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Abstract. Evidence of supergalactic structure of multiplets has been found for ultra-high energy cosmic rays
(UHECR) with energies above 1019 eV using 7 years of data from the Telescope Array (TA) surface detec-
tor. The tested hypothesis is that UHECR sources, and intervening magnetic fields, may be correlated with
the supergalactic plane, as it is a fit to the average matter density within the GZK horizon. This structure is
measured by the average behavior of the strength of intermediate-scale correlations between event energy and
position (multiplets). These multiplets are measured in wedge-like shapes on the spherical surface of the field-
of-view to account for uniform and random magnetic fields. The evident structure found is consistent with
toy-model simulations of a supergalactic magnetic sheet and the previously published Hot/Coldspot results of
TA. The post-trial probability of this feature appearing by chance, on an isotropic sky, is found by Monte Carlo
simulation to be ∼4.5σ.

1 Introduction

The supergalactic plane (SGP) is the average matter dis-
tribution of the local universe up to a distance of ∼200
Mpc (a large percentage is within the GZK cutoff of 100
Mpc) [1]. Large scale magnetic fields are known to ex-
ist between some clusters of galaxies which make up the
supergalactic plane such as the Coma Cluster [2]. And it
has been shown that ∼90% of the baryonic mass of the
universe is between galaxies of which ∼40% is warm-hot
protons outside gas clouds [3]. This may allow the forma-
tion of intra-galactic large scale magnetic fields ([4],[5]).

The presence of large scale magnetic fields suggest
that energy dependent deflection of ultra-high energy cos-
mic rays (UHECR) should appear correlated with the SGP.
Previous energy-position correlation studies have not had
significant results ([6],[7],[8]). These multiplet searches
for significant small scale magnetic deflection patterns
included scanned parameters chosen by assumed mag-
netic field models and compositions. This analysis uses
intermediate-scale energy-position correlations to look for
significant large scale magnetic structure and minimal as-
sumptions are made regarding particular magnetic field
models or composition.

2 Energy-Position Correlations

It is assumed that UHECR travel through uniform fields,
approximated by Equation 1a, and random fields where the
root mean squared deflection is approximated by Equation
1b (Z is mass number, S angular distance, B field strength,
E energy, and Lc is mean magnetic field coherence length).

∗e-mail: jplundquist@cosmic.utah.edu

It follows trivially that lower energy cosmic ray events are
deflected to larger angles from a source than those with
higher energy [9]. This drift-diffusion process, where high
energy events are deflected from a source less than lower
energy events, is diagrammed in Figure 1.
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2.1 Correlation

The angular distance between two points on a sphere is the
great circle distance (Equation 2 for normal vectors). Cor-
relations between energy and angular distance are found
using Kendall’s τb ranked correlation that measures mono-
tonic dependence [10]. Ranked correlation removes mag-
netic model and composition assumptions and also detec-
tor exposure effects on the correlation strength.

δi j = arctan
|n̂i × n̂j|

n̂i · n̂j
(2)

The simplified τa, not taking into account duplicate
values, is shown in Equation 3 for brevity. The differ-
ence between τa and τb in this analysis is small. Ranks
are the ordering of a sorted variable (1st, 2nd, etc.). A
pair of observed ranks (xi, yi) and (x j, y j) are concordant if
xi > x j and yi > y j (or the converse). They are discordant
if xi > x j and yi < y j (or the converse).

τa =
(# concordant pairs) − (# discordant pairs)

n(n − 1)/2
(3)
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Figure 1. Drift-diffusion deflection of UHECR from a source.
(a) Two events having traveled through uniform and random
magnetic fields. The purple vector represents the lower en-
ergy event spherical arc and the red vector is a higher energy
event. Random and uniform field components describe the av-
erage magnetic field perpendicular to the surface of the field of
view (FOV) sphere. Dashed circles represent possible random
field deflections. (b) A spherical cap section, “wedge,” best en-
compasses the likeliest positions. Pointing direction is the spher-
ical arc φ, width is ∆φ, and D is the maximum angular distance.

For a correlation of −1 (perfect discordance) an in-
crease (decrease) of x always follows a decrease (increase)
in y. For +1 (perfect concordance) an increase (decrease)
of x always follows an increase (decrease) of y.

The pre-trial significance of a correlation (probability
of τb=0 with infinite samples) is a function of correlation
strength and sample size. This is found by permutations of
the sample or the large sample limit of Equation 4 (again
for τa) that follows the standard normal distribution.

z =
τa3n(n − 1)/2

√
n(n − 1)(2n + 5)/2

(4)

2.2 Correlation Filter

With the drift-diffusion picture of Figure 1 in mind, pos-
sible UHECR deflections from a source are found by cal-
culating energy-position correlations inside spherical cap
sections, or “wedges,” on a grid of points with an equal
spacing of 2◦ within the field of view (FOV) [11].

These wedge bins are defined by a maximum radius
δ j from the grid point,i, (Equation 2) and the boundaries
of two azimuths (Equation 5a). The azimuths go clock-
wise and a wedge pointed towards 90◦ supergalactic lat-
itude (SGB) has an azimuth, φ, of zero and one pointed
towards -90◦ SGB has a φ of 180◦. The angular distance
between the wedge pointing direction, φi, and an events
azimuth is given by Equation 5b.

φi j = atan
cos Bi sin (Li − L j)

cos B j sin Bi − sin B j cos Bi cos (Li − L j)
(5a)

∆φi j = mod(|φi j − φi| + 180, 360) − 180 (5b)

With this correlation filter shape four parameters must
be scanned at every grid point to maximize the pre-trial
significance. Though negative correlations are physically
expected from magnetic deflections; the sign of the corre-
lation, and its strength, are not scanned for nor restricted.
The limits on these parameters are large to account for
conceivable deflection scenarios and are the following:

1. Energy Threshold, Ei: 10 to 100 EeV, 5 EeV steps.
2. Wedge Angular Distance, Di=max(δi j): 15◦ to 90◦,

5◦ steps.
3. Wedge Direction, φi: 0◦ to 355◦, 5◦ steps.
4. Wedge Width, Wi = 2 ∗max(|∆φi j|): 10◦ to 90◦, 10◦

steps (5◦ on each side of φi).

Events are in the wedge if E j≥Ei & δi j≤Di & −Wi/2 ≤
∆φi j ≤ Wi/2 (i is the grid point index). The parameters
(Ei,Di, φi, and Wi) are chosen for the minimum energy-
position correlation, corr(δi j, E j), p-value (Equation 4).

The most significant correlation is at 18.3◦ SGB, -
12.9◦ SGL and shown in Figure 2(a). With 29 events
(E≥30 EeV) τb=−0.675 has pre-trial significance of 5.5σ.
Figure 2(b) shows a scatter plot of energy versus angular
distance and a linear fit (Equation 1a with Z=1) results in
an estimate of S ∗B = 49.24 kpc*µG. If the source is as-
sumed to be at the distance to M82 (3.7 Mpc) the uniform
magnetic field required to cause this deflection would be
B=13 nG.

3 Simulations

Two Monte Carlo (MC) simulated event sets are used in
this analysis. This first is an isotropic simulation assuming
no specific sources or correlation with the supergalactic (or
galactic) plane. The analysis is applied to isotropic simu-
lations for the significance calculation of any anisotropy
found as described further in Section 4. The second is a
simple simulation of a supergalactic magnetic sheet result-
ing in an energy dependent diffusion of events away from
the supergalactic plane. This is used to motivate the statis-
tic that tests the hypothesis of supergalactic sources and
magnetic fields; this test statistic is described in Section 4
and is searched for in the isotropic MC. These simulations
can also be used as an estimate of the average uniform field
strength between us and supergalactic sources.

3.1 Isotropic Simulation

Events are defined by energy, zenith angle, azimuthal an-
gle, and trigger time. Latitude and longitude are the center
of Telescope Array (39.3◦ Long., 112.9◦ Lat.). These hor-
izontal coordinates are used to calculate the supergalactic
longitude (SGL) and latitude (SGB) coordinates. Actual
data coordinates are used for the isotropic simulations.
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Figure 2. (a) Supergalactic Hammer-Aitoff projection of the
maximum significance “wedge” at 18.3◦ SGB, -12.9◦ SGL. The
correlation τb=−0.675 and with 29 data events has a pre-trial
one-sided significance of 5.5σ. The energy threshold is Ei≥30
EeV, wedge width Wi=30◦, angular distance Di=80◦, and direc-
tion φi=90◦. (b) Scatter plot of 1/E versus angular distance δ in
the wedge.

Energy spectrum detector biases are taken into ac-
count by interpolation sampling a large set of MC recon-
structed through a surface detector simulation thrown with
the HiRes/TA spectrum ([12], [13]). The same cuts as data
are applied to these fully simulated events and there are
386,125 with energies E≥1019.0 eV. The number of events
in each isotropic MC event set is the same as data in each
5 EeV bin. Each set of isotropic MC events simulates the
expected data given the detector configuration and on-time
with no energy anisotropies.

3.2 Supergalactic Magnetic Sheet Simulation

A simple toy-model simulation of an intervening super-
galactic magnetic sheet is made by embedding event de-
flections in supergalactic latitude (SGB), proportional to
1/energy, for a fraction of events in isotropic simulations.
The approximate apparent deflection from the source of a
charged particle in a uniform magnetic field is shown in
Equation 1a [9]. A supergalactic sheet simulation, with an
F = 65.7% isotropic fraction (1988 out of 3027 events)
and S ∗B=18.47 kpc∗µG, is shown in Figure 3.

Unlike the isotropic simulations data coordinates are
not used. To take into account the TA exposure on-time
is simulated by sampling the trigger times of 264,499 data
events with E>1017.7 eV. The azimuthal angle distribution
is uniform from 0◦ to 360◦ and the zenith angle distribution
is g(θ) = sin(θ)cos(θ) due to the flat SD array.

The deflections δ j are calculated for each MC event,
j, assuming proton (Z=1) and an S ∗B; events with ini-

Figure 3. Toy-model supergalactic magnetic sheet simulation.
Blue circles are the F = 65.7% isotropic fraction of MC events.
Red squares are the anisotropic MC events magnetically diffused
away from the supergalactic plane with S ∗B=18.47 kpc∗µG.
Overall, event positions are isotropic and the energy spectrum
is created according to the published HiRes/TA result.

tial positive S GB have a positive deflection and a negative
S GB have a negative deflection. Then the event positions,
S GB j, and energies, Ek, are decoupled into separate sets.
The energies, Ek, and their deflection from S GB = 0 (δk)
are assigned to the closest S GB j value (min[δk-S GB j]) in
random order.

For any S ∗B there will be a number of event positions
that must be assigned isotropic energies due to the mini-
mum deflection and the FOV. After the assignment of an
S GB j the energies, Ek, with a position-deflection error of
|S GB j−δk |>10◦ are put into the isotropic proportion. This
allows some random noise in the simulation.

Event positions of S GB j<min(|δk |) (the center of Fig-
ure 3), or S GB j>max(|δk |) (the edges of Figure 3), are also
part of the isotropic proportion. For larger isotropic total
fractions, F, a random selection of energies and positions
are taken from the anisotropic portion and randomized.

4 Supergalactic Structure

No single correlation tests the hypothesis that sources and
magnetic fields are correlated with local large scale struc-
ture. And no single correlation can be significant when
taking into account the >100,000 scan parameter combi-
nations at all 6553 grid points. To test for supergalactic
structure of multiplets the mean τb inside equal solid an-
gle bins of angular distance (S GBi) from the supergalac-
tic plane are used. The pre-trial significance of the cor-
relations are not used as they were scanned for. The cor-
relation strength, τb, is used because it is not explicitly
scanned for and contains more information by its sign (±).

The expectation is that negative correlations will be
closer to the supergalactic plane. Furthermore, since nega-
tive correlations viewed from the opposite direction appear
as a positive correlations ((x j, y j) → (x j,−y j)), positive
correlations are expected at large angular distances from
the supergalactic plane. This is shown by a projection of
the τb for the magnetic sheet simulation in Figure 4(a) and
its averages τb in Figure 4(b).
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Figure 4. Supergalactic magnetic sheet simulation. (a) Projec-
tion of the correlation strength τb for all grid points. Solid curves
indicate the galactic plane (GP) in blue and supergalactic plane
(SGP) in red. (b) Mean τb inside equal solid angle bins for the
supergalactic magnetic sheet simulation. The parabola shows the
curvature parameter, a, chosen as the test statistic. a=2.5×10−4.

4.1 Significance Test

The single parameter necessary to test the supergalactic
structure of multiplets hypothesis is the curvature parame-
ter, “a,” of a parabolic fit (ax2 + bx + c) to the mean τb in
the supergalactic latitude bins shown in Figure 4(b). Due
to the boundaries of |τb|≤1 and |S GB|<90◦ greater correla-
tion curvature, a, corresponds to a minimum closer to the
supergalactic plane as shown in Figure 5. It also means
that the minimum negative correlation, and maximum pos-
itive correlation, averages are larger in magnitude.

Figure 5. The correlation mean parabola fit curvature, as in Fig-
ure 4(b), versus minimum for 200,000 isotropic MC sets shows
that a high curvature has a tendency for a minimum near the su-
pergalactic plane. The red dot is the data result.

To calculate the data significance of a supergalactic
structure of multiplets the analysis described above is ap-
plied, both to the data, and the isotropic MC sets. The

number of MC sets with a correlation curvature, a, greater
than the data gives the probability that there is not a super-
galactic structure of multiplets.

5 Data Set

SD data recorded between May 11 of 2008 and 2015 is
used for this analysis. The energy of reconstructed events
is determined by the SD array and renormalized by 1/1.27
to match the calorimetrically determined fluorescence de-
tector energy scale ([14]). The reconstruction of these
events is the same as the “Hotspot” analysis of [15]. Due
to the inclusion of lower energy events, down to 1019.0 eV,
tighter data cuts are required for good zenith angle resolu-
tion.

After cuts, there are 3027 events in the data set. Events
in the data set match the following criteria:

1. E≥1019.0 eV (where detection efficiency is ∼100%).

2. At least four SDs triggered.

3. Zenith angle of arrival direction <55◦.

4. Reconstructed pointing direction error <5◦.

5. Shower core >1.2 km from array boundary.

6. Shower lateral distribution fit χ2/do f<10.

The additional cuts on pointing direction error and
boundary distance improve the agreement between the dis-
tribution of zenith angles compared to the geometrical
zenith angle exposure g(θ) = sin(θ)cos(θ). The azimuthal
angle distribution is in very good agreement with the the-
oretical flat distribution. The energy spectrum is also in
good agreement with the published spectrum ([14],[16]).

The energy resolution and zenith angle resolution of
events in the data set range from ∼10 to 15% and ∼1.0◦ to
1.5◦ respectively, depending on core distance from the ar-
ray boundary and improve with increasing energy. These
resolutions are sufficient to search for UHECR energy
anisotropies.

6 Results

The resulting data energy-position correlations are shown
in Figure 6(a). Individual correlations with the highest pre-
trial significance are negative which means that there is a
trend for the angular distance to increase with decreasing
energy. This is the expectation for a grid point that hap-
pens to be near a UHECR source of magnetically scattered
events. It can be seen that the negative τb correlations ap-
pear well correlated with the supergalactic plane.

Figure 6(b) shows the mean τb correlation of the data
inside equal solid angle bins parallel to the supergalactic
plane. The parabola curvature test statistic is a=2.4×10−4

and the minimum is at −1.1 SGB. It can be seen that the
data correlations have a very similar form to that of the
supergalactic magnetic sheet simulation, shown in Figure
4(b), that has a slightly higher a=2.5×10−4 at −1.7 SGB.
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Figure 6. Data result. (a) Projection of the correlation strength τb

for all grid points. Negative correlations expected for magnetic
deflections are apparent around the supergalactic plane. Solid
curves indicate the galactic plane (GP) in blue and supergalac-
tic plane (SGP) in red. White and grey hexagrams indicate the
Galactic center (GC) and anti-galactic center (Anti-GC) respec-
tively. (b) Mean τb inside equal solid angle bins. The correlation
curvature for the data is a=2.4×10−4.

6.1 Significance of Correlation Curvature

By applying this analysis to isotropic MC sets and count-
ing the number of MC with an a parameter greater than
data (Figure 6(b)), the post-trial significance of the super-
galactic structure of multiplets can be found. The resulting
a distribution of 200,000 MC sets is shown in Figure 7.
The number of MC sets created was limited by the com-
puting time necessary for each simulation.

Figure 7. The distribution of the correlation curvature parameter
a chosen as the supergalactic structure of multiplets test statistic
for 200,000 isotropic MC sets. The purple bars are the MC PDF.
The red line is a Gaussian distribution fit to the MC distribution.
The data curvature is a=2.4×10−4 shown as a blue vertical line.

There are two MC sets with a larger curvature than data
which gives a significance of 4.3±0.2σ. The area under

the Gaussian fit from a=2.4×10−4 to a=∞ gives a signif-
icance of 4.6σ. Therefore, the resulting significance of a
supergalactic structure of multiplets is about ∼4.5σ.

6.2 Scan Parameter Distributions

Clues about UHECR sources, and intervening fields, may
be found from the maximum significance wedge scan pa-
rameters of the apparent magnetic deflection multiplets.
Due to the significance maximization there is a bias to-
wards larger statistics so the data is compared to isotropic
MC by taking the ratio of the parameter PDFs (Data/MC).
PDF ratio plots for the wedge angular distance and energy
threshold parameters are shown in Figure 8.

These ratios are for negative correlations at positions
-40◦<S GBi<40◦ and have a linear fit to 1/E versus angu-
lar distance with an R2>0. An R2>0 is a better fit than a
horizontal line and the δ∝E model explains some of the
variance. For data there are 2045 correlations used and
greater than 3.99×108 for MC.

The data distributions of wedge angular distance, D,
and width, W, do not show significant deviations from
isotropy. The distribution of wedge pointing directions,
Figure 8(a), indicates supergalactic structure with three
deviations correlated with the supergalactic plane (SGP).
Two peaks are approximately perpendicular to the SGP
and one is parallel. This suggests diffusion of low energy
events away from the supergalactic plane similar to the su-
pergalactic magnetic sheet simulation. Three deviations of
the energy threshold parameter are 35 EeV, 45 EeV, and 60
EeV. The last may correspond to the 57 EeV threshold of
the TA hotspot analysis [15].

(a)

(b)

Figure 8. PDF ratio plot of scanned parameters. (a) Wedge
pointing direction parameter, φ. Blue lines are perpendicular to
the SGP and red lines are parallel. (b) Energy threshold, E. The
three largest deviations are at 35 EeV, 45 EeV, and 60 EeV.

5

EPJ Web of Conferences 210, 01006 (2019) https://doi.org/10.1051/epjconf/201921001006
UHECR 2018



7 Summary

Intermediate-scale energy-position correlations inside
spherical cap sections are shown to be correlated with the
supergalactic plane. This structure has a ∼4.5σ signifi-
cance using 7 years of Telescope Array SD data. This
is possible evidence of large scale magnetic diffusion of
ultra-high energy cosmic rays from their sources corre-
lated with the local large scale structure. Confirmation of
this result may be done once sufficient data is collected by
the Telescope Array expansion to TAx4 [17].
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