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v Cosmic rays 
Power-law spectrum 
in wide energy range 

v Origin of cosmic ray up to 1014eV 
- SNRs  in our Galaxy 
  GeV-TeV observations gave 
  some indirect evidences 
  of the proton acceleration 

v  1014eV – 1019eV 
    (Knee - Ankle) 
     - Index changes 
     - Composition changing 
    - Galactic objects? Knee 

Ankle 

v  Highest-E cosmic rays 
 around 1020eV 

    - Flux suppression 
    - Extragalactic (AGNs?) 
    - 1 particle/100km2/ year 
 

Matthiae, New J. Phys. (2010) 

2nd-Knee? 

SNR? 



Hillas Diagram 

neutron star

proton 10 20
 eV

white 

dwarf

GRB
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AGN jets
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     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 



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) 



Gamma Ray Burst 
Artist view (ES0) 

Colliding clusters of galaxies 
STScI, U. Arizona, CfA, CXC, NASA 

  

Search for 
Violent  

Accelerator 
in the Universe 



Highest cosmic rays Cosmic ray 
Origin 

v  Low energy cosmic rays 
  à bend by the magnetic field 

       à Isotropy at the Earth 
v  Highest energy cosmic rays  

  à Almost go straight against magnetic field 
　   à Possible to find cosmic-ray origin directly 

Why highest energy cosmic rays? 

Cosmic rays are charged particles 
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What do we see?  
astro.uchicago.edu/cosmus/projects/aires 

(Simulated by AIRES) 

Detect Air Shower 
in the atmosphere 

When cosmic ray interact 
with nuclei in atmosphere, 
many secondary particles 
are generated. 

² A highest-E cosmic ray makes 
     more than 100 billion particles. 
 
² Air shower expand across  

a few km on the ground 
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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 

Xmax Technique  

Depth [g/cm2] 
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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 particles Two Different Type 

Detectors 
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Surface Particle  
Detector  

Fluorescence 
Detector  



Telescope Array Experiment 

32km 

v Desert in Utah, USA 
    - 39.30°N, 112.91°W 

  
v  Surface Particle Detector (SD) 

- 3m2 Scintillation Detector 
- 507 det. With 1.2km spacing 
- Distributed across 700km2 

 
v  Fluorescence Detector (FD) 

- 3 stations 
- 12 telescopes / station 

 

28km 
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Telescope Array Experiment 
v Desert in Utah, USA  
　 - 39.30°N, 112.91°W 

  
v  Surface Particle Detector (SD) 

- 3m2 Scintillation Detector 
- 507 det. With 1.2km spacing 
- Distributed across 700km2 

　　　　　　　　　　~Tokyo 23 wards 
v  Fluorescence Detector (FD) 

- 3 stations 
- 12 telescopes / station 
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Detect fluorescence lights emitted from  
nitrogen excited by air-shower particles 



700km2 (Tokyo 23 wards) 
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 
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Scintillator 
DAQ records  
signal size & timing 



 

Radius : Signal size   à Cosmic ray energy 
Color : Signal timing　Blueà Early　RedàLate  
                               à Cosmic ray direction 

Recorded Air Shower Event 

５km 

North 

W 

S 

E 

Upper view Side view 
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SD Data Set 

v  Period :  
  2008 May – 2013 May (5 years) 

v Cut conditions : 
   - # of used detectors >=4 
   - Zenith angle < 55° 
   - Energy > 57EeV  
     (which corresponds to the energy  
      determined by the AGN correlation 
      analysis by the Auger group in 2007) 
   - No boundary cut 
      (increase +20 events, 
       but worsen E & angular resolutions) 
       

= 72 events  
Outer Inner 

Resolutions Inner Outer 
Angular 1.0° 1.7° 
Energy 15% 20% 

à Good enough to search for 
intermediate-scale anisotropy 



Directions of Cosmic Rays 

Galactic  
Center 
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Field of View 

72 TA events on the equatorial coordinate 

Equatorial Coordinate 

21 http://iopscience.iop.org/2041-8205/790/2/L21/suppdata/apjl498370t1_mrt.txt 
Full event table is available in the ApJL online journal : 



22 

Events Summed Over 20°-radius-circle 

20°-radius circle was used for intermediate-scale anisotropy search  
around 1EeV by the AGASA, HiRes and TA. (Kawata et al. 2013 ICRC) 

Equatorial Coordinate Maximum excess = 19 
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Isotropic Sky Background 
(Events Summed Over 20°-radius-circle) 

By the MC simulation assuming TA geometrical exposure 

Equatorial Coordinate B.G at Dec 40° = ~4.5 
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Data/MC Comparison(>10EeV) 

Data 
MC 

Data 
MC 

MC simulation was verified  
by high-statistics control sample (>10EeV) 



Significance Map 5 years 

Found cosmic ray “hotspot” at specific region 
à Max Significance 5.1σ at R.A.=146.7°, Dec.=43.2° 

Ex
c

e
ss
 

D
e

fic
it 

A
ve

. 

25 



26 

Chance Probability 

Random 72 events  
assuming isotropy 

(TA geometrical exposure) 

 
Adopt same analysis & 

create significance maps 
(by five oversampling radius  

 : 15, 20, 25, 30, 35 deg.) 
   

Search for maximum  
significance in the FoV 

Repeat 1 million times 
How many   >5.1σ ? 

P = 371 / 1,000,000 trials  
   = 3.7 x 10-4 (3.4σ) 

5.1σ 



6-Year Data by TA 

27 
5-year data  
New 1-year data 

Out of FoV Our FoV (Dec>-10°) 
Definition in ApJL 

Period:  
2008 May 11 – 2014 May 11 (87 events) 
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Significance Map 6 years 
Oversampling with 20°-radius circle 

Max significance 5.55σ (Non = 23, Nbg=5.49)  
Centered at R.A=148.4°, Dec.=44.5° (shifted from SGP by 17°) 
Chance probability of appearing in isotropic sky  à 4.0σ	




Outline 
•  Highest-Energy Cosmic Ray  
•  Telescope Array Experiment 
•  Hotspot Analysis & Result 
•  Discussions 
•  Summary & Future Prospects 

29 



30 

What is the Origin? 



TA Spectrum Measurements
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Fig. 1: The spectrum of cosmic rays as measured by the
surface detector of TA [1]. A broken power law fit to the
data is also shown.

break at the GZK Cutoff is 5.5s with 58.6 events expected
above the cutoff while only 21 events were observed.

The position of the GZK Cutoff can also be determined
from the E1/2 method suggested by Berezinsky et al.,
where the energy at which the integral flux drops to half
of what would be expected with no cutoff is taken as the
figure of merit. TA measures log10(E1/2/eV) = 19.72±
0.05. This compares with the expectation for a proton-only
composition under a wide array of input spectral indices of
log10(E1/2/eV) = 19.72.

3 Monocular Measurements
Monocular FD measurements of air showers use the time-of-
arrival of light in different pixels to determine the geometry
of the air shower, its distance from the detector and its
angle. This results in a quite precise determination of the
plane including the line of the core of the shower and the
detector itself, but a less precise measurement of the angle
of the shower within that plane. Because the detector can
trigger on and reconstruct showers only if it receives enough
light, the range at which a shower of a given energy can be
reconstructed grows with energy as the showers become
brighter. The changing aperture requires a MC simulation
for its determination. As was the case for the SD analysis,
extensive comparisons are made between data distributions
and simulated distributions to verify the veracity of the
MC simulation. These comparisons include the distance to
the shower, the angle within the shower-detector plane, the
brightness of showers and the duration of showers.

The two southern FD sites, Black Rock Mesa (BRM)
and Long Ridge (LR), are essentially identical in design
and use an FADC data acquisition system. The northern
FD site, Middle Drum (MD), consists of refurbished HiRes
telescopes and uses a sample-and-hold data acquisition
system. Because of the different instrumentation, separate
analyses were performed for BRM & LR and for MD. The
MD analysis in particular was identical to that performed
by the HiRes Collaboration for the HiRes-I site. This
measurement [2] provides a direct link to HiRes results.

The combined spectrum from BRM and LR is shown
in Figure 2. To make the combined spectrum, the data and
exposures from the two sites must be added together in the
appropriate way. All the events which were seen by only one
site are added together at the observed energy, while events
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BR/LR Combined Monocular Spectrum

Fig. 2: The spectrum of cosmic rays as measured by the
FADC fluorescence detectors of TA. A broken power law
fit to the data is also shown.
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Fig. 3: The monocular spectrum of cosmic rays as measured
by the combination of all the fluorescence detectors of TA.
The two component spectra are also shown as open points.
The broken power law fit to the BR/LR spectrum is also
included.

seen by both sites are added in at the geometric mean of
the two energy measurements. Likewise the exposures for
seeing events at either one of the sites (but not both) is added,
and then the exposure for seeing events at both sites is added
to the previous sum. A fit to the exposure as a function of
energy is used to reduce the binwise systematic uncertainty
in the flux measurement from finite MC statistics. More
details of this analysis can be found in poster 476[3].

To provide a single monocular measurement of the
UHECR energy spectrum, we have combined the BRM/LR
measurement with the previously published measurement
from MD. We have again combined the data by considering
events seen by only one of the analyses directly and adding
the events extant in both analyses at the geometric mean
of the measured energies. Because of the differences in
the analyses it was not straightforward to calculate the
combined exposure directly, rather we measured the fraction
of MD events seen in the BRM/LR analysis as a function of
energy, and used this to estimate the overlap in exposures.
The result of the combination is shown in Figure 3 along
with the spectra from the independent analyses.

The combined monocular spectrum is shown together
with the SD spectrum in Figure 4. The monocular spectrum
shows remarkable agreement with the SD spectrum with
largely independent systematic errors apart from overall
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Energy E (eV) 
1019 1020 1018 

>57 EeV 

TA Experiment 

One of interpretations : GZK effect 
31 

Suppression is 
observed at 
5.5σ 



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 

32 



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 
3C66B Cyg 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 
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Fig. 1.— Sky map in equatorial coordinates of the 28 IceCube neutrinos (black circles) (IceCube Collaboration 2013) and Telescope
Array 5-year events with E > 57 EeV and zenith angle ✓ < 55� (red small circles) (Abbasi et al. 2014). The TA hotspot is indicated with
the 20� radius circle of the center of the excess.

dec. = 43.2�, the first order correction to the e↵ective
area in this region would be approximately 0, or perhaps
slightly negative, making our results conservative. Given
a flat e↵ective area, we compute the probability for two
IceCube events to have central positions within the TA
hotspot to be 0.017, and we can thus reject the coinci-
dence of the IceCube events with the TA excess at 2.1 �.
Including a 5th neutrino (corresponding to neutrino 5,
which is centered at a declination of only -0.4�) dilutes
this result somewhat to 1.9�. We note that additional
modeling of the IceCube e↵ective area (as well as the ob-
servation of additional neutrinos) will further clarify or
rule out this enticing coincidence.
Furthermore, we note that the statistical correlation

between these IceCube neutrinos is also of interest. The
IceCube collaboration notes that the morphology of the
28 observed extraterrestrial neutrinos is consistent with
isotropy, although a slight excess is observed in the south-
ern hemisphere. However, this finding of isotropy does
not necessarily hold for any particular set of neutrinos,
once a specific region of interest is picked out a pri-
ori. Using the IceCube collaborations published error
ellipses for each of its recorded neutrinos, the probabil-
ity of two northern hemisphere neutrinos being located
within their 1� error ellipses is 0.21 (0.8�), while the
probability of two neutrinos being located closer than
the observed o↵set of 13� is 0.14 (1.1�). Though neither
of these measures are statistically significant, the fact
that the two neutrinos also overlap the TA hotspot is
statistically interesting. Further data from the IceCube
experiment may be able to soon conclusively determine
whether there is an anisotropy in the IceCube neutrino
flux which is consistent with the TA excess.

3. THE ICECUBE NEUTRINO SPECTRUM

In addition to checking the spatial consistency of the
IceCube and TA data, it is worth checking whether the

spectrum and intensity of the neutrino events are consis-
tent with the TA excess. While constraints on the spec-
trum are extremely loose due to small-number statistics,
it is worth asking whether the intensities of each excess
are consistent, given theoretical models for the spectra
of each messenger. In order to calculate the neutrino
intensity, we partition the neutrino events into two en-
ergy bins: one which stretches from 30 TeV to 3 PeV,
and contains 2 events against a northern hemisphere as-
trophysical background of approximately 0 events and
a di↵use background of 0.22 events, which is calculated
based on the probability that an event from an isotropic
direction in the northern sky happens to land inside the
TA excess region. Additionally, we list a second energy
bin from 3 PeV to 10 PeV, which contains no events and
no background. Any flux yielding more than 2.3 events
in the high energy bin is thus excluded at more than 90%
confidence (Anchordoqui et al. 2014a).
Adopting the IceCube Northern Hemisphere e↵ective

area and 662 days live time of detection, we find the
neutrino flux in the hotspot region to be (1.3 ± 0.9) ⇥
10�8 GeV cm�2 s�1, as indicated by the blue cross in
Fig. 2 (left). The null bin poses a loose limit because
IceCube has a relatively small e↵ective area in North-
ern Hemisphere above 1 PeV. This upper limit can be
enhanced with the IceCube point source sensitivity at
the hotspot declinations, for muon neutrinos with energy
from 1 PeV to 1 EeV in E�2 spectrum, presented as the
black dash line in Fig. 2 (left) (Aartsen et al. 2013). We
note that these bins were picked in order to encapsulate
the entire extraterrestrial IceCube neutrino flux into a
single energy bin, and that it is di�cult to calculate any
spectrum from this process as the choices in binning pa-
rameters greatly a↵ects the calculated best fit spectrum.
Due to larger statistics, the flux of the TA excess can

be determined with greater statistical significance. The
TA hotspot contains 19± 4.49 out of the 72 TA highest

IceCube Neutrino 
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UHECRs + photons à TeV-PeV Neutrinos 

Two IceCube neutrinos among northern 4 events are 
coincident with the TA hotspot. à 2σ level by chance 

Fang, Fujii, Linden & Olinto, arXiv:1404.6237   

TA hotspot 
IceCube 
ν  > 30TeV 
(Circle size: 
Ang. Resol.) 



Discussions 

 
v  Magnetic deflection 
 - Galactic MF  
 - Intergalactic MF 

v  Mass Composition 
 - TA measurement 

37 

- There is no specific high-E sources behind the hotspot. 
- TA Hotspot is shifted from Supergalactic plane by 17°. 
- Virgo cluster is really the brightest source in our FoV? 



   a few degrees for 1020 eV in the Galactic disk 
à too small? to explain hotspot shifted from SGP 

Galactic Magnetic Field 

But there are many MF models (Galactic disk + Halo). 
Recent models suggest large & strong magnetic halo. 
    Jansson, R. & Farrar, G. R., ApJL, 761, L11 (2012) 
     Pshirkov, M., et al., ApJ, 738, 192 (2011) 
     Sun, X. H., et al., A&A, 477, 573 (2008) 
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Generally regular MF 



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),
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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 
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Generally random MF 

A simulated universe 
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Figure 28: 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

>.

that di↵erences in aperture, reconstruction 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 detectors.

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, the QGSJETII-03 model, and taking

into account all reconstruction and acceptance biases, we

would expect the averageX
max

at 1019 eV to be 753 g/cm2

and the elongation rate to be 30.2 g/cm2 per energy decade.

Considering the fact that TA hybrid and PAO hybrid

data have di↵erent acceptances and analysis techniques a

direct comparison of the results can be misleading. De-

tailed comparisons using a set of simulated events from a

mix of elements that are in good agreement with the PAO

data are in progress [32]. Such a mix can be input into the

TA hybrid simulation and reconstruction programs and

the result will be a prediction of what TA should observe

given a composition inferred from PAO data. A direct

comparison with the TA data can then be made. Since

this work is in progress, we simply remark that a light,

nearly protonic, composition is in good agreement with

the data for both simple geometric cuts and pattern recog-

nition cuts that result in improved X

max

resolution.

10. Acknowledgements

The Telescope Array experiment is supported by the

Japan Society for the Promotion of Science through Grants-

in-Aids for Scientific Research on Specially Promoted Re-

search (21000002) “Extreme Phenomena in the Universe

Explored by Highest Energy Cosmic Rays” and for Sci-

entific Research (19104006), and the Inter-University Re-

search Program of the Institute for Cosmic Ray Research;

by the U.S. National Science Foundation awards PHY-

0307098, PHY-0601915, PHY-0649681, PHY-0703893, PHY-

0758342, PHY-0848320, PHY-1069280, and PHY-1069286;

by the National Research Foundation of Korea (2007-0093860,

R32-10130, 2012R1A1A2008381, 2013004883); by the Rus-

sian Academy of Sciences, RFBR grants 11-02-01528a and

13-02-01311a (INR), IISN project No. 4.4509.10 and Bel-

gian Science Policy under IUAP VII/37 (ULB). This work

was supported by the World Premier International Re-

search Center Initiative (WPI Initiative), MEXT, Japan.

The foundations of Dr. Ezekiel R. and EdnaWattis Dumke,

Willard L. Eccles and the George S. and Dolores Dore

Eccles all helped with generous donations. The State of

Utah supported the project through its Economic Devel-

opment Board, and the University of Utah through the

O�ce of the Vice President for Research. The experimen-

tal site became available through the cooperation of the

Utah School and Institutional Trust Lands Administra-

20

TA Measurement (Middle Drum Hybrid) 

Xmax analysis using MD hybrid* events

• *MD hybrid: [HiRes refurbished FD@MD] + SD
• submitted to ApJ (arxiv:1408.1726) 

Consistent with largely protonic composition

log10(E/eV) > 1918.2 < log10(E/eV) < 18.4

2014/8/21 9

>10EeV : consistent with largely proton component 

>57EeV 

40 Abbasi, et al, (arXiv:1408.1726) 

2events 



Composition (Xmax) 
TA Measurement (Middle Drum Hybrid) 

Xmax analysis using MD hybrid* events

• *MD hybrid: [HiRes refurbished FD@MD] + SD
• submitted to ApJ (arxiv:1408.1726) 

Consistent with largely protonic composition

log10(E/eV) > 1918.2 < log10(E/eV) < 18.4

2014/8/21 9

>10EeV : consistent with largely proton component 

41 Abbasi, et al, (arXiv:1408.1726) 

KS Test   
KS Test for QGSJET-II03  

Lower energy side 
Consistent with Proton 

5% 



Summary 
•  Current Results 
– We found evidence for the cosmic-ray hotspot 
near the supergalactic plane, but shifted by ~17°. 

– Chance probability assuming the isotropic sky is 
estimated to be 3.4σ for 5-year data. 
                   à 4.0σ for 6-year data (New!) 

•  Future Prospects 
– To reproduce the hotspot, we will start to find 
the best-estimate model assuming the GMF/IGMF, 
the mass composition and the source distribution. 

– We are now proposing the TAx4 project. 
42 



TA High Energy Extension (TAx4) 
Basically it uses same method as TA, with a FD and 3 times larger 
coverage area by SDs. SD full area can not be covered by FD field of 
view.  

Now, proposing construction. 

This experiment is mainly 
for anisotropy study,  
 
This is for detecting 
more cosmic rays which 
have energy over GZK. If 
they are proton, their 
source is within 50Mpc.  
From our current result 
of the inconsistency with 
isotropy at high energy 
region, we are halfway to 
catching a clue? 

TAx4 Proposal 
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² Now there is hint of anisotropy  
at >3σ level for northern sky. 

 
 
v  Plan to expand TA by 4 times 
                                      (3,000km2) 
  1.  Add 500 scint. counters 
                    with 2.1 km spacing 
  2. 10 refurbished HiRes tels 
 
v  Science  (3-year observation) 

 1. Anisotropy study 
        à Expect  >>5σ	


 2. Xmax & E Spectrum  
     at the highest energy region 
 3. Search UHE photon & neutrino 


