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We propose a new observable sensitive to small-scale anisotropies both in the arrival directions
and the arrival times of cosmic ray events, to search for flares of high energy neutral particles,
with a time scale ~ 1 day, and moderate intensity.

Coherent periodic or explosive emissions of neutral particles induce, not only local spatial excesses
of events with respect to an isotropic background of charged cosmic rays but also clusters of arrival
times. However, traditional time-integrated blind and targeted searches disregard deviations from
anisotropies in the time domain.

We show that by adding information on the arrival time distribution of events in angular windows
of the order of the detector resolution of comic-ray experiments, we boost the sensitivity to
flare events, increasing the significance of a detection, compared to time-integrated searches.
Furthermore, we develop an end-to-end analysis for a novel observable and show how it can be
used in both blind and targeted searches, thus demonstrating its versatility and wide range of
applicability.
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1. Introduction

In ultra-high energy cosmic ray experiments, such as the Pierre Auger Observatory (PAO)
[1] and Telescope Array (TA) [2, 3], searches for neutral particles, such as photons, astrophysical
neutrinos and neutrons, either rely on the analysis of shower observables that distinguish photonic
or neutrino showers from hadronic ones [4—7] or on discerning local excesses of events in the sky
from an isotropic cosmic ray background, either blindly [8] or in correlation with target sources [9].
The latter searches are time-integrated, although in neutrino experiments such as IceCube [10], time
dependent searches for multi-flares of neutrinos have been published [11] with the method presented
in [12]. Unlike cosmic rays, which are deflected by homogenous and random components of galactic
and extra-galactic magnetic fields during their propagation from source to Earth, neutral particles
emitted coherently at the source, keep their spatial and temporal coherence during propagation.
Thus, disregarding the time coherence in time-integrated searches, might hamper the detection of
fluxes from point sources of neutral particles, and, in particular, from flare events. A comprehensive
list of candidate sources of photons and neutrons can be found in [13].

In this contribution, we develop a new observable sensitive to deviations from anisotropy in
both the spatial and time domains. We build the probability density function of this observable
for an isotropic background and perform blind and targeted searches for flares in mock datasets.
We show that including the distribution of the arrival times of events boosts the sensitivity to flare
events, motivating the application of the developed method to data to place stronger limits on the
flux of neutral particles at ultra-high energies, or to increase the significance of a detection.

2. Analysis

2.1 Outline of time-integrated analysis

Blind time-integrated searches for small and intermediate scale anisotropies consist in defining
target regions in the celestial sky, spanning a solid angle Q¢arger, and counting the number of events in
each target, n, to determine the probability of measuring at least n when yu are expected. Commonly,
it is assumed that n follows a either a Poisson [9] or a binomial distribution [14], under the null
hypothesis that the spatial distribution of events is spatially isotropic, irrespective of the distribution
of arrival times. The collection of obtained pre-trial p-values is compared with the distribution of
p-values obtained with an ensemble of samples of isotropically distributed events, by computing
pos-trial p-values: the fraction of isotropic samples for which a p-values are less than or equal to
the one observes for data [14].

In targeted searches, the procedure is similar, except that the targets are centered at the coordi-
nates of candidate sources. In this case, assuming that the distribution of p-values is uniform, the
penalized p-values for each target, for Niges targets, are obtained via p* =1 - (1 - p)Nurzess [9],

However, the aforementioned analysis overlook the requirement of a uniform distribution of
arrival times of cosmic rays, even though it is expected from an isotropic flux of cosmic rays.
Moreover, adding another constraint to the null hypothesis could boost the sensitivity to deviations
from isotropy expectations.
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2.2 Defining an estimator sensitive to spacetime anisotropies

To include information pertaining to the distribution of arrival times, we combine, for each
target centered at n, with n events, the n — 1 time differences between consecutive events, At; with
i €{1,2,...,n— 1}, to define the quantity

n—1

A=-— Z In (At;,T"(n)), (1)

i=1

where ['(n) = “Ti:l) is the expected rate of events in a given target, for u expected events and an
observation time Tq,s. This quantity is both sensitive to excesses of the number of events and to
smaller time differences, whether they arise naturally from the event excess or by their clustering in
time due to the presence of a flare. In both cases, larger values of A correspond to the clustering of

events in space and time.

2.2.1 Parametrising distribution of A

To use A, which generalises the measured number of events » in a target, we have to determine
its probability density function. To do so, 103 samples of isotropic distributions of 10> events are
simulated!. These samples are obtained through a thorough scrambling procedure from a seed
isotropic sample.

To generate the seed isotropic sample, we suppose an observatory at the location of PAO:
average latitude of 35.15° S, longitude of 69.20 W, and height 1400 m above sea level [1], and
sample independently values of right ascension and declination, a; and d;, uniformly distributed
on a sphere. These correspond to the local zenith and azimuth angles, 6; and ¢;. The arrival times
of events are sampled from a uniform distribution over a time period of Tops = 10 years, to match
the exposures of PAO and TA. We either accept or reject each event by imposing 8; < Opax = 80°
in the instantaneous field of view? of the observatory for a given sidereal time a((#), and that
the acceptance is suppressed by cos #3. Note that the zenith angle cut-off defines the maximum
declination dmax = Omax + €0 ~ 45°, where ¢ is the latitude of the observatory. In this simplified
case, the instantaneous directional exposure, w(n, t) = w(«, d, t) reads

w(a,d,t) = C [cosfycosdcos(ayg(t) —a)+sinfysind]  with 6(¢, @, 5) < Omax, 2)

where the constant C is such that ff w(n,t)dtdQ = 1. The formula for the time-integrated
directional exposure, w(m) is the one presented in [16], and it is only a function of the declination
within our approximations, w(n) = w(d). Note further that, if Neyents designates the total number
of events, then

M = Nevents // w(n) dQ = Nevents z:target (n) = Nevents Ztarget (9), 3)
Quarget

where Zrger () is the integrated directional exposure over each target.

1Using the cosmic ray spectrum measured by the PAO [15], this corresponds to roughly all events Ey > 4 eV, for a
maximum zenith angle 6max = 80°, and over 10 years.

2Inclined showers above 6 > 80° cannot be reliably reconstructed.

3This is the case for a flat horizontal array with constant area of the observation time.
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The aforementioned scrambling procedure is performed by independently shuffling the arrival
times #; and zenith angles 6; of the 10° events, and selecting ¢; uniformly from [0,2x]. For
each combination of ¢#;, 6; and ¢;, the corresponding values of @; and 9; can be calculated. The
procedure leaves the distributions of arrival times and zenith angles unchanged. For each sample of
an isotropic sky, a circular target is defined around each event with a radius reee = 1° (of the order
of the angular resolution of the PAO [17]). The number of events, n, and the value of A, provided
that there are at least two events in the target.

Assuming that the number of events in each target follows a Poisson, the time difference
between consecutive events follows, to first approximation, an exponential distribution* with rate
I'(6). Hence, the random variable 7 = In(AfI"(5)) follows the distribution f(7) = exp{r — e},
andso, A = — Z:’:_ll 7; follows the n—1 self convolution, fA(A) = fr,(11)®- - -® f7, , (Th—1), which,
as far as we know, cannot be performed analytically. Therefore, we parameterize this distribution in
bins of I'(9), ranging from I" = 19 to I = 1 events per decade. The lower limit of I" > 1 eliminates
some bias in the region with few events. For each bin of the expected event rate, the distribution
of A is produced, and its upper tail fitted to an exponential function of the form y = Ae A, where
B = B(I'), by minimising 2. Only the upper tail needs to be fitted since high values of A reflect
excesses of events in space and/or a clustering of events in time. The starting point of the fit range is
chosen iteratively, starting at the 99% percentile of the A distribution and until the value of y? < 2.
We have checked that the fit converges in each iteration and that the final fit range is representative
of the extension of the tail of the A distribution.

The left panel of Figure 1 shows fa(A), for a few chosen bins of I, while the right panel
displays the evolution of the exponential slope S as a function of the rate I". The color gradient is
such that lower rates are represented in blue and high rates in red. The maximum expected rate is
" = 18 decade™".
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Figure 1: Left panel: distribution of A for bins in expected event rate, I', such that higher rates are represented
in red and lower rates in blue, for 10° samples with 10° events isotropically distributed over 10 years, along
with y? fits to exponential functions. Right panel: exponential slope S of the upper tail of the A distribution
as a function of the expected event rate.

It is apparent that the higher the expected rate, the flatter the tail of the distribution of A since

4This is only true to first order because the time difference is modulated by the rotation of the Earth and the observation
time if finite, although much larger than the typical time differences between events.
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more terms, with a larger value, are being added to the sum that defines this estimator (see Eq. 1).
This tendency is clear from S as a function of the event rate.

To compute p-values of A for a target in a given expected rate band, its distribution is interpo-
lated using a third-order Akima spline [18] and extrapolated using the exponential fit to the upper
tail. The cumulative distribution of A, Fx(A), is then built from the interpolated and extrapolated
values of fx(A) to ensure its continuity.

3. Method

3.1 Obtaining sky samples with flares

To test the sensitivity of A to flare events, a catalogue of 1000 flares disturbed isotropically
in the sky and uniformly in time is produced. Samples of skies with ngares and neyens €vents per
flare, each with the same duration ATq,e, are generated by sampling 7evenes €vents from each flare
following a Gaussian distribution in the equatorial coordinates, centered at the position of the flare,
and with width of 1°, and with arrival times sampled uniformly from the interval [, tr + Affare],
where tgare 1S the flare’s time stamp. Afterwards, fevents X Pfiares €vents are randomly removed from
the isotropic sky and substituted with flare events.

3.2 Blind search

To perform a blind search for small-scale spacetime anisotropies, samples of skies with flares
are binned using Healpix [19], with ng4e = 64, corresponding to angular resolution of ~ 1°, to
define the centers of each target, with Yraeee = 1°. The number of events, n, and the value of A
are computed for each target, along with the corresponding p-values. For n, the p-value follows
from a Poisson distribution via ppoisson = 1 — % [Zl’.’:_ol Poisson(i, u) + X, Poisson(i, ,u)], where
the averaging of cumulative distributions eliminates the bias towards lower or higher p-values. The
pa-value is computed from py = 1 — Fo(A). This procedure is followed for the 103 samples of
isotropic skies and a sample with flare events. From these, the corresponding pos-trial p-values are
computed according to Section 2.1.

3.3 Targeted search

For the targeted search, we center each target at the position of each flares, computing and
penalizing p-values for both n and A as described in 2.1. Note that the search in time is blind,
although a targeted search could be addressed in the publication following this work.

4. Results

4.1 Blind search

Figure 2 shows the distributions of pos-trial p-values over the entire sky for the Poisson (left
panel), and A (right panel) distributions, both with ngaes = 20 and neyens = 5 for each flare and
two types of flares: short flares, with Azgae = 1 day, in red, and long flares, with Argae = 7 days,
represented in orange. Note the coordinates with the sources are kept constant between the two
samples of short and long flares. The blue shaded areas represent 95% of the samples.
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Figure 2: Left panel: distributions of p-values computed from the number of events in each target, as
obtained for a sample with 20 flares and 5 events per flare, over Afgye = 1 day (short flare) in red, and
Atpare = 7 days (long flare), in orange, normalized to a uniform distribution expected from isotropy. The blue
bands correspond to 95% of the simulated isotropic samples. Right panel: the same as the left panel, but
p-values are computed from A in each target.

The enhanced accumulation of points near p—value = 1073 for A, as compared to n, shows that
A is more sensitive to the presence of small-scale spacetime anisotropies than a time-integrated
estimator, thus rendering A more suited to search for flares of neutral particles. In particular, we
observe a migration of events from p-value = 1072 to p-value = 10~3, hence an order of magnitude,
by adding time information, irrespective of whether flares are shorter or longer. For longer flares,
the sensitivity of A decreased, despite staying better than that provided by n. In an upcoming
publication, the number of isotropic samples should be increased by an order of magnitude, to
probe better lower p-values. A more systematic study of the dependence of the significance as a
function of the flare duration will also be performed.

4.2 Targeted search

The penalised p-values for short and long flares are displayed in Figure 3, for short flares in
the upper panel, and long flares in the lower panel. The left sky-maps refer to penalised p-values
computed using the number of events in each target, the middle sky-maps refer to penalised p-
values computed using A, and right histograms show the distribution of penalised p-values over the
entire sky. In sky maps the colour scale is such that lower p-values are depicted in red and higher
ones in blue. The blue dashed histograms pertain to p-values computed with n, red histograms
to p-values computed with A for short flares, with Atg,e = 1 day, and orange histograms to long
flares, Atgare = 7 days.

Irrespective of the duration of the flare, the addition of time information yields lower penalized
p-values, in same cases lower by an order of magnitude, as is clear from the distribution of penalized
p-values, thus showing that A is far more sensitive than n to events coming from flares. In particular,
for the set of short flares, 75% of the p-values for a time-integrated search are above 0.8, with the
lowest p-value being 0.17, while the time-dependent search has 25% of the targets with p-value
< 0.1, with the lowest reading 0.01. Results for longer flares are still very encouraging, despite
the significance of the time-sensitive search being, on average, lower. Even so, 20% of the targets
have a penalized p-value < 1%, while the time-integrated search has none. Additionally, we note
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Figure 3: Upper panels: sky-maps with the penalised p-values computed from the measured number of
events in each target, n (left panel) and A (middle panel), such that lower p-values are depicted in red and
higher ones in blue, for 20 flares with 5 events each and a duration Afq,.e = 1 day, along with the distribution
of p-values (right plot) computed from n (blue dashed) and A (red full). Lower panels: the same as the upper
panels but for long flares with ATq,e = 7 days. Its p-value distribution over the whole sky is depicted in
orange in right panel.

that the significance has a dependence on the declination of the sources, although this dependence
could be eliminated by weighting the p-values by the exposure. This will be done in the future.

In summary, it is evident that using A instead of just the integrated number of events in each
target boosts the sensitivity to flares of neutral particles, both short and long flares. Therefore, A
could be used to impose unprecedented limits on the flux from sources of ultra-high energy neutral
particles or allow the detection of a source.

5. Conclusions and outlook

We have explored a novel estimator, A, to search for excesses of high-energy neutral parti-
cles over an isotropic background of ultra-high energy cosmic rays, using both spatial and time
information arrival of cosmic ray events.

Using mockdata sets with a moderate number of flares and events per flare, over an isotropic
background, we have shown that for both short and long flares, the variable A is more sensitive to
departures from spacetime isotropy, than just the number of events in each target. We have also
verified that this holds true in blind and targeted searches, by comparing the pos-trial and penalised
p-values, respectively, for both A and n. Moreover, the search in time was always blind and did
not contain assumptions about the light curve of the flares, besides an emission uniform in time, so
correlations with the timing of the flare could boost the sensitivity of A even more.
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Given the increased sensitivity of A to departures from small scale spacetime isotropy, we
argue that is should be used, to either detect or place stricter upper limits on the flux of very high
energy neutral particles, including photons, neutrinos and neutrons, from point sources. Regarding
neutrons, this would provide a mean of improving limits on their flux at the EeV scale, as neutron
showers are indistinguishable from proton showers.

Finally, the method developed in this contribution will be systematically studied.
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