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Summary. — Non-random time series of cosmic rays were searched for in air shower
data of mean energy 1.1 x 105 eV, collected by the air shower array at Mitsuishi, Japan,
during the period from January 1989 to October 1996. By clustering the arrival time
of air showers, five occasions of rate elevation phenomena were found with an expected
probability < 0.05 (varying from 0.18 x 1072 to 4.0 x 10~2) from a random distri-
bution in 3651358 air showers. The arrival directions of these events are grouped in
two regions on the galactic plane within the latitude +25°, corresponding to a chance
probability of 1.6% from a uniform distribution.

PACS 98.70.Sa — Cosmic rays (including sources, origin, acceleration, and interactions).
PACS 96.40.Pq — Extensive air showers.

1. - Introduction

Although high-energy cosmic rays are generally assumed to arrive at the Earth ran-
domly, some evidence for non-randomness has been reported by several groups.
Bhat et al. [1] have reported the possible existence of non-random components in air show-
ers with energies > 10'* eV, If the arrival time of the high-energy primary cosmic ray is
random, the arrival time of the air shower, initiated by the primary cosmic ray, should also
be random. In this case, the distribution of arrival time intervals for air showers should
fall off exponentially with a time constant that is the reciprocal of the air shower rate.
Bhat et al., however, observed two exponential components in the distribution with a kink
at roughly 40 s. When the events with time intervals less than 40 s were mapped to the
areas in the sky, a peak was observed at right ascension (5 + 3) h.

Further evidence to support this result has been reported by Badino et al. [2]. They
measured the muon rate deep underground and found evidence for an event rate excess in

(*) The authors of this paper have agreed to not receive the proofs for correction.

© Societa Italiana di Fisica 299



300 Y. KATAYOSE, Y. INOUE, Y. KAWASAKI, ETC.

the time interval (< 40 s), similar to Bhat et al. On the other hand, negative results have
been reported by several other groups [3,4]. Fegan et al. used a ground level air shower
array to search for the Bhat-type anomaly in 20 000 showers with energies > 10'* eV and
5000 showers with energies > 105 eV, Their result was negative.

Although the measurements of Bhat et al. and Badino et al. concern the non-random-
ness in long-term phenomena, evidences for short-term non-random phenomena have also
been reported. Smith et al. [5] reported a burst event with distinct structure in its time
series. They observed a random temporal sequence of 32 air showers, of mean energy
3 x 10" eV, within a 5 min time interval at one station at Winning, Canada, on January 20,
1981. There was no other burst observed in the experiment which sampled 150 000 shower
triggers over the 18 month period. Another incident has been reported by Feganet al. [6].
They observed a single incidence of simultaneous increase in the air shower rates at two
recording stations separated by 250 km during three years of observation. The event
lasted for 20 s. Furthermore, Kitamura et al. [7] reported on a chaotic feature in the time
series of the arrival times of air showers with energies > 3 x 10** eV. Although arrival
time intervals of over 99.9% of the air showers obeyed a Poisson distribution, representing
stochastic behavior, they observed 13 events that show chaotic behavior as opposed to
either random or colored noise. For five events among the ten chaotic events, we also
found chaotic behavior in the Mitsuishi data in the time period which overlapped with
their events [8]. It should be noted that the Mitsuishi air shower array is located 115 km
from the Kinki University’s air shower array. One possible explanation for these chaotic
events is that they originate from energetic cosmic-ray dust particles.

In this article, we report the results of a search for non-random time series (clustered
events) in air shower arrival times. These phenomena are characterized by an elevated
event rate with a duration of the order of minutes to hours, having arrival time intervals
of the order of less than one to several minutes. The data used were collected using the
Mitsuishi air shower array during the period from January 1989 to October 1996, cor-
responding to 2427 days. The arrival time intervals of air showers were analyzed by a
cluster method, which is particularly sensitive to searches for clustered events with long
durations. Five events were found with a high significance of non-randomness. The arrival
directions of the events are grouped on the galactic plane.

2. — Detector and data taking

The Mitsuishi air shower array is located at Mitsuishi, Japan (latitude 34.8°N, longi-
tude 134.3°E) at an altitude of 130 m. It has been continuously operated since its first
operation in 1961. The air shower array consists of 16 scintillation counters and an un-
derground muon detector (figs. 1, 2). The scintillation counters are placed at ground level,
covering roughly 40 x 50 m2. The size of each scintillator is 100 (W) x 100 (L) x 10 (H) cm3,
viewed by a 5 inch photomultiplier tube.

The muon detector is made of four layers of proportional chambers; two layers in z
and two layers in y, as shown in fig. 3. The z-directional layer consists of 26 rectan-
gular tube-type counters, 10 x 5 x 450 cm?, making the total effective area 260 x 450
cm?, with 5 cm cell size. Each counter has two sensing wires; each sensing wire is con-
nected to an individual readout channel. The y-directional layer consists of 4 planar cham-
bers, 122 x 5 x 239 cm?3, making the total effective area 440 x 239 cm?, with 10 cm cell
size. Each chamber has 22 sensing wires and each pair of adjacent wires are connected
together before connecting to each readout channel [9]. The muon detector is located
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Fig. 1. — Top view of the Mitsuishi air shower detector. The air shower array consists of 16 scintil-
lation counters on the ground. The muon detector consists of four layers of proportional chambers
placed in the tunnel at 30 m.w.e. depth under the surface.

in the tunnel at 30 m.w.e. depth, approximately under the center of the surface array,
requiring a minimum muon momentum P, > 6 GeV to penetrate into the detector.

The two detector systems, the surface array and the underground muon detector, are
electrically isolated. This isolation reduces the chances of having accidental pickup of
common electrical noise. The trigger requires a coincidence between hits in the three
scintillators in the central region (counters 5, 6, 8 in fig. 1) and hits in the two z-directional
layers of the muon chambers (fig. 4(a)). After a trigger, each analog signal is converted
into digital and recored by a personal computer, as shown in fig. 4(b). This trigger condi-
tion requires the core position of air showers to be near to the center of the array.
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Fig. 2. — Schematical side view of the Mitsuishi air shower detector.
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Fig. 3. — The muon detector made of four layers of proportional chambers. The solid-angle area of
the detector is 19.1 m? sr. The accuracy of zenith angle determination is + 3° for muons.
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Fig. 4. — The data taking system of the Mitsuishi air shower detector. (a) Trigger logic. Data were
recorded when three scintillators in the center region of the array and two z-directional layers of
muon chambers were fired simultaneously. (b) Block diagram of the data taking system.

3. — Data analysis and results

In this analysis, the data from January 1989 to October 1996 were used. The total
observation time was 2427 days. The trigger rate was approximately 1 event/min. In
the first step of the analysis, event selection was made by imposing two conditions: 1) all
the layers of the muon chambers have hits, 2) > 5 scintillators have hits. More than
85% of the recorded data passed these conditions. Air showers were reconstructed for
these events. Directions of air showers were determined by the muon directions in the
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Fig. 5. — Comparison of the measured and the original air shower directions by MC at two zenith
angles (Ao = 10° and 6y = 30°). The air shower simulation was done by Cosmos.uv4.00. The
opening angle, A¢ between the measured and the original air shower directions are shown by the
solid line for 6, = 10° and dotted line for 8, = 30°. The means differences are 4.0° for 6, = 10°
and 4.3° for o = 30°, respectively.

air showers. Previous studies [10], using Monte Carlo simulations, have shown that the
average difference between the air shower direction and the average muon direction is
less than 1° for P > 6 GeV muons.

The muon direction was determined by fitting to the hits in the proportional chambers.
Fits were done separately in X view and Y view. In each view, straight lines were drawn
by fitting to the hits in the two layers of the muon chambers. If there was only one line,
we accepted the direction of the line as the muon direction. If there were more than one
line and if there were parallel lines among them, the direction of the parallel lines was
accepted as the muon direction. If there were more than one set of parallel lines, the
direction of the set with the largest numbers of parallel lines was accepted as the muon
direction. If there were more than one set of parallel lines with equal largest numbers
of parallel lines, the average direction of the sets was accepted as the muon direction. If
there was no parallel line, we selected the direction of the line with smaller (projected)
zenith angle as the muon direction.

After the muon direction of each view was determined, we obtained the 3D direction
by combining the directions of X and Y views. The accuracy of this method was studied
by Monte Carlo [11]. Figure 5 shows the difference between the measured and original air
shower directions. The average angular resolution for the air showers is 3.8° for a zenith
angle of less than 45°. Air shower parameters, size N, and core location, were determined
by a least-square fit of the observed particle density to an NKG lateral distribution. 99% of
the data passed the air shower analysis. The measured air shower size distribution is
shown in fig. 6. The mean air shower size was N, = 1.4 x 10%, which corresponds to a
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Fig. 7. — Zenith angle distribution. The distribution has a sharp peak at the vertical direction. The

events with zenith angles smaller than 45° (sec § = 1.43) were used for the cluster analysis.
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Fig. 8. — Arrival time intervals of the air showers in the 1995 data. The line shows the fit to the data
using the N = Ny exp[—\t] form, where No = N?/T, A\ = N/T.

primary energy of 1.1 x 10'®eV. The zenith angle distribution of the observed air showers
is shown in fig. 7. The distribution has a peak at the vertical direction, which falls off
exponentially to 45° as a function of sec §. We accepted air showers with zenith angles <
45° for further analysis. After this selection, 3651358 events remained. A cluster method
was applied to these events.

If the arrival time of cosmic rays is random, the event rate will follow a Poisson distri-
bution, in which case the arrival time interval between successive air showers follows an
exponential law. Figure 8 shows the arrival time intervals of air showers. The distribu-
tion follows the exponential form: n = (N?/T) exp[—Nt/T], where N is the total number
of events and T is the total period of time. Figure 9 shows the number of air showers
in 20 minute time bins. The result is consistent with a Poisson process and no anomaly
was found in this distribution. This method, however, is insensitive to burst-like increases
of event rate, which may occur a few times in a year. A burst-like (clustered) event is
characterized by its start time and its duration; those are free parameters and should be
determined by the analysis. Buccheriet al. [12,13] introduced a cluster method for finding
such events. In their method, the events are grouped into clusters when the time interval,
At, between consecutive events is shorter than a given value, ¢, as shown in fig. 10. The
cluster is then terminated by an event with At > ¢,.

In our analysis, the eight years of data were divided into groups of events in sev-
eral month periods with approximately constant event rate. Clustered events were sepa-
rately searched for in each group and the results were combined at the end. Figure 11(a)
shows the distribution of arrival time intervals in the data taken from 19th September to
14th October 1990. The dip at At < 3 s is caused by the dead time of the system. To
correct the effect of dead time, we selected the events which were observed 3 s or more
than 3 s after each selected event. Then 3 s were subtracted from the time interval of each
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remained event after this selection. After this correction, the distribution is exponential,
as shown in fig. 11(b). We adapted Buccheri’s method for grouping events into clusters.
We used t, =5, 10, 15, 20, 25 (s) for t,, < 30 s, and for 30 < ¢, < 400 (S), t, Was increased
in steps of 10 s.

In Buccheri’s method, the probability of chance occurrence for each clustered event is
calculated as a function of the number of events in each cluster with a duration time, ¢, as

M P(z >n,t) =1 —exp[-Nt/T] i % ’

=0

where n is the number of events in ¢, N is the total number of events in the total period of
time, T'. This method is sensitive to clustered events with short duration time. We used a
different formula to calculate the probability. The modified method has a better sensitivity
to phenomena with a long duration of increased event rate, of the order of several hours.
In this method, we require “no break” of events in a cluster, i.e. every t,, time bin in the
cluster has to have at least one event in it. When the elevation of event rate is small, the
difference in probability for satisfying the “no break” condition is not significant between
a time series with the elevated event rate and the normal level. However, by accumulat-
ing 102 to 10% events in a large cluster, the small difference of probability for each “no
break” is also accumulated. Hence, in a large cluster, the background probability, due to
the chance occurrence by normal rate events, can be greatly reduced. Because of this re-
duction of background probability in a large cluster, a small increase in event rate of long
duration can be detected using this method. In other words, if cosmic rays are arriving
randomly with a constant average rate, such large clusters should not exist. Evidence for
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Fig. 9. — The distribution of the event rate every 20 minutes in the 1995 data. The data are shown
by the histogram and the curve shows the fit by a Poisson distribution.
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Fig. 10. — Hlustration of the cluster method. Events are grouped into a cluster, when the first
n — 1 consecutive pairs of events have time intervals smaller than a predefined value ¢, and the last
consecutive pair of events has a time interval larger than t,. T is the total period of observation
time and NV is the total number of events in T'.
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Fig. 11. — The time interval distribution of the data from 9/19 to 10/14 in 1990. (a) The distribution
before removal of dead time. The dip in the region from 0 to 3 (s) is due to the dead time of the data
taking system. (b) The distribution after removal of dead time. In order to correct the effect of dead
time, the events, which arrived within 3 seconds after each selected event, were removed. Then 3 s
was subtracted from the time interval of each remained event.

TABLE I. — Observed clustered events.

Date Time ta t n Expectation RA Dec.
(um) (s) (s) in 2427 days (deg.) (deg.)

890514 021552 300 117395 1346 1.8 x 1073 75 33
900929 172805 200 22005 398 4.0 x 1072 90 33
910214 210021 320 143837 2501 8.4 x 1073 47 33
940220 222405 150 9916 232 1.9 x 1072 281 33

940515 200429 60 1145 41 3.6 x 1072 310 34
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Fig. 12. — The number of clustered events vs. pM,, where p was calculated by eq. (2). (a) Monte
Carlo simulation and (b) observed data in 1995.

such clusters indicates that the cosmic-ray rate deviates from a random distribution with
a constant average rate. It should be noted that it is crucial to choose the proper ¢, for
the elevated level to separate a cluster from background.

We searched for the possible existence of such large clusters in our air shower data.
The expected probability of having a cluster in the total observation time, 7', is given by
pM,, where M, is the total number of observed clusters in T' and p is the probability of
chance occurrence of the cluster. The probability, p, is calculated from the arrival time
interval distribution. In a Poisson process, the probability of having the next event within
a time interval of ¢, is 1 — exp[Nt,/T]. Thus the probability of occurrence of a cluster
with size n is

@ p(z = n) = (1 = exp[—Nta/T])" " exp|—Nta/T].

We verified this expression by applying this to both the Monte Carlo (MC) data and the
observed data. Figure 12(a) shows the number of clusters found in the MC data as a func-
tion of pM,,, where p is calculated by eq. (2). The result is consistent with the calculation.
Figure 12(b) shows the pM,, of the observed data with no significant clustered event. The
observed distribution is also consistent with the calculation. To compare the data with ex-
pectation, the probability of having a cluster with a number of events equal to or greater
than n was calculated, which is

@) Pl >n) = 1- 3 (1 - expl-Nta/T]) exp[~Nta/T].

i=1

The probability of occurrence of each cluster for the total observation period Ty (2427



310 Y. KATAYOSE, Y. INOUE, Y. KAWASAKI, ETC.

1989 2/27 ~ 7/30 1990 9/19 ~ 10/14 1991 1/6 ~ 4/21
] | T T T T T e B I I

100 ¢ = 50 1
50 t, = 300(s) t,= 200(s) ] t, = 320(s)
i M, = 1383 M, = 1294 | 10} M, = 761
w10 ¢ 4 10 E 5
20 s
o °F i
>
& - : )
s 1§ AR L AR TR TR TONE L R VTR
1= 0 500 1000 1500 0 100200 300 400 500 0 1000 2000 3000
] n n n
0
£ 1994 1/1 ~ 4/1 1994 4/1 ~ 9/2
103 SRR T 7| 3 T T T T
Z 4 | 1
t,= 150(s) { 107 F t,= 60(s) 3
. = 8897 103 L .= 70893 —;
10° F .
. } ol F | .
o+ o+ J 100 b ]
SN B 1 10 Lol
0 100 200 300 0 10 20 30 40 50
n n

Fig. 13. — The number of consecutive events for the five clustered events; vertical crosses show the
data and solid lines show the expectations derived from Poisson distribution. The clustered events
are indicated by the arrows.

days) was calculated by PM,Ty/T. The event was considered as significant if PM,T,/T
of the cluster was smaller than 0.05.

After this selection, we have found five significant clusters , which are listed in table I.
In table I, the starting time of each cluster is shown in the format: date = yymmdd,
time = hhmmss. The threshold time interval, ¢, of the five clusters varies from 60 to
320 (s). The number of air showers in each cluster varies from n = 41 in the shortest
cluster (¢ = 19.2 min) to n = 2591 in the longest cluster (¢ = 40.0 hour). Figure 13 shows
the number of events for each cluster with the ¢, used. The expectation probability of
each cluster from a uniform distribution varies from 0.18 x 1072 to0 4.0 x 10~ 2 for the total
observation period. The size and the zenith angle distributions of the air showers in the
clustered events are shown in figs. 14 and 15, respectively. No significant difference was
found between the air showers in the clustered events and the normal air showers.

Arrival directions of the clustered events were studied by using the air shower di-
rections in the clusters. Figure 16 shows the right ascension of the air showers in each
clustered event. Each distribution has one or two peaks. Figure 17 shows the average
direction of the air showers in the clustered event in the galactic coordinate system. The
observable region for the Mitsuishi air shower array is —10° < declination < 80°, mainly
due to the zenith angle cut at 45°. The dotted line shows the meridian at Mitsuishi. All
of the five events are grouped around the line. The right ascension of the air showers
in the clustered events has two peaks in its distribution, as shown in fig. 18. The obser-
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Fig. 14. — The air shower sizes in the clustered events. The clustered events are shown by the filled
circles and the dashed curve shows the normal air showers.
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Fig. 15. — The zenith angles of the air showers in the clustered events. The clustered events are
shown by the filled circles and the histogram shows the normal air showers.
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Fig. 16. — The right ascension (RA) of the air showers in the clustered events.
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Fig. 17. — The directions of the clustered air showers. The average directions of the air showers in
the five clustered events are shown in the galactic coordinate. The standard deviation of the average
direction for each cluster is shown as a dashed box. The dotted line shows the meridian at Mitsuishi.
The sky not observed by the Mitsuishi air shower array, due to the zenith angle cut at 45°, is shown
as the hatched area.
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Fig. 18. — Variations of right ascension for (a) the air showers in the clustered events and (b) all air
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80 T T T LI T T T T T T T L T T

60

N
o

Declination [deg.]
AN
(e

0 100 200
Right Ascension [deg.]

Fig. 19. — The directions of the clustered air showers in the ecliptic coordinate system. The solid
and dashed curves show the galactic latitude at 0° and £25°, respectively.
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Fig. 20. — The number of detected muons per one shower. The air showers in clustered events are
shown by the filled circles and the histogram shows the normal air shower events.

vational period for all sky in right ascension, however, was almost uniform; its variation
from the average period is smaller than 1%. Also, the ordinary air showers have no such
peaks. Figure 19 shows the average direction of each clustered event in the equatorial
coordinate system. The solid and dashed curves show the galactic latitude 0° and £25°,
respectively. All five clustered events are within the galactic latitude +25°. The chance
probability of having five events within this region is 1.6%. This suggests that the clus-
tered events appear to originate near to the galactic plane. Primary cosmic rays for the
air showers observed in Mitsuishi are mostly protons. If the air shower was produced by
a high-energy gamma ray, one expects that the number of observed muons in the shower
should be small, compared with one produced by a proton. Figure 20 shows the number
of muons per shower in the clustered events. There was no significant difference in the
number of muons between the clustered events and the normal air shower events.

4. — Discussion and summary

We collected air shower data with a mean air shower size N, = 1.4x10°? and with ac-
companying muon(s) of approximately £, > 6 GeV, using the Mitsuishi air shower array
over a period of eight years: from January 1989 to October 1996. The average event rate
was approximately 1 event/min. Burst-like increases of air shower rates were searched
for by grouping the events into clusters using a cluster method. If the expectation of
occurrence for a cluster over the whole period (2427 days) is less than 0.05, we consid-
ered the cluster as significant. Five clustered events were found with a probability sig-
nificantly different from expectation from a uniform distribution, the probability varying
from 0.18 x 1072 to 4.0 x 10~2. The duration time of each cluster varied from 19.2 min
to 40.0 hours. Size and zenith angles of the air showers in the clustered events have no
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significant difference from the normal air showers. The arrival directions of the events
are grouped in a region within the galactic latitude +25°. The chance probability of hav-
ing five events within this region is 1.6%. This inclination of the arrival directions may
suggest that their origins are in the nearby galactic arms. It is, however, improbable that
the clustered events are initiated by charged particles (protons or heavy nuclei).

For a cosmic-ray proton of energy ~ 10! eV, its Larmor radius in the galactic mag-
netic field ( ~ 3uG ) is approximately 0.3 pc, which is much smaller than the size of the
galactic arms. Consequently, charged particles coming from a galactic source a few kpc
away suffer scattering in interstellar space, hence losing their original source directions.
Similarly, the Larmor radius of heavy nuclei is much smaller than the size of the galactic
arms, making it difficult to explain the origin of clustered events as heavy nuclei. On the
other hand, if they are gamma-rays or neutral particles, scattering in the magnetic field
should be negligible.

The EGRET experiment on CGRO reported an increase of delayed high-energy
gamma-ray emission from a gamma-ray burst (GRB) in 1994. They detected very
high-energy (200 MeV-10GeV) photons for 1.6 hrs, following an intense burst on Febru-
ary 17, 1994 [14]. If the energy range of gamma-ray bursts extends to ultra high energy
(UHE), presumably the air showers induced by the UHE gamma rays should accompany
a small number of muons. Smith suggested a correlation of their cosmic-ray bursts with
GRBs. We examined the number of detected muons per each shower in the clustered
events, but found no difference in the number of muons between the clustered events and
the normal air showers. If the clustered events include a significant number of air show-
ers induced by UHE gamma rays from GRBs, one can expect that the arrival directions
of the clustered air showers should have peaks in the directions of GRBs. There is no such
peak in the distribution.

Another possible explanation for the clustering of the arrival directions is that they
have heavier particles as their origins. The clustered events might be produced by the
many secondary particles from some heavier primary particles, namely dusts, which are
connected to the galactic arms. Berezinsky, Hayakawa and Grindlay et al. [15-17] inves-
tigated the mechanisms for the propagation and destruction of relativistic dust grains in
the interstellar medium. According to Grindlay’s discussion, a relativistic grain in a cer-
tain size range can propagate for several hundred parsecs. Such a relativistic grain, when
approaching the Earth, obtains a large electric charge as a result of interactions with so-
lar photons. This increases the electrostatic forces, which break the grain. Because dust
grains are abundant in the interstellar medium, they can be accelerated by the strong ra-
diation pressure of supernova [18, 19] and/or by magnetic processes [20]. The clustered
events could be produced by sub-relativistic secondaries from successive disintegrations
of relativistic dust particles.

Evidence for dust-induced air showers was reported by Kitamura et al. [7]. They
suggested that air showers showing chaotic behavior are possibly related to relativistic
grains. We examined the clustered events for evidence of chaotic behavior using a fractal
dimension analysis. No chaotic behavior was found in the clustered events. We also ex-
amined the time of occurrence of clustered events for correlation with Kitamura et al.’s
chaotic air showers. No correlation was found. Non-random cosmic ray time series con-
nected with the Galactic Arms appear to exist, but their origins are still mysterious.
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