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The Telescope Array (TA) collaboration has reported a hotspot of 19 ultrahigh-energy cosmic rays
(UHECRSs). Using a universal model with one source and energy-dependent magnetic deflections, we show
that the distribution of the TA hotspot events is consistent with a single source hypothesis, although
multiple sources cannot be ruled out. The chance probability of this distribution arising from a
homogeneous distribution is 0.2%. We describe a Monte Carlo Bayesian (MCB) inference approach,
which can be used to derive parameters of the magnetic fields as well as the source coordinates, and we
apply this method to the TA hotspot data, inferring the location of the likely source. We discuss possible

applications of the same approach to future data.
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The Telescope Array (TA) collaboration has reported
72 cosmic-ray events with energies above 57 EeV [1] using
the surface detector (SD) data recorded between May 11,
2008 and May 4, 2013. The data show a hotspot, 19
events clustered in a circle of 20° radius centered at
R.A. = 146.°7, Dec = 43.°2 in the equatorial coordinates.
Understanding the origin of this hotspot can shed new light
on sources of ultra-high-energy cosmic rays (UHECRS).

The origin of UHECRs remains unknown [2]. Active
galactic nuclei (AGN) [3] and gamma-ray bursts (GRBs)
[4] are among the likely sources of extragalactic UHECRs,
while the galactic hypernovae and GRBs that occurred in
the past may be responsible for some fraction of UHECRs
[5]. Alternatively, fast rotating magnetars [6], newly born
pulsars [7] or young pulsar winds [8] are also source
candidates of UHECRs. Additionally, galaxy clusters [9]
and starburst galaxies with strong galactic wind [10] are
suggested to be able to accelerate particles to ultra-high
energy. Anisotropies in arrival directions of UHECRs and
their temporal distributions can help identify their sources.
However, since charged particles are deflected by magnetic
fields, it is important to take into account the effects of such
deflections on the arrival directions and temporal distribu-
tions of UHECRs.

The TA hotspot is not the only peculiarity in the UHECR
data. An excess of UHECR events around the nearby radio
galaxy Centaurus A was observed by the Pierre Auger
Observatory (PAO) [11]. Yiiksel ef al. [12] assumed that
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Centaurus A was the source of the excess, and used the
angular distribution of the excess events to constrain the
extragalactic magnetic fields. Takami et al. [13] and Farrar
et al. [14] examined the possible contribution of Centaurus
A to the observed hotspot by simulating the propagation of
UHECR protons and nuclei in the magnetic field.

In what follows we will focus on the TA hotspot, and we
will assume that this excess is due to a single source.

Let us consider the temporal information in the TA
hotspot data and identify the types of sources that can be
consistent with it. Particles deflected in the magnetic field
with a deflection angle @ arrived at Earth later than photons
propagating rectilinearly, with an average time delay [15]

D 0
AT =33 x 10° ——1). 1
x M Mpc (sin¢9 > (n)

The distribution of the arrival times has a standard deviation
o4~ AT [16], where (5%;—1)~0.02 for §~20° This
should be juxtaposed with the fact that the 19 cosmic rays
are observed within a time window of 5 years.

Besides a source active on some long time scales, it is
reasonable to consider transient sources which satisfy the
constraints on the energy budget and the rate. If the 19
events observed over a time 7T, = 5 years were emitted
from a single short burst, then they represent a fraction
Nmax ~ (AT /T4,) of the total burst energy. While the
emission of cosmic rays is likely to be beamed, it is useful
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to determine the isotropic equivalent energy emitted in
cosmic rays with energies above 57 EeV:

4r
E-575ev = (FnsQnsTonsD?) <Q >

jet

=8x 102 erg D 2. (2)
1 Mpc

Here Qy, and Q;, are the solid angles of the hotspot and
the jet, which are 0.38 and 0.03, respectively. The obser-
ved flux 1n the hotspot [17] is Fj, = (4.4 +1.0)x
107" ergs™'cm™2sr~!. Assuming an injected cosmic
ray spectrum of 4¥ ~ E~2, the total injected energy of
cosmic rays which cover 12 decades of energy is about 50
times the injected energy in the range of 60-100 EeV. Then
the requisite total isotropic injected energy of the single
transient source is 4 x 10°* erg(;;)*. Therefore, a GRB

with an extremely high kinetic energy at a distance ~Mpc
could produce the observed hotspot. Although no such
nearby event has been observed so far [18], it is possible
that such a GRB took place during the 10° years time
window.

On the other hand, if the 19 cosmic rays are contributed
by multiple transient sources in a single galaxy, there is
no constraint on the energy budget, but a constraint on the
rate of the transients in the galaxy. A single star-forming
galaxy hosting several GRBs during a time period of
~6.6 x 10* yrlMp could be the source of the hotspot.
Let us assume that each transient source contributed one
event. Taking into account a beaming correction for
the GRB rate, which is a factor of 75+ 20 [19], the
GRB rate in the star-forming galaxy should exceed (0.04 +

0.00)(yg0) " yr !
Rgn correlates with the star formation rate (SFR), Rgy =

1.2 x 1072 yr~ MSFR,I [20]. Adopting the observed ratio of

GRB rate to SN rate Rgrg/Rsny = 0.5-4% [21], one can
derive GRB rate as a function of SFR. Then combining
the correlation between SFR and the far-infrared lumi-

nosity Lggr, SFR=1.71M 4 yr! 10LISI£®

mate the correlation between GRB rate and Lppyr as

Rgrp = (1-8) x 10~* yr~! OLISIE Therefore, a star-forming

per galaxy. The supernova (SN) rate

[22], one can esti-

galaxy with

Lpr D -l
> 400 3
10'°L (1 Mpc) 3)
can be a possible source. This implies that only a fraction of
star-forming galaxies produce hotspot events [23].
Let us now consider propagation of cosmic rays from a
single source within 200 Mpc, from which at least 10% of

UHECRSs with relevant energies can reach Earth without a
significant energy attenuation [24]. Since the high-energy
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gamma-ray emission indicates an extreme particle accel-
eration and large energy conversions, we search for sources
among the long-term active sources from Fermi LAT
catalogue and TeV catalogue (http://tevcat.uchicago.edu),
including massive galaxy clusters [25], BL Lac objects
[26], radio galaxies and starburst galaxies [27] with high-
energy gamma-ray observations, plus star-forming galaxies
satisfying the criteria in Eq. (3) [28].

To describe the effect of the magnetic field on the cosmic
rays from a single source, we separate the magnetic fields
into a regular component and a random component. The
regular magnetic field deflects cosmic rays in the same
direction, and the deflection angle is inversely proportional
to the magnetic rigidity [15]:

100 EeV Dreg Breg.J_ .
E 1MpclnG

100 EeV
| X —————
E

Oreg = 0.5°Z , (4)
where B, | is the strength of magnetic field perpendicular
to the propagation path, D, is the propagation length
in the regular magnetic field, and Z is the charge of the

nucleus. Here we have defined a parameter A; =

0.5°Z 5 ]\j[elgjc lfé that depends on the magnetic field and

composition of cosmic rays.

The random magnetic field can be treated as a collection
of domains with randomly oriented magnetic fields, which
cause the cosmic rays to perform a random walk. The
distribution of the deflection angles Jy;; follows a Gaussian

distribution:
6§if ) . ( 5)

Ogifs Orms) =
f( dif rmb) 25%“18

1
Orms V 27T P (
The root mean squared (rms) deflection angles of particles
are inversely proportional to the magnetic rigidity [29]:

100 E Dyt \*/ D. \*B
51‘[115 =~ 0.36°Z 00 EeV dif |2 c 2 Dppg
E 1 Mpc 1 Mpc) 1nG

100 EeV
E 9

=A, X (6)

where B, and D, are the rms strength and the coherence
length of the random magnetic field, Dg;; is the propagation

length in the random magnetic field, and A, =
0.36°Z(lll)\;‘l‘£c)%(lll\)/fpc)% Bus js a parameter depending on

the features of the random magnetic field, the propagation
path, and the composition of cosmic rays. We note here
Eq. (6) corresponds to the small deflections of cosmic rays
when the coherence length is much larger than the
projected transverse deflection, and the propagation length
of cosmic rays is larger than the maximum turbulence
scale [30].

If the particles of the same energy and rigidity are
emitted from a point source, and if they propagate only in
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FIG. 1. Three simulated clusters of 19 cosmic rays each (filled
circles) and the corresponding sources (labeled 1, 2 and 3) in the
equatorial coordinates. These three simulations correspond to
A, =1, 3, and 10, respectively. The best-fit reconstructed source
of the first group of events is marked by the purple star symbol,
and its 1o, 20, and 30 error contours are denoted by the purple
solid, dashed and dotted curves, respectively. The yellow and
pink lines represent the galactic plane and the SGP, respectively.

the regular magnetic field, the magnetic deflections pro-
duce an apparent shift in the position of the source. The
shifted sources of cosmic rays with different rigidities are
aligned with the original source, and the ones with the
lower rigidity lie farther from the original source. In that
case, one can locate the original source as a point along the
line of shifted sources by taking into account the depend-
encies of shift angles on the magnetic rigidity. However, the
diffusion effects in the random magnetic field turn shifted
point sources into diffuse patches. The effects of diffusion
are characterized by the parameter A,. Three simulated
hotspots for A, = [1, 3, 10] from left to right, are plotted in
Fig. 1, and marked as weakly, mildly and strongly diffused
hotspots, respectively. The events in the weakly diffused
hotspot form a line pointing to the source.

The size of the observed TA hotspot is similar to the size
of the strongly diffused hotspot. We assume the compo-
sition of the TA hotspot events is pure, and it can be
described by a single charge Z. To calculate the chance
probability of the TA hotspot with acceptable statistics, we
divide the events into two energy bins: E > 75 EeV and
E < 75 EeV, then obtain two diffuse images, of which the
one with a lower energy has a larger footprint. As in Eq. (6),
the parameter A, can be measured as the product of §,,,, and
the average energy (in unit of 100 EeV). For the two groups
with 8., = (10.7°,14.1°) corresponding to the average
energies E = (82.0 EeV, 62.7 EeV), the resulting A, are
compatible, which is consistent with the hypothesis that
the TA hotspot events are from a single source. We call the
hotspot with the above structure as a magnetic-selected
hotspot.

We generated 18,000 realizations of 72 events with
the same energy as the observed ones, randomly distri-
buted following the TA exposure, to simulate the TA
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observations. Since the detection efficiency above
57 EeV is ~100%, we adopt a geometrical exposure g(6) =
sin @ cos @ depending on zenith angle 6. The observatory
located at (39°.30N, 112°.91W), one can derive the expo-
sure of TA observatory as a function of declination via
integrating the geometrical exposure over the time from
May 11, 2008 to May 4, 2013. Then we randomly
distribute 72 events on the sky from 0° to 360° in R.A.
and —15° to 90° in DeC, according to the TA exposure.

Out of 18,000 realizations, there are 37 realizations with
a hotspot with more than 19 events in 20°-radius circle
exists, composed by two clusters in two energy bins
(E <75 EeV and E > 75 EeV) with the amount of events
larger than 13 and 6, each of which has the rms of diffuse
angle smaller than 10.7° and 14.1°, respectively. This
suggests that 0.2% random realizations would produce a
similar hotspot detection, implying the probability of
99.8% that the magnetic-selected structure of the TA
hotspot is not from a fluctuation.

The positions of the shifted sources, identified as the
spacial center of the group of events, are shown in Fig. 2. In
principle, one can locate the original source because the
line connecting the two shifted sources should lead to the
true source located at the distance 6, = & E—hE, Ao = 4.3A9,
from the low-energy shifted source. "Here AS is the
separation angle between the two shifted sources, and
Eyni(Ey) and 8,;(8),) are the average energy and the shift
angle of the high-energy (low-energy) group of events.
However, in practice this approach is stymied by low
statistics. To quantitatively calculate the probabilities of the
source candidates, we employ the Monte Carlo Bayesian
(MCB) inference approach [32].

Let us assume that the source is at (R.A., Dec.) and the
magnetic field is described by three parameters (a, A, A,),
where « is the clockwise angle between the direction to
the north pole. From the coordinate of the original source
and parameters a and A;, for each event with different
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FIG. 2. The 19 events at the hotspot in the equatorial coor-
dinates are denoted by filled circles (red: E < 75 EeV; blue:
E > 75 EeV). Reconstructed positions of shifted sources for two
groups of the hotspot events are denoted by the open squares; the
errors are shown by ellipses of the corresponding color.
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energy, one can derive the coordinate of the corresponding
shifted source. Furthermore, one can measure the diffu-
sion angle J&4;;(R.A.Dec.,a, A, E;) between the i-th
event and its shifted source. The probability of a param-
eter set for the i-th event can be calculated via
fi(64iri(R.ADec.,a, Ay, E;), 6is.i(A2, E;)) according to
Eq. (5) and Eq. (6). Therefore, the probability of a
parameter set for the cluster of events with the amount
of N is

N

Po‘Hfi(édif.i(R-A-DeC-’a’AlaEi)vérms.i(AZ’Ei))- (7)
i=0

We then define the log-likelihood function as

N
Z In(f;(3air.;(R.A.Dec.,a, Ay, E;), Ors i(A2, E;))

i=

0
+ const. (8)

Using the log-likelihood function Eq. (8) in our
Monte Carlo (MC) fitting engine [32], the best-fit param-
eters and their uncertainties can be realistically determined
by the converged MC chains. For a weakly diffused cluster,
such as the one from Source 1 in Fig. 1, our MCB method
will derive small error contours of the source position, as
shown by the purple curves in Fig. 1, which can well locate
the source. However, for the strongly diffused hotspot, such
as the TA observed hotspot in Fig. 3, our method will get a
larger error contours of the sources position with the current
statistics, which might include other sources besides the
true source, as in Figs. 3 and 4.

The best-fit 5 parameters with 1-sigma uncertainties
derived by the MCB approach of the TA observed hotspot
are listed in Table I. We note that the starburst galaxy M82
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FIG. 3. The 19 events (filled colorized circles) at the hotspot in

the equatorial coordinates. The purple star represent the best-fit
coordinate, and the solid, dashed and dotted purple lines represent
the lo, 20, 30 contours for the source coordinates, for our
5-parameter MCB calculation.
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FIG. 4. An enlarged plot of the hotspot region.

is close to the best-fit source position, denoted by the purple
star symbol in Figs. 3 and 4. There are 7 other objects
within the 1 — o error contour, with their probabilities
relative to the largest probability of the best-fit case listed in
Table I. The starburst galaxy M82 has the largest relative
probability 99.8%, and the star-forming galaxy UGC 05101
and the blazar Mrk 180 also have comparably large relative
probabilities of being the source. The probabilities are
posterior ones.

Due to the poor statistics of the current data, one cannot
exclude any of the source candidates in Table 1.

Sub-PeV to PeV neutrinos can also be used to identify
the sources. Three out of 54 IceCube neutrino events,
namely events 9, 27, and 50, overlap with the location of
the hotspot [17,33]. Although the present data set of
IceCube neutrinos does not provide a sufficient discrimi-
nating power, M82 can be a good candidate source of
neutrinos since it is very close to Earth, and it can probably
accelerate cosmic rays to ultrahigh energies. For example,
particles can be accelerated by supernovae, which are
plentiful in this starburst galaxy with star formation rate
10 times higher than that of the Milky Way. The supernova
shocks can accelerate cosmic rays to the energy as high
as PeV, and they can be further accelerated by the super-
galactic wind to ultra-high energy [10]. The superwind
kinetic energy ESW ~2.7 x 10* ergs™!, implies that M82
is energetic enough to produce the flux of UHECRS in
the hotspot [10]. Compared to M82, the blazar Mrk 180
is much further from Earth, the observed UHECRSs are
suppressed by a factor of 95% [24]. The flux of TeV
gamma-ray emission from Mrk 180 is as high as 0.11 crab
[34] at 200 GeV. Assuming a hadronic model [3] and the
accelerated cosmic ray spectrum index ~2, Mrk 180 can
also be energetic enough to produce UHECRs at the
hotspot. The star-forming galaxy UGC 05101 has a high
far-infrared luminosity Lpg = 89 x 10'°L . According to
He et al. [35], assuming a half-light radius of ~1 kpc, the
energy-loss time is 7). = 1.8 x 10* yr—t— with [ as the

100 pc
scale of the dense region in the galaxy, and the confinement
. . E — . .
time is Teopr = 2.7 X 10% yr(s5iy) 95 which is shorter
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TABLE L.
TA hotspot is listed for each candidate in the last column.

PHYSICAL REVIEW D 93, 043011 (2016)

The best-fit parameters (with 1-o errors) are juxtaposed with 8 source candidates. The probability of being the source of the

Source Name Source Type Distance (Mpc) RA () Dec (°) a () A (®) Ay (°)  P/Ppessi (%)
best-fit - - 14281478 69250 18575109 17.41/7°0 9.4%3] 100
MS82 starburst galaxy 3.4 149.0 69.7 174.2 17.6 9.6 99.8
UGC 05101 star-forming galaxy 160.2 143.0 61.5 182.9 11.6 9.2 96.9
Mrk 180 blazar 185 174.1 70.2 136.1 19.9 9.3 91.3
UGC 03957 galaxy cluster 150.3 115.2 55.4 253.4 14.9 9.5 67.4
A 0576 galaxy cluster 169.0 110.4 55.7 259.0 17.0 9.4 63.4
Arp 55 star-forming Galaxy 162.7 138.2 44.5 279.6 1.9 9.7 55.3
Arp 148 star-forming Galaxy 143.3 165.3 41.1 69.3 10.5 10.0 41.8
Mrk 421 blazar 134 166.1 38.2 61.5 11.2 9.9 35.6

than the energy-loss time for ultrahigh energy cosmic rays,
implying that ultrahigh energy cosmic rays can escape from
UGC 05101.

Future more GeV-TeV y-ray detections by the Fermi Large
Area Telescope (Fermi-LAT) [36], High Energy
Stereoscopic System (H.E.S.S.)[37], the High Altitude
Water Cherenkov detector array (HAWC) [38], the Very
Energetic Radiation Imaging Telescope Array System
(VERITAS)[39], the Large High Altitude Air Shower
Observatory (LHAASO) [40] and the Cherenkov
Telescope Array (CTA) [41] on sources can provide more
hints on UHECR acceleration of those source candidates [3].

One possible way to distinguish among those sources is to
check whether the spectrum of the hotspot events exhibits a
GZK cutoff. The cutoff is expected in the spectrum except
for the nearby source M82. However, it is not possible so far
to determine definitively whether the GZK suppression is
present in the hotspot spectrum for the current statistics.
Another way to distinguish the sources is to observe GZK
neutrinos [42]. No GZK neutrinos can be produced by
UHECRSs from M82 traveling a short distance. For the other
sources with distance about 200 Mpc, assuming a pure
proton composition, 90% UHECRs are strongly attenuated
by photo-meson interactions with CMB photons, and pro-
duce neutrinos. Based on the observed flux of UHECRs at
the hotspot [17], we estimate the flux of EeV neutrinos to
be~(2.2+0.5) x 107® GeVecm=2s~! sr~!, which might be
detected by the IceCube [33] or the PAO [43] in the near
future. However, for heavy composition, the cosmic rays
would lose energy through photo-disintegration, leading to
a suppression on the flux of EeV GZK neutrinos and an
enhancement on the flux of PeV neutrinos [44]. In addition,
the high-energy cutoff may also come from the intrinsic
cutoff at the source caused by its limited acceleration
capability. In that case, the flux of GZK neutrinos would
be much lower.

Therefore, all possibilities remain open at present. Future
data can help resolve the ambiguity. If the source is
confirmed in the future, one can fit the 3 relevant param-
eters of magnetic fields via the MCB method, as listed in
Table I, and further constrain the magnetic field. From

Table I, A, ~ 9-10, indicates a random magnetic field with

TR (1hiss)? s = 25-28. The feature of

the regular magnetic fields can be described by the fitted

parameters a and A, which are varied for different sources.

e _ Dreg BregAJ_
The characteristic value of A} = Z e T nG Tanges from

~4 to ~40. The strength of the magnetic field, the length of
the propagation path and the composition of the UHECRs
are degenerate. The large value of A, and A; may be
considered as the hint of a heavy composition, a strong
magnetic field or a distant source. However, we cannot
remove the degeneracy between the three factors due to
current poor statistics.

As the statistics increase in the future observation by
TA x 4 [45] or JEM-EUSO [46], the error of the source
position will be reduced. We have simulated a hotspot
observation with about 2000 events originating from
MS82, to test whether our MCB method can trace back to
the source. The simulated data consist of cosmic rays
from M82, with a spectrum of g—%’ o« E~2, and deflected by
the regular and random magnetic fields, with the param-
eter set (a, A1, A,) = (174.2,17.6, 9.6), derived from the

features of Z(

q Energy(EeV)
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FIG. 5. An enlarged plot of the simulated data from MS82
(colorized filled circles). The black circle is the 20°-radius circle
with the maximum amount of events. The solid, dashed and
dotted purple lines are 1, 2, 30 contours for source coordinates
derived from the simulated data within the black circle. The
purple star denotes the best-fit source coordinates.
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current observations, as shown in Table I, and a uni-
formly random background with the signal to back-
ground ratio as 10%. The probability of a background
event can be described by the 6th parameter R, then
the probability for one event can be calculated via
fsi = fi(Bregi(R.AADec.,a, Ay), b i(A2)) + Ry. We find
a 20°-radius circle, within which the number of data N,
reaches the maximum value. Then the log-likelihood
function for the data set within the circle is written as
L= Zi.i“‘g) In(f;) + const. As in Fig. 5, the 1o contour
of the possible source is narrowed down to only cover a
small region around the source. The result is sensitive
to the background level, a lower background level will
lead to a smaller error.

In summary, we have explored the hypothesis of a
single source for the TA hotspot using a universal model
of cosmic rays from a single source deflected by
magnetic fields. We generated predictions for different
types of hotspots with the different magnitudes of
diffusion by the random magnetic field. Our analysis
shows that the distribution of the TA hotspot events is
consistent with the single source hypothesis, and the
chance probability of this distribution is 0.2%. The MCB
method can be used to find out the best-fit source
coordinates and magnetic field parameters. This method

PHYSICAL REVIEW D 93, 043011 (2016)

suggests that M82, UGC 05101 and Mrk 180 are likely
candidates, although the other sources listed in Table I
cannot be excluded. The MCB method can be adopted
to other magnetic-selected hotspots that may be observed
in the future.
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