The number of muons
observed at the ground from ultrahigh energy cosmic ray–induced air showers is expected to depend upon
the hadronic interaction model. One may therefore test the hadronic interaction models by comparing the
measured number of muons with the MC prediction. In this paper, we present the results of studies of muon
densities in ultrahigh energy extensive air showers obtained by analyzing the signal of surface detector
stations which should have high muon purity. The muon purity of a station will depend on both the
inclination of the shower and the relative position of the station. In seven years’ data from the Telescope
Array experiment, we find that the number of particles observed for signals with an expected muon purity
of ∼65% at a lateral distance of 2000 m from the shower core is 1.72!0.10ðstatÞ !0.37ðsystÞ times larger
than the MC prediction value using the QGSJET II-03 model for proton-induced showers. A similar
effect is also seen in comparisons with other hadronic models such as QGSJET II-04, which shows a
1.67!0.10!0.36 excess. We also studied the dependence of these excesses on lateral distances and found
a slower decrease of the lateral distribution of muons in the data as compared to the MC, causing larger
discrepancy at larger lateral distances.

DOI: 10.1103/PhysRevD.98.022002

I. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs)
has been a long-standing mystery of astrophysics. The
Telescope Array (TA) experiment [1] in Utah, USA, is the
largest experiment in the northern hemisphere observing
UHECRs. It aims to reveal the origin of UHECRs by
studying the energy spectrum, mass composition and
anisotropy of cosmic rays. When a UHECR enters the
atmosphere, it interacts with atmospheric nuclei and gen-
erates the particle cascade, which is called an air shower.
The information of primary cosmic rays is estimated from
observed signals of air shower particles and the air shower
Monte Carlo (MC) simulation.
UHECR air showers are not fully understood. At

present, the maximum energy of hadronic interactions in
the target rest frame accessible at accelerators is 1017 eV
at the CERN LHC. The MC for cosmic rays in the energies
above 1018 eV uses the extrapolated values of the parameters

of hadronic interactions, such as the cross section and
multiplicity. The values of these parameters differ between
hadronic interaction models, due to the uncertainty of
modeling pion or kaon generation at the early age of the
air shower development. Thus, inferences of UHECR
composition from air shower measurements are model
dependent [2,3], which is important in understanding the
origin of UHECRs because cosmic rays are deflected in the
Galactic and extragalactic magnetic fields.
In addition to that, the HiRes/MIA experiment reported a

deficit in the number of muons from MC air showers
compared with experimental data for E≳ 1017 eV [4]. The
Yakutsk experiment also indicated lower simulated muon
densities than those observed for E≳ 1019 eV [5]. The
Pierre Auger Observatory, which is located in Mendoza,
Argentina, reported [6] a model-dependent deficit of muons
in simulations of 30%–80% relative to the data, 1019 eV.
The Pierre Auger Collaboration also reported that the
observed hadronic signal in UHECR air showers is 1.61!
0.21 ð1.33!0.16Þ times larger than the post-LHC MC
prediction values for QGSJET II-04 [7] (EPOS-LHC [8]),
including statistical and systematic errors [9]. For
E≲ 1017 eV, The KASCADE-Grande experiment [10]

*Deceased.
†Corresponding author.
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Ultra-High-Energy Cosmic Ray
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v Origin of cosmic ray up to 1014eV
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GeV-TeV observations gave
some indirect evidences
of the proton acceleration
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- Composition changing
- Galactic objects?Knee

Ankle
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 SD : Regardless of weather condition with high duty circle and wide FoV.
à High statistical data à Anisotropy & spectral shape

FD : limited to clear moonless night. 
Longitudinal development of air shower à Mass composition (Xmax)
Measure the energy deposit calorimetrically à Absolute energy scale

# of P
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Xmax

Xmax Technique  

Depth [g/cm2] 

N
um

be
r o

f c
ha

rg
ed

 p
ar

ti
cl

e 

Shower longitudinal development 

Xmax 

• Shower longitudinal development 
depends on primary particle type. 

• FD observes shower development 
directly. 

• Xmax is the most efficient 
parameter for determining 
primary particle type. 

HiRes 

Auger 

    PRL.104.161101 
(2010) 

    PRL.104.091101 
(2010) 

Mass compsition
Iron / Proton

Detect fluorescence lights emitted from 
nitrogen excited by air-shower particlesTwo Different Type
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Telescope Array (TA)

北半球最大の地表粒子検出器アレイ(SD)と 
大気蛍光望遠鏡(FD)のハイブリッド検出器

テレスコープアレイ(2008～)
米国、ユタ州 
- 39.3oN, 112,9oW 
- 標高～1400m

地表検出器アレイ(SD) 
- 3m2  シンチ検出器  
- 507台を1.2km間隔に配置 
- 有効面積 680km2

大気蛍光望遠鏡(FD) 
- 3ステーション 
- SDと同時(ハイブリッド)観測 
   → E較正、クロスチェック
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• Utah, USA
- 39.3°N, 112.9°W
- 1400m asl.

• Surface Detector (SD)
- 3m2 Scintillation det.
- 507 detectors
- 1.2km spacing
- Effective area 700km2

• Fluorescence Det. (FD)
- 3 stations
- 12 telescopes/station

The TA is the largest aperture hybrid cosmic ray 
detectors in the northern  hemisphere. 6



7



8

Telescope Array



700km2 with 1.2km spacing
- 2 layer Scintillators

+ WLS fibers + 2PMTs
- DAQ 50MHz FADC
- Solar power system
- Communication antenna

à Stand-alone detector

Solar panel
（1m×1m）

Communication
Antenna

9

SD Event Display



Typical Fluorescence Event 

Event Display 
Black Rock Mesa 

Monocular timing fit (time vs angle) Reconstructed Shower Profile 

Fluorescence 

Direct (Cerenkov) 

Rayleigh scatt. 

Aerosol scatt. 



Energy Spectrum
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< Energy Spectrum (TA-SD: 9yrs) >/

ICRC2017 CRI172

SD Energy Spectrum (9 years)

ü Ankle break ~5EeV

ü Suppression ~60EeV
consistent with the GZK

ü Suppression (>1019.8eV):
N (continue) = 79.8
N (observed) = 22

ü Continuous spectrum is
excluded at 7s

12

~60EeV
~5EeV

ICRC2017

Protons rapidly loss their  energy 
by interaction with CMB.
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Comparison with Auger

After matching energy scale at the ankle break,
the location of the suppression energy is clear different.
à Systematics or physics?

TA (Utah/US)

Auger 
(Mendoza, 
Argentina)



Declination Dependence
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Energy spectra of TA and Auger in the 
common declination band.  The locations 
of the high energy breaks agree to within 
1s

Energy spectra of TA above and below 
d=24.8° The locations of the breaks 
disagree at ~3.2s level



Anisotropy

15

Possible particle astronomy?



Correlation with LSS
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v Large-Scale Structure model 2MASS Galaxy catalog (XSCz)
v Grey Pattern: Model with  6° radius circle smearing angle

à Matter density ∝ Cosmic-ray density

We investigate correlation between arrival directions of 
the UHECRs and the LLS model (and isotropic model).

P. Tiynakov
ICRC2017

C: Centaurus SCl (60 Mpc); 
Co: Coma Cl (90 Mpc); 
E: Eridanus Cl (30 Mpc); 
F: Fornax Cl (20 Mpc); 
Hy: Hydra SCl (50 Mpc); 
N: Norma SCl (65 Mpc); 
PI: Pavo-Indus SCl (70 Mpc); 
PP: Perseus-Pisces SCl (70 Mpc); 
UM: Ursa Major Cl (20 Mpc); 
and V: Virgo Cl (20 Mpc). 
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Correlation with LSS

E>5.7×1019 eV
Consistent with LSS 
Inconsistent with isotropy 

E > 1.0×1019 eV E > 4.0×1019 eV

E > 5.7×1019 eV

LSS LSS

LSS

x-axis : smearing angle
Y-axis : compatibility between
the expected and the data



Hotspot (>57EeV, 5 years)

18

ü 5-year observation by the TA SD
ü Observed 72 events with E>57 EeV
ü Indication of UHECR hotspot
ü Local significance 5.1s

ü Assuming 5 search window radii 
(15o, 20o, 25o, 30o, 35o),
Global significance 3.4s

Almost double statistics

R.U. Abbasi+2014, ApJL



Hotspot (>57EeV, 9 years)

19

SGP GP

v Total events: 143 events
v Best circle center : RA. =144.3o, Dec. = 40.3o

v Best circle radius : 25o

v Observed in the Hotspot circle : 34
v Expected in the hotspot circle : 13.5
v Local (pre-trial) Significance : 5.0s
v Global (post-trial) Significance 3s



Mass Composition
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Averaged Xmax

21

ü Air showers induced by the lighter composition penetrate 
into the deeper atmosphere.

ü Consistent with proton or light components (QGSJET-II-04)
ü We need more statistics for E > 1019.6 eV

Xmax

Measured by FD



< TAx4 Experiment >

• ∼3000km2 SD array (Quadruple area)

– Approved by Japanese government 2015

– 500 scintillator SDs

– 2.08km spaceing

– 3yrs construction

– first 180 SDs have arrived in Utah.

– Next 60 SDs to be prepared at ICRR and

SKKU in 2018 summer and shipped to Utah

• 2 FD stations (12 HiRes-II telescopes)

– Approved by US NSF 2016

– Telescopes/electronics being prepared

at Univ. of Utah

– first light at the northern station

– Site construction underway at the southern station

• by 2020,

– Get 19 TA-equiv years of SD data

– Get 16.3 (current) TA years of hybrid data

TAx4 Experiment

22

² Now there is hint of anisotropy 
at 3s level for northern sky.

v extend SD array by 4 times
(3,000km2)

1.  Add 500 scint. counters
with 2.1 km spacing

2.  Add two FD stations
à Approved and under construction

v Science
1. Anisotropy study à Expect  >5s
2. Xmax at highest energy region
3. UHE photon & neutrino search



Summary

• Recent results for 9 years
– E Spectrum : significant suppression

consistent with GZK cutoff (7s >1019.8eV)
– Anisotropy : Indication of Hotspot>57EeV (3s)
– Composition : proton or light components 

(1018.2eV<E<1019.6eV)
• TA Extension : TAx4 (TA aperture x4)

– Under construction

23



BACK POCKETS

24
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MD TAx4

3

Commissioning now
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BR TAx4 Shelter Installation

9

2018-08-16



Width of Xmax distribution (sXmax)
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<Xmax> vs. smax Plane (<1018.8eV)

❖ Data/MC Comparison

❖ Data : Red rectangle
(including systematics)

❖ MC : Contours
(5000 MC sets)

❖ In lower energies <1018.8eV,
allowing shift 10-20g/cm2

data looks like protons
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<Xmax> vs. smaxPlane (>1018.8eV)

❖ Data/MC Comparison

❖ Data : Red rectangle
(including systematics)

❖ MC : Contours
(5000 MC sets)

❖ In lower energies <1018.8eV,
allowing shift 10-20g/cm2

data looks like protons

❖ In higher energies >1018.8eV,
data points looks like heavier
primary than protons



< Ultra High Energy Cosmic Rays >/
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Ultra-High-Energy Cosmic Rays



Electron Light Source (ELS)

31

Electron Light Source (ELS)

• 40-MeV, 109 electrons (typical)
• End-to-end FD energy calibration

An image of data
Measured with FD

Electron beam

100m

BR FD 
station

Cosmic ray
Electron beam

112013/12/21

• Real data
• ELS

• Energy/beam current from 
monitor

• FADC counts from FD
.

• MC data
• Shower generation

• Geant4.9.5 or 4.9.6 (οE ՜ AFY)
• FD simulation

• TA official software

Air Fluorescence Yield (AFY) by using Reference Model proposed by B. Keilhauer et al.
(UHECR2012, arXiv:1210.1319)

T.Shibata
ICRC2013
preliminary

T and humidity dep.

Absolute Energy Calibration of TA-FD with an ELS
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

40 Pa during the data taking. The titanium vacuum cham-
ber and the outer copper case had beam entrance windows
of 127 µm thickness each. We used two FCs of the idential
construction attached on an electric slide and alternatively
instaled them in the beamline; one FC was connected to a
Coulomb meter and another was connected to an osciilo-
scope for the readout as shown in Fig-1. The coulomb me-

Fig. 1: The new faraday cup which was produced in March
2013. A copper beam dump is located in the titanium vac-
uum chamber of which inside pressure was about 40 hPa.
The titanium chamber is covered with a copper of cylinder.
There are two same faraday cup for connection to oscillo-
scope and coulomb meter independently.

ter is 6514 ( KEITHLEY ) with a resolution of is 10 fC.
The electric noise during beam operation is at the order of
0.1 pC, and the S/N ratio is large enough for measurement
of a typical 100 pC charge. The oscilloscope is TDS3014
( Textronix ) of which sampling rate and cutoff frequency
are 1.25 Gs/sec and 100 MHz, respectively. The output sig-
nal of the FC is connected to the oscilloscope without any
amplifier, and the beam spill structure was recorded. The
charge was calculated by time integration of the record-
ed waveform. The beam charge was simultaneously mea-
sured by CM. The CM can measure the beam charge with-
out destroying the beam. However since the typical output
of CM in case of beam current of 160 pC for 1 µsec is
0.3 mV, we used two cascading amplifiers for amplification
and shaping. The amplifired CM waveform was recorded
by the oscilloscope and the integrated pulse was calibrat-
ed with the FC. The beam charge during the injection into
the air was measured by the ( beam non-destructive) CM
and was calculated by the integration of the calibrated CM
output. Figure 2 shows the calibration results of the CM in
March 2013. As shown in the Figure, the calibrations of
CM for the absolute beam charge by the oscilloscope and
the coulomb meter agrees within ±2%.

We also evaluated the capture rate of the beam elec-
trons and backscattering from the surface of the copper
dump with GEANT-4 simulation. We calculated the to-
tal captured charges in the copper dump by injecting 40-
MeV electrons from the injection point inside of the vacu-
um duct to the beam dump, going through the air and vac-
uum gap and beam windows. The vacuum beam duct had
a titanium window of 127 µm thickness, and the distance
between the beam window and front face of the FC was
10 cm. We confirmed that approximately 98% of the pri-
mary beam charge is captured including secondary elec-
trons and positrons. Tge backscattering leakage from the

front face of the beam dump electrons was estaimated to
be less than 1% of the primary charge, we are in the pro-
cess of evaluating the effect of beam background from the
bending magnet, the slit, and the wall of the beam duct.

Fig. 2: The result of the core monitor calibration with the
faraday cup in March 2013.

2.2 Energy Deposit in the air
The energy scale of FD is deteminted by counting the num-
ber of detected fluorescence photons and relating it ti the
amount of energy deposit in the air. The fluorescence pho-
ton is emitted by the de-excitation of nitrogne molecules
in the air, which are excited by the collision with low en-
ergy electrons generated in the air shower. The fluores-
cence yield is proportional to the energy deposit cause by
showering electrons, positrons and gamma-rays. Then, it
is very important to calculate the energy deposit in the air
with high accuracy. We used GEANT-4.9 for this purpose.
The cutoff energy for tracking electrons and gamma-rays
in the air was set as 1 keV. The total energy deposit in
the FoV (field of view) of the FD was calculated approxi-
mately 14 MeV in case of 40-MeV electron injection. We
checked the result of energy deposit with CORSIKA.6990,
which is commonly used for the air shower simulation. We
expect the result of each simulation is exactly the same be-
cause the description of the electromagnetic interaction in
both code are based on EGS4 and the energy loss formula
by ionization of the electrons and positrons are identical.
Figure 3 shows the longitudinal delvelopment of 40 MeV
electrons released vertically dowonward in the atmosphere
at the depth of 863 g/cm2. The energy deposit calculated
by GEANT-4 and CORSIKA are plotted per unit depth of
the air. The pull plot in Fig-3(lower) shows that the energy
deposit calculated with GEANT-4 and CORSIKA agrees
well at each 1gr/cm2 within a statistical accuracy of 2%.

2.3 Background gamma-ray estimation
The background photon we need to estimate is the contri-
bution of gamma-rays come from the ELS container. The
fluorescence photons are generated by electrons which are
generated by Compton scattering or photoelectric effec-
t. The background gamma-rays are generated by the elec-
trons which collide the accelerator tube, the bending mag-
net and the slit. We estimated number of background pho-
tons which is detected by the FD with GEANT-4.9 and re-

v Beam monitors have been calibrated.
(Faraday Cap, Core monitor)

v MC simulation has been developed.
v Test fluorescence yield models

- TA model(Kakimoto modifiend+Flash) : 
Data/MC = 1.18±0.01(stat)±0.18(syst)

- Common Model (based on AirFly)
Data/MC = 0.96±0.01(stat)±0.15(syst)Beam monitor

OK!
We expect that we can calibrate true energy 
scale of the FD with the ELS in near future.

T. Shibata
ICRC2013
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Astrophysical Scenario:  TA

For LSS
P = 2.37  +0.08 –0.08
m = 5.2  +1.2 -1.3
Log E’/E  =  - 0.02  +0.04 –0.05 

E. Kido 
ICRC 2013

Source Distribution
• Uniform
• LSS (~2MASS XSCz)

Energy Loss with 
• CMB 
• Infra-Red
using CRPropa 2.0 simulation

checked with analytic 'E.
No magnetic field. 

4-parameter fit
• Injection spectrum : E -p

Emax = 1021 eV
• Evolution : (1+z)m
• Flux normalization
• Energy scale

Uniform : F�� NDF = 16.0 / 17
LSS:                              16.2 / 17 

Fit with extra-galactic proton



Hotspot
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– 12 –

Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves

indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the

region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate

the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;

(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated

from (b) and (c) using Equation 1.
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Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves

indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the

region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate

the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;

(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated

from (b) and (c) using Equation 1.

ObservedEvent distribution

Background Significance
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Air Fluorescence : Reference model established

T. Shibata, 
ICRC 2013

B. Keilhauer et al., 
UHECR 2012
arXiv:1210.1319

M. Ave et al.
AirFLY collaboration
ApP 28(2007)41  

Reference Model proposed by B. Keilhauer & experimental groups
at UHECR2012 @CERN.

• Spectrum at 1013 hPa and 293 K:       AirFLY
• Extinction, T and humidity dep. :    AirFLY, N.Sakaki et al.
• Normalization (AF Yield at 337nm) :   open

AirFLY

From Fukushima CosPA2013



35

From Fukushima CosPA2013
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Energy Calibration  E’SD (S38 for Auger)  vs EFD using hybrid events  

V. Verzi, 
ICRC2013

• Auger E-scale updated (ICRC2013)
using (nearly) reference model. 

• TA E-scale unchanged:
¾ Spectrum: FLASH
¾ Yield:  Kakimoto et al. extended
¾ same as HiRes

• Good correlation (~linear) with 
particle density at 1000m (Auger) , 
800m (TA) from core
for 1018.5 < E <1019.8 eV.

• Limited statistics for 1019.5 eV < E

• S38 = # of VEMs at  T=380 and D=1000m
• Zenith attenuation of VEMs obtained

from Constant Intensity Cut (CIC)

• S-800 = # of particles at D=800m
• S-800(E’SD  , th) map is obtained by

air shower simulation.

TA
Auger

From Fukushima CosPA2013
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TA muon detector project

• One set of 24-m
2

scintillator 

detector with concrete absorber on 

the top

• 8x(3-m
2

scintillator detectors)

• Lead layer sandwiched between two 

scintillators

• First 9 m
2
: 12x(0.75 m

2
)

• 1 segment was deployed inside CLF

will be installed outside CLF early next 

year

• Auger water ՜ TA site

2013/12/21 27

ICRC2013 

Poster, 118, 298



Hillas Diagram

neutron star

proton 10 20
 eV

white 

dwarf

GRB

Fe 10 20
 eV

AGN

AGN jets

SNR

     hot spots

  IGM shocks

Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.

Astrophysics of UHECRs 25

Kotera & Olinto, Annu. Rev. Astron. Astrophys (2010)

v Larmor Radius RL

=100kpc Z-1 (µG/B)(E/100EeV)
>> galactic disk

v Source should have capability 
of confining particle up to EMAX

v Necessary condition, 
but not sufficient

v EMAX depends on 
acceleration mechanism

v Recent simulations
relativistic shocks in AGN can’t 
accelerate up to 1020eV?

Galaxy cluster
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Search for
Violent

Accelerator
in the Universe

Energetic jets of active galaxy（Centaurus A）
ESO/WFI (visible); MPIfR/ESO/APEX/A.Weiss et al. (microwave); NASA/CXC/CfA/R.Kraft et al. (X-ray)）

Motivation

AGN
Super-massive BH 
Accretion disk & torus
(R=~pc)

Hot Spot
(R=~kpc)

Jets
(R=~kpc)

Lobe
(R>~10kpc)



GZK Horizons 
Composition Dependence
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GZK Horizons 
Composition Dependence
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Intergalactic Magnetic Field

instantaneously once they are produced. In this energy range, γ−ray propagation is therefore governed
basically by absorption due to PP or DPP, and the observable flux is dominated by the “direct” or “first
generation” γ−rays, and their flux can be calculated by integrating Eq. (11) up to the absorption length (or
redshift). Since this length is much smaller than the Hubble radius, for a homogeneous source distribution
this reduces to Eq. (12), with lE(E) replaced by the interaction length l(E).

Thus, for a given injection spectrum of γ−rays and electrons for a source beyond a few Mpc, the
observable cascade spectrum depends on the EGMF. As mentioned in Sect. 4.2, the hadronic part of
UHECR is a continuous source of secondary photons whose spectrum may therefore contain information
on the large scale magnetic fields [256]. This spectrum should be measurable down to ≃ 1019 eV if γ−rays
can be discriminated from nucleons at the ∼ 1% level. In more speculative models of UHECR origin such
as the topological defect scenario that predict domination of γ−rays above ∼ 1020 eV, EGMFs can have
even more direct consequences for UHECR fluxes and constraints on such scenarios (see Sect. 7.1).

The photons coming from the synchrotron radiation of electrons of energy E have a typical energy
given by

Esyn ≃ 6.8 × 1013
(

E

1021 eV

)2 ( B

10−9 G

)
eV , (29)

which is valid in the classical limit, Esyn ≪ E. Constraints can arise when this energy falls in a range where
there exist measurements of the diffuse γ−ray flux, such as from EGRET around 1GeV [185], or upper
limits on it, such as at 50−100TeV from HEGRA [257], and between ≃ 6×1014 eV and ≃ 6×1016 eV from
CASA-MIA [258]. For example, certain strong discrete sources of UHE γ−rays such as massive topological
defects with an almost monoenergetic injection spectrum in a 10−9 G EGMF would predict γ−ray fluxes
that are larger than the charged cosmic ray flux for some energies above ≃ 1016 eV and can therefore be
ruled out [259].

4.4.2 Deflection and Delay of Charged Hadrons

Whereas for electrons synchrotron loss is more important than deflection in the EGMF, for charged hadrons
the opposite is the case. A relativistic particle of charge qe and energy E has a gyroradius rg ≃ E/(qeB⊥)
where B⊥ is the field component perpendicular to the particle momentum. If this field is constant over a
distance d, this leads to a deflection angle

θ(E, d) ≃
d

rg
≃ 0.52◦q

(
E

1020 eV

)−1 ( d

1Mpc

)(
B⊥

10−9 G

)
. (30)

Magnetic fields beyond the Galactic disk are poorly known and include a possible extended field in the
halo of our Galaxy and a large scale EGMF. In both cases, the magnetic field is often characterized by an
r.m.s. strength B and a correlation length lc, i.e. it is assumed that its power spectrum has a cut-off in
wavenumber space at k = 2π/lc and in real space it is smooth on scales below lc. If we neglect energy loss
processes for the moment, then the r.m.s. deflection angle over a distance d in such a field is

θ(E, d) ≃
(2dlc/9)1/2

rg
≃ 0.8◦ q

(
E

1020 eV

)−1 ( d

10Mpc

)1/2 ( lc
1Mpc

)1/2 ( B

10−9 G

)
, (31)

for d >∼ lc, where the numerical prefactors were calculated from the analytical treatment in Ref. [260]. There
it was also pointed out that there are two different limits to distinguish: For dθ(E, d) ≪ lc, particles of all
energies “see” the same magnetic field realization during their propagation from a discrete source to the
observer. In this case, Eq. (31) gives the typical coherent deflection from the line-of-sight source direction,
and the spread in arrival directions of particles of different energies is much smaller. In contrast, for
dθ(E, d) ≫ lc, the image of the source is washed out over a typical angular extent again given by Eq. (31),

28

Very difficult to measure IGMF
à Large uncertainty  ~10-17G < B < ~10-9G

But, MF Strength depends on
cluster / filament / void regions

UHECR sources
Virtual observers       

Ryu, Das & Kang, ApJ (2010) 

à too small? to explain 
hotspot shifted from SGP

42

Generally random MF

A simulated universe



GZK Effect

Highest-E cosmic rays can not reach the Earth
from the distant universe. Therefore, Origin of 
cosmic rays should be limited to local universe

Highest-E cosmic ray

Cosmic Background 
Radiation(CMB)

Highest energy region

v Highest-E cosmic ray travel beyond 50Mpc
rapidly loss their  energy by interaction with the cosmic microwave
background. à Greisen-Zatsepin-Kuzmin (GZK) Effect
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TALE (TA Low-E Extension)

44

TALE (TA Low-energy Extension)
down to 1016.5 eV

• E = 1016.5 – 1019 eV
• Second knee at ~1017.5 eV?
• Drastic change of composition 

at 1017~1018 eV?                      
՝

• Transition from galactic to 
extra-galactic cosmic rays?

• ~1017 eV cosmic ray shower: 
compatible with LHC center-of-
mass energy

2013/12/21 24

?

ICRC2013
Oral, 717

TALE layout

101 TALE SDs

TA FD/TALE FD

TALE (TA Low-energy Extension)
z TALE SDs

z 35 TALE SDs were deployed among 101 SDs.

z 16 SDs in operation

25

TALE FD events (data)

z 10 TALE FDs: 
z refurbished HiRes-II telescopes 
z installed and running.

2013/12/21

FD data SD data

Observed hybrid events

TALE (TA Low-energy Extension)
z TALE SDs

z 35 TALE SDs were deployed among 101 SDs.

z 16 SDs in operation

25

TALE FD events (data)

z 10 TALE FDs: 
z refurbished HiRes-II telescopes 
z installed and running.

2013/12/21

FD data SD data

Observed hybrid events

TALE (TA Low-energy Extension)
z TALE SDs

z 35 TALE SDs were deployed among 101 SDs.

z 16 SDs in operation

25

TALE FD events (data)

z 10 TALE FDs: 
z refurbished HiRes-II telescopes 
z installed and running.

2013/12/21

FD data SD data

Observed hybrid events

v Target range 1016.5-1019eV
- Second Knee
- Change of mass composition
- LHC center of mass E

v TALE is operating partly now
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Galaxy Distribution in Local Universe

2MASS catalog velocity 0 – 3000 km/s
John P. Huchra, et al 2012, ApJ, 199, 26
à high completeness catalog

Supergalactic Plane
(SGP)

Heliocentric velocity (Rough Distance)
Red:           0-1000km/s (D =  0-15Mpc)
Blue:    1000-2000km/s (D = 15-30Mpc) 
Green: 2000-3000km/s (D = 30-45Mpc)
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Large-Scale Structure 
(LSS)



Ursa Major Cluster
(D=20Mpc)

Virgo Cluster
(D=20Mpc)

2MASS catalog velocity 0 – 3000 km/s
John P. Huchra, et al 2012, ApJ, 199, 26
+  5-year TA data (Color contour)

Nearby Galaxy Clusters

Perseus-Pisces 
Supercluster
(D=70Mpc)

Heliocentric velocity (Rough Distance)
Red:           0-1000km/s (D =  0-15Mpc)
Blue:    1000-2000km/s (D = 15-30Mpc) 
Green: 2000-3000km/s (D = 30-45Mpc)
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Mrk421

M81
M82

Cen A

Mrk501

Mrk180

M106 3C66BCyg A

1ES J1959+65
BL Lac

RGB J0152+017

Tully Local Void

Virgo Cluster
(20Mpc)

Ursa Major 
Cluster (20Mpc)

Perseus-Pisces
Supercluster (70Mpc)

TA : 2008 May – 2014 May (6.0 years) 87 events
Auger : 2004 May – 2009 Nov (5.5 years) 62 events

Nearby Prominent AGNs 
Dermer, et al., arXiv:0811.1160



49

The Astrophysical Journal, 757:26 (11pp), 2012 September 20 Abu-Zayyad et al.

the UHECR composition is heavy or light, their propagation
length changes with energy roughly in the same way and be-
comes of the order of several tens of megaparsecs as the energy
approaches 1020 eV. Thus, the most important parameter that
determines the amplitude of the anisotropy at a given energy is
the typical deflection angle which we denote as θ (which is, of
course, very different for heavy and light composition).

The goal of this analysis is to determine which values of θ
are compatible with the space distribution of the TA events. In
principle, this can be done at all energies. To minimize statistical
penalties, we limit our analysis to the energy thresholds of
10 EeV, 40 EeV, and 57 EeV.

5.1. Statistical Method

To test the compatibility between the observed UHECR
distribution over the sky and that expected under the LSS
hypothesis (that is, the hypothesis that UHECR sources trace
matter distribution in the universe), we employ the method
developed by Koers & Tinyakov (2009b) and used previously
in the analysis of the HiRes data (Abbasi et al. 2010a). In
this method, one first computes the UHECR flux distribution
expected under the LSS hypothesis and then compares it to the
observed one by the flux sampling test.

The matter distribution in the nearby universe may be inferred
from the complete galaxy catalogs containing the redshift infor-
mation. In this work, we use the 2MASS Galaxy Redshift Cata-
log (XSCz)30 that is derived from the 2MASS Extended Source
Catalog (XSC), with redshifts that have either been spectro-
scopically measured (for most of the objects) or derived from
the Two Micron All Sky Survey (2MASS) photometric mea-
surements. This catalog provides the most accurate information
about three-dimensional galaxy distribution to date.

For the flux calculations, we use the flux-limited subsample of
galaxies with apparent magnitude m ! 12.5. For fainter objects,
the completeness of the catalog degrades progressively, while
their inclusion does not change the results considerably. We
exclude objects closer than 5 Mpc in order to avoid breaking
the statistical description (if such objects are assumed to be
sources of UHECR, they have to be treated individually). We
also cut out galaxies at distances further than 250 Mpc replacing
their combined contribution by a uniform flux normalized in
such a way that it provides the correct fraction of events as
calculated in the approximation of a uniform source distribution.
The quantitative justification of these procedures can be found
in Koers & Tinyakov (2009a). The resulting catalog contains
106,218 galaxies, which is sufficient to accurately describe the
flux distribution at angular scales down to ∼2◦. The UHECR
flux distribution is reconstructed from this flux-limited catalog
by the weighting method proposed by Lynden-Bell (1971) and
adapted to flux calculations by Koers & Tinyakov (2009a).

The XSCz catalog loses completeness in the band of roughly
± 10◦ around the Galactic plane and especially around the
Galactic center. The size of this region is not much larger than
a typical deflection of a proton even at 57 EeV, so this gap may
be bridged without loss of accuracy. Away from the Galactic
center at |l| > 60◦ where only a fraction of the galaxies (the
dimmer part) is missing in the catalog, we apply an l- and a
b-dependent weight correction to the remaining galaxies so as
to compensate for the missing ones. In the region close to the
Galactic center, |l| < 60◦, we extrapolate the flux density from

30 We are grateful to T. Jarrett for providing us with the preliminary version of
this catalog.
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Figure 5. Sky map of expected flux at E > 57 EeV (Galactic coordinates).
The smearing angle is 6◦. The letters indicate the nearby structures as follows:
C: Centaurus supercluster (60 Mpc); Co: Coma cluster (90 Mpc); E: Eridanus
cluster (30 Mpc); F: Fornax cluster (20 Mpc); Hy: Hydra supercluster (50 Mpc);
N: Norma supercluster (65 Mpc); PI: Pavo-Indus supercluster (70 Mpc); PP:
Perseus-Pisces supercluster (70 Mpc); UM: Ursa Major (20 Mpc); and V: Virgo
cluster (20 Mpc).
(A color version of this figure is available in the online journal.)

the adjacent regions in a straightforward manner. The latter is
not an accurate procedure; however, the Galactic center region
overlaps with the TA exposure only slightly, and this inaccuracy
is not important for our results as can be checked by excluding
this region from the analysis.

When propagating the UHECR primary particles from a
source to the Earth, we assume them to be protons and take
full account of the attenuation processes. The injection index
at the source is taken to be 2.4, which is compatible with the
UHECR spectrum observed by HiRes and TA (Abu-Zayyad
et al. 2012a) assuming proton composition and the source
evolution parameter m = 4 (Gelmini et al. 2007). We also
assume that the effects of both the Galactic and extragalactic
magnetic fields can be approximated by a single parameter, the
Gaussian smearing angle θ . We consider θ a free parameter and
vary it in the range 2◦–20◦. In general, the deflections of UHECR
in magnetic fields contain both random and regular parts, the
latter being due to the regular component of the GMF. The
regular deflections are not Gaussian. However, the statistical
test we use here is not sensitive to the coherent character of
deflections provided they do not exceed 10◦–20◦ as set by the
typical size of the flux variations due to local structures (cf.
Figure 5). Thus, for most of the analysis we will use the Gaussian
smearing to represent all the deflections without making the
distinction between the regular and random ones. Later, in
Section 5.4 in the case of the lowest energy set and the largest
deflections, we will discuss the effect of explicitly accounting
for the regular component of the GMF.

To calculate the expected flux, we assume that UHECR
sources follow the space distribution of galaxies. The simplest
way to realize this assumption in practice is to assign each galaxy
an equal luminosity in UHECRs. This is a good approximation
if the density of the UHECR sources is sufficiently high (so that
many sources are present in local structures contributing to the
anisotropy). The contribution of each galaxy to the total flux is
then calculated taking into account the distance of the source and
the corresponding flux attenuation. Individual contributions are
smeared with the Gaussian width θ , so that the flux at a given
point of the sky is a sum of contributions of all the galaxies
within the angular distance of order θ . Further details on the
flux calculation can be found in Koers & Tinyakov (2009b),
Koers & Tinyakov (2009a), and Abbasi et al. (2010a).
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Comparison with
Large-Scale 
Structure
Sky map of expected flux at E > 57
EeV (Galactic coordinates). The
smearing angle is 6◦. The letters
indicate the nearby structures as
follows: C: Centaurus supercluster
(60 Mpc); Co: Coma cluster (90 Mpc);
E: Eridanus cluster (30 Mpc); F:
Fornax cluster (20 Mpc); Hy: Hydra
supercluster (50 Mpc); N: Norma
supercluster (65 Mpc); PI: Pavo-Indus
supercluster (70 Mpc); PP: Perseus-
Pisces supercluster (70 Mpc); UM:
Ursa Major (20 Mpc); and V: Virgo
cluster (20 Mpc).

TA 7 years + PAO 10 years

No correction for
E scale difference
b/w TA and PAO !!
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