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Outline
• Telescope Array experiment
• Recent results
– Correlation with LSS
– Hotspot in the northern sky
– Spectral anisotropy at Hotspot
– Small-scale cluster search
– Correlation with starburst galaxies
– Supergalactic structure of multiplets

• TAx4 Project
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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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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

à high duty cycle

• Fluorescence Det. (FD)
- 3 stations
- 12 telescopes/station
à SD energy is scaled

to FD energy (1/1.27)

The TA is the largest aperture hybrid cosmic ray 
detectors in the northern  hemisphere. 4



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

5

SD Event Display



UHECR Anisotropy Search

6

Possible particle astronomy?



Correlation with LSS

7

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

à Matter density ∝ Cosmic-ray luminosity

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

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). 

From ICRC2017 S. Troitsky
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Correlation with LSS

E>5.7×1019 eV
Consistent with LSS 
Inconsistent with isotropy
(9-year data)

LSS LSS

LSS

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

ICRC2017 S. Troitsky



Hotspot (>57EeV, 5 years)

9

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

10-year observation
àdouble exposure

R.U. Abbasi+2014, ApJL



10

O.S.=15o

O.S.=20o

O.S.=25o

O.S.=30o

O.S.=35o

Angular Scan
(>57EeV,10 years)

O.S. : oversampling radius

From JPS2018 meeting S. Ogio & K. Kawata



Results of the Angular Scanning
for 10 years

11

O.S. radius 15o 20o 25o 30o 35o

Maximum
Significance

for  10 years (s)
4.1 4.6 5.0 4.7 4.2

Location of 
Maximum

Significance

RA:140.4o

Dec: 53.2o
RA:149.4o

Dec: 49.0o
RA:144.3o

Dec: 40.3o
RA:152.8o

Dec: 39.8o
RA:157.4o

Dec: 38.5o

Hotspot position published in ApJL2014 à RA: 146.7o Dec: 43.2o

From JPS2018 meeting S. Ogio & K. Kawata
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1st-half 5 years : 72 events
Hotspot position = 5.0s

2nd-half 5 years : 85 events
Hotspot position = 2.0s

Independent Analysis (>57EeV)

25o oversampling radius

From JPS2018 meeting S. Ogio & K. Kawata
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Hotspot
position

Search
radius ON a*OFF

(OFF)
ON/OFF 
ratio (a) s

RA:144.3o

Dec: 40.3o 25o 36 12.6
(121) 0.10435 5.0

Differential Time Variation 
of the Hotspot

From JPS2018 meeting S. Ogio & K. Kawata
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5.0s

Integral Time Variation of the Hotspot

à Consistent with linear increase within 2s

Deviation from the linear increase for 10 years

From JPS2018 meeting S. Ogio & K. Kawata
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Figure 3. Projection of the local pre-trial energy spectrum anisotropy significance, for 14.03% equal exposure spherical cap bins (E�1019.2 eV).
The maximum is 6.17�local at 9h16m, 45� and is 7� from the the Hotspot location of Abbasi et al. (2014a). The dashed curve at Dec. = -16�

defines the FOV. Solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). White and grey hexagrams indicate the Galactic
center (GC) and anti-galactic center (Anti-GC).

(a) (b)

Figure 4. The maximum significance energy histograms of events inside the spherical cap bin of radius 28.43� (red) compared to the expected
energies (blue) at 9h16m, 45�. (a) Before rebinning for events with energies E>1019.0 eV. (b) After rebinning for energies E>1019.2 eV (the
maximum significance threshold). There are 147 events with an expectation of Nbg=166.2. Only three out of 11 bins for E<1019.75 eV are
above expectation.

Spectral Anisotropy at Hotspot

15
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Figure 3. Projection of the local pre-trial energy spectrum anisotropy significance, for 14.03% equal exposure spherical cap bins (E�1019.2 eV).
The maximum is 6.17�local at 9h16m, 45� and is 7� from the the Hotspot location of Abbasi et al. (2014a). The dashed curve at Dec. = -16�

defines the FOV. Solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). White and grey hexagrams indicate the Galactic
center (GC) and anti-galactic center (Anti-GC).

(a) (b)

Figure 4. The maximum significance energy histograms of events inside the spherical cap bin of radius 28.43� (red) compared to the expected
energies (blue) at 9h16m, 45�. (a) Before rebinning for events with energies E>1019.0 eV. (b) After rebinning for energies E>1019.2 eV (the
maximum significance threshold). There are 147 events with an expectation of Nbg=166.2. Only three out of 11 bins for E<1019.75 eV are
above expectation.

Cold

Hot

>1019.2 eV
3.7s post-trial significance

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

Abbasi+2018, ApJ, 862, 91

Comparison of spectra between
inside and outside of hotspot
à Probabilities of spectral

anomaly are calculated
in the all sky .

7-year data
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Cluster Events >100EeV
Doublet  

(Dq=1.31o) 

Triplet? or 
Doublet 

(Dq=1.35o) 

Small-scale anisotropy  

slide 33 of 17 

Autocorrelations 

Auger 6 years (6 events) 

TA 9 years (23 events) 

2 doublets above 100 EeV. 
Æ the probability to have �2 doublets at �       deg is  
    P = 0.30% (2.8s) 

28.08.2018 TA anisotropy//TeVPA2018 

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



Auger -
Correlation with Starburst Galaxies

17

ü Correlation of UHECRs with catalogs
ü Scanning the following parameters

- Energy threshold ETH
- Search radius y
- Anisotropic fraction fani

ü Results (Post-trial significances)
- Starburst galaxies : 4.0s
- g-ray AGNs : 2.7s
- Swift-BAT (X-ray)AGNs : 3.2s
- 2MASS galaxies : 2.7s

Northern sky?
à Test the Auger

best-fit parameter model

A. Aab+2018, ApJL

Figure 3. Top to bottom: observed excess map; model excess map; residual map; model flux map, for the best-fit parameters obtained with SBGs above 39 EeV (left)
and γAGNs above 60 EeV (right). The excess maps (best-fit isotropic component subtracted) and residual maps (observed minus model) are smeared at the best-fit
angular scale. The color scale indicates the number of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The
supergalactic plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.

(FITS files for this figures are available.)

8

The Astrophysical Journal Letters, 853:L29 (10pp), 2018 February 1 Aab et al.



Auger hypothesis for
Starburst Galaxy Correlation

• SBG selected for g-ray studies
– 63 sources (within 250Mpc), 4 detected in g
– Radio flux@1.4GHz > 0.3Jy

Proxy for UHECR flux
à 23 sources remain

• Local Group 
Not included
– Milky way, LMC, SMC, 

M33 and M31

18

Fermi-LAT 2012



Search for Correlation with SBG 
by TA in the Northern Sky

19
A. di Matteo, T. Fujii, K. Kawata (UHECR2018 Poster)
Abbasi+2018, arXiv:1809.01573

ü Same sources and parameters 
as Auger-best fit

ü No scan over parameters, 
no statistical penalty

ü UHECR attenuation neglected, 
found negligible by Auger (most 
of the flux from within a few Mpc) 

ü Auger best-fit parameters
- Anisotropic fraction fani=9.7%
- Search radius y=12.9o
- Energy threshold ETH=39EeV
(43EeV in the TA energy scale)

ü Strong radio source : M82 
in the northern sky
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Search for Correlation with SBG 
by TA in the Northern Sky

~1.1σ compatible with 100% isotropic 
~1.4σ compatible with starbursts 

TS = 2log


L(�, fani)

L(fani = 0)

�

Likelihood for 
model map 

Likelihood for 
Isotropy

A. di Matteo, T. Fujii, K. Kawata (UHECR2018 Poster)
Abbasi+2018, arXiv:1809.01573
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J.P. Lundquist, UHECR2018
Paper in preparation

Supergalactic Structure of Multiplets

• Energy Threshold : 10, 15, 20…100 EeV
• Wedge width : 10°, 20°, 30°…90°

(steps of 5° on each side of the pointing direction)
• Maximum Distance : 15°, 20°, 25°…90°
• Pointing Direction : 0°, 5°, 10°…355°

Correlation between CR energies and distances in the “Wedge”

Data
sample

Inversely 
proportional

Distance

W
idth

Pointing
direction

Multiplets
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Supergalactic Structure of Multiplets

ü Rank Correlation Analysis
à All values are ranked 1 to n. Kendall’s correlation is used.

Negative t : Energies are inversely-proportional to distances
Positive t : Energies are proportional to distances

Negative correlations of greater significance appear correlated with 
supergalactic plane (post-trial significance >~4s)

Supergalactic
coordinate

J.P. Lundquist, UHECR2018
Paper in preparation



Summary
• Large/intermediate-scale anisotropy (>57EeV)

à Consistent with LLS, Inconsistent with isotropy 2-3s
à Hotspot still exists for 10-year observation
à Spectral anisotropy 3.7s (7-year data)

• Small-scale cluster >100EeV
à 2 doublets : 2.8s

• Correlation with starburst galaxies :
Test Auger’s parameters (ETH=39EeV, y=12.9o, fani=9.7%)
à No significance so far

• Supergalactic structure of multiplets
à multiplet-like events do appear correlated 

with supergalactic plane >~4s

• TA Extension : TAx4 (TA aperture x4)
à Under construction

23

Hints of UHECR anisotropies in the northern sky



TAx4 Experiment
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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

E. Kido, UHECR2018 (12th Oct.)



BACK POCKETS
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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)
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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
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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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C
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V

l=180l=360 l=0
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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).

6

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 Auger !
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Small scale: starburst correlations  
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DIRECTION OF 
CORRELATIONS

Grid points greater than 4.5 sigma

– Sources are correlated with the supergalactic plane.
– Magnetic fields are correlated with sources.
– Multiplets will exhibit a structure indictive of clustering of sources

• Random fields will diffuse events perpendicular to their average direction. 
Multiplets should be in ‘wedges’ not rectangles or circles.



Simple simulation

31

• 1/E supergalactic plane deflection for fraction of events
• Random “source” position. Gaussian σ=#° plus 1/E deflection.

• Isotropic Exposure
• Total energy distribution matches published average

1/E for 10% of events. %
&'(

)
*+ = ,# All 3027 events E>=10^19.0

• Isotropic positions
• Published spectrum

Analysis applied to simulation result

δ ≈ 0. 5°2 3
456

7
µ9

10;<=>
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