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1. Introduction

Even after more than 80 years since the first detailed indirect investigations of high-energy cosmic
rays via extensive air showers (EASs; [1]), the origins of these energetic particles, particularly
those with ultra-high energies (UHEs; � & 1018 eV), remain a mystery. Deflections by equally
mystifying magnetic fields both inside and outside of the Galaxy hinder efforts to directly track
UHECRs back to their sources. Weaker deflections at the highest energies would, in principle,
allow UHECRs to arrive closer to the positions of their sources, but the exact energy threshold
beyond which this occurs has yet to be determined. At similar energies, UHECRs interact with
cosmological photon backgrounds (via, e.g., the GZK effect, [2, 3]) resulting in a horizon distance
(∼ 1 Gpc at � ∼ 1019 eV and dropping to ∼ few hundreds of Mpc beyond 5 × 1019 eV; [see e.g.,
4]) within which the highest energy CRs must originate. Out to this distance, the local matter
distribution, including nearby UHECR sources, is anisotropic; hence, the UHECR sky distribution
is likewise expected to be anisotropic and may even exhibit hot spots around powerful, nearby
sources. Searches for anisotropy in the distribution of UHECR arrival directions have provided the
first high-significance detection (significance ∼ 6f) by the Pierre Auger Observatory of a dipolar
modulation (amplitude 3⊥ ∼ 6% pointing far away from the Galactic Center) in events with energies
above 8 EeV [5, 6], confirming the extragalactic origins of UHECRs. Both Auger and the Telescope
Array (TA) have reported hints of intermediate-scale (∼ 20◦) anisotropy in the form of hot spots
in the sky distributions of UHECR events with energies above 41 EeV (post-trial p-value or 1.4%)
and 57 EeV (significance ∼ 3.2f), respectively [7, 8].
Another approach to probing anisotropy on intermediate scales is to search for cross-correlations

between UHECR arrival directions and astrophysical catalogs. Such studies compare the spatial
clustering of UHECR events with those of candidate astrophysical sources, possibly providing
clues about UHECR sources and their characteristics, as well as the amount of deflection due
to intervening magnetic fields [9]. Statistical cross-correlation studies performed by Auger have
provided intriguing hints of a correlation with nearby astrophysical sources, with the strongest signal
arising from starburst galaxies (significance ∼ 4.0f; [7]). With a significant increase in exposure
above ∼ 40 EeV, these hints could become more definite signals [10, 11].
A key science driver for any future UHECR experiment is achieving the performance required

in order to firmly connect UHECRs with their sources via the aforementioned anisotropy searches.
In this work, we assess the science reach for cross-correlation studies of UHECR anisotropy with

Mission Specification
POEMMA

ZAP
(Stereo Mode)

Energy Resolution
≤ 18% above

50 EeV
< 30%

Angular Resolution
< 1.5◦ above

40 EeV
1◦ – 4◦

#ev with � & 40 EeV 1400 2000
Operation Timescale 5 years 2 years

Table 1: Select list of mission specifications for POEMMA and ZAP.
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Figure 1: Left: Projected differential exposure for five years of POEMMA as a function of declination at
various energies for two operational modes. Figure reproduced from [14]. Right: Exposure projections for
two years of ZAP as a function of the logarithm of the energy for different orbit altitudes and numbers of
antennae. The current (black dashed) and 2030-projected (grey dot-dashed) exposures for the Pierre Auger
Observatory are provided for comparison. Figure reproduced from [13].

two future experiments, the Probe of Extreme MultiMessenger Astrophysics (POEMMA) [12] and
the Zettavolt Askaryan Polarimeter (ZAP) [13]. Both experiments are space-based missions that
will monitor larger interaction volumes in order to achieve large increases in exposure relative to
current experiments and planned enhancements as seen in Fig. 1. Both missions will also feature
full-sky coverage, providing the capability to observe the entire UHECR source distribution over
the celestial sphere, and eliminating the need for cross calibration between different experiments
with only partial sky coverage.
POEMMA will orbit the Earth in search of fluorescence signals from EASs of UHECRs and

neutrinos above 20 EeV and optical Cherenkov signals from upward-going EASs of tau neutrinos
above 10 PeV.1 The observatory design consists of two identical telescopes on board individual
satellites orbiting in tandem with a separation of ∼ 300 km at an altitude of 525 km. POEMMA
will operate in two science observation modes: POEMMA-Stereo mode in which the telescopes
are pointed close to nadir to monitor overlapping atmospheric volumes, and POEMMA-Limb in
which the telescopes are tilted ∼ 45◦ from nadir to monitor even larger atmospheric volumes below
the Earth’s limb. The POEMMA-Stereo mode is optimized for stereo fluorescence observations
of UHECR EASs and enables excellent angular, energy, and composition resolution. While the
POEMMA-Limb mode is optimized for optical Cherenkov observations, UHECR fluorescence
observations will continue, albeit with an enhanced acceptance and less precise reconstruction
capabilities [14]. In this work, we focus on the performance capabilities enabled by POEMMA-
Stereo mode (see Table 1).
ZAP will orbit the Moon in search of Askaryan radio signals [15, 16] from UHECR showers

developing in the lunar regolith. The observatory design consists of an array of dipole antennas
with baseline separations of ∼ 5.7 m in order to localize the direction of the radio impulse to within
an uncertainty of ∼ 3◦. The radio impulse is emitted over multiple frequencies with a beam pattern
that varies from dipole-like at lower frequencies (. 100 MHz) and transitions to cone-shaped at
higher frequencies. ZAP will target the lower frequencies (30–300 MHz) in order to take advantage

1The capabilities of POEMMA for detecting neutrinos are discussed in other proceedings.
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Figure 2: Sky plots of the normalized UHECR flux in equatorial coordinates for astrophysical scenarios
with best-fit parameters reported by Auger [17]. The dashed white line is the Galactic Plane. The solid white
line is the Supergalactic Plane. Left: Starburst galaxies with 5sig = 11% and Θ = 15◦. Middle: Swift-BAT
AGNs [18] with 5sig = 8% and Θ = 15◦. Right: 2MRS galaxies [19] with 5sig = 19% and Θ = 15◦. Figures
reproduced from [12].

of the wider beam pattern to allow for UHECR detection in a wider range of viewing angles,
increasing event acceptance.

2. Anisotropy Searches by Cross-Correlating Arrival Directions of UHECR Events
with Astrophysical Catalogs

In this work, we follow the Bayesian approach to searching for cross correlations between UHECR
arrival directions and astrophysical catalogs [20–22]. Astrophysical hypotheses are expressed as sky
maps consisting of either a purely isotropic distribution for UHECR events or a mixed distribution
consisting of an isotropic component and an anisotropic component arising from astrophysical
sources:

Fsky (=̂) =
F (=̂)
C

[ (
1 − 5sig

) 1
4c
+ 5sigFsrc (=̂)

]
, (1)

where Fsky (=̂) is the normalized overall UHECR flux sky map (including both isotropic and
anisotropic components), =̂ is the unit vector for a given location on the sky, F (=̂) is the experiment’s
exposure in the direction of =̂ (see Fig. 1), 5sig is the signal fraction (the fraction of UHECRs
originating from the sources), Fsrc is the normalized source sky map for the flux of UHECRs
originating from the sources, and C is a normalization factor to ensure that

∫
Fsky (=̂) 3Ω = 1.

We construct Fsrc from a flux-limited astrophysical catalog, weighting each source by its elec-
tromagnetic flux (assuming that the UHECR flux is proportional to the electromagnetic flux) and
applying an attenuation factor that accounts for UHECR energy losses through propagation over
the distance to the source. Each source is also weighted by a von Mises-Fisher distribution2 with
angular spreadΘ. For the source attenuation factors, we follow the data-driven approach of [23] that
reproduces Auger composition and spectrummeasurements [24]. In this work, we assume Scenario
A of [23] in which the air-shower data are modeled using the EPOS-LHC interaction model and an
at-source injection spectrum that is a power law with a hard index (W = 1) and a rigidity-dependent
cutoff.
For this study, we use the same astrophysical catalogs as in [17, 23], which include a catalog of

starburst galaxies selected based on their continuum emission at 1.4 GHz, a catalog of radio-loud
and radio-quiet AGNs included in the 70 Month Swift-BAT All-sky Hard X-ray Survey [18], and a

2The equivalent of a Gaussian distribution on the surface of a sphere. For the 2-sphere, it is given by G (=̂, B̂; ^) =
^ exp (=̂ · B̂) /(4c sinh ^), where ^ = Θ−2 is the concentration parameter.
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catalog of galaxies at distances greater than 1 Mpc from the 2MASS Redshift Survey (2MRS) of
nearby galaxies [19].
Fig. 2 provides example normalized UHECR flux sky maps constructed using Eqn. 1 and the

three astrophysical catalogs. The parameters for the maps in Fig. 2 are selected to coincide with the
best-fit parameters reported by Auger [17] for the given astrophysical catalog.
The cross-correlation test takes the form of a Bayesian hypothesis test in which alternative

astrophysical hypotheses are tested against a null hypothesis (isotropy, in this case). For a given
UHECR dataset, an alternative astrophysical hypothesis is assigned a test statistic (TS) that is
defined by the ratio of the likelihood that the dataset is drawn from the sky map corresponding to
parameter set ( 5sig, Θ) to the likelihood that it is drawn from isotropy:

TS = 2 ln
(
!

(
Fsky

)
! (Fiso)

)
, (2)

where Fiso = F (=̂) /4c. The likelihood is given by

! (F ) = 1
N

∏
8

F (=̂8) , (3)

where ℎ0C=8 is the unit vector for the arrival direction of the 8th UHECR event and N is a nor-
malization factor. By varying 5sig and Θ, the maximum TS value can be obtained (see example in
Fig. 3). The significance is calculated using a j2 distribution with two degrees of freedom [25].
In cross-correlation searches with real UHECR datasets, a scan over the energy threshold may be
performed to obtain a global maximum, though at the expense of penalization [e.g., 26].

3. Prospects for Detecting Cross-correlations between UHECR Events and
Astrophysical Sources with POEMMA and ZAP

In this work, we perform the statistical analysis outlined in Section 2 (see also [14]) on simulated
UHECR data sets for POEMMA and ZAP. In so doing, we seek to determine: (1) the on-average
significance of the cross correlation in a data set with a pre-determined number of events in a given
astrophysical scenario, and (2) the number of events needed to guarantee a 5f detection of the cross
correlation in a given astrophysical scenario.
Simulated UHECR data sets represent particular scenarios and are parameterized3 by the total

number of events, #ev, the fraction 5 ∗an of events that deviate from isotropy, and the spread Θ∗

of the UHECR flux around the sources. In scenarios in which 5 ∗an > 0, we randomly generate
the anisotropic subset of UHECR events from source sky maps constructed from the astrophysical
catalogs (see Section 2)with individual source fluxes smoothed byΘ∗. The rest of theUHECRevents
(
(
1 − 5 ∗an

)
×#ev are drawn from an isotropic sky maps. All sky maps used to construct the mock data

3Note that we use (∗) to distinguish parameters used to generate the mock data sets from the search parameters of the
statistical analysis.
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Figure 3: Example TS profile from the likelihood pa-
rameter study of a mock UHECR dataset (see Section 3).
In the scenario pictured here, the source sky map is the
SBG map, and the parameters for the mock dataset are
#ev = 1400, 5 ∗an = 11%, and Θ∗ = 15◦. Figure repro-
duced from [14].

Catalog 5sig TS f

SBG

5% 6.2 2.0
10% 24.7 4.6
15% 54.2 7.1
20% 92.9 9.4

2MRS

5% 2.4 1.0
10% 8.7 2.5
15% 20.0 4.1
20% 35.2 5.6

Swift-BAT
AGN

5% 10.4 2.8
10% 39.6 6.0
15% 82.4 8.8
20% 139.3 11.6

Table 2: TS and f values for select scenarios
with Θ∗ = 15◦ and #ev = 1400.

sets are weighted by the projected exposure over the sky for either POEMMA or ZAP (see Figure 1).

For POEMMA, which has a relatively mature design concept and excellent energy resolution in
precision Stereo mode, we perform the first type of statistical analysis for a given energy threshold
corresponding to a predetermined number or events. Motivated by the cross-correlation results of
Auger, we adopt the threshold energy value of ∼ 40 EeV, which corresponds to #ev ∼ 1400 events
in five years of POEMMA, assuming the Auger cosmic ray spectrum [27]. For each mock data
set, we perform the likelihood analysis outlined in Section 2, computing the TS value as a function
of the search parameters 5sig and Θ. Since TS values vary for each realization, we simulate 1000
data sets for each scenario and compute the average TS value at particular values of 5sig and Θ in
order to construct the TS profiles (see example in Figure 3). Average TS values and corresponding
significances are provided in Table 2 for select astrophysical scenarios with Θ∗ (motivated by the
anisotropy results of [17]). The results show that POEMMA will be able to detect the cross-
correlation at the level of 5f in many plausible astrophysical scenarios, with the starburst and AGN
scenarios being the most promising. However, even in scenarios for the 2MRS catalog, which has a
much higher source density than in the other catalogs, there are some parameter regimes in which
POEMMA will be able to detect a cross correlation.

For ZAP, for which the instrumental design and requirements are still subject to change, we
perform the second type of statistical analysis, allowing the number of events to vary in order to
determine the number required in order to guarantee (≥ 95% chance) a 5f detection in certain
astrophysical scenarios. For each selection of the parameters #ev, 5 ∗an, andΘ∗, we simulate 100 data
sets and perform the likelihood test on each one to form a distribution of maximum TS values. We
also simulate 100 data sets of #ev events drawn from isotropy (weighted by the projected exposure
over the sky, which we assume to be similar to POEMMA’s; see Figure 1) and similarly form
a distribution of maximum TS values from the likelihood analysis. For each realization of the
parameters 5 ∗an and Θ∗, we allow #ev to vary until the 5th-percentile TS value for the anisotropic
data sets is more than five standard devations away from the mean of the TS distribution for the

6
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Figure 4: Example TS distributions of purely
isotropic (blue) and mock UHECR (red)
datasets. The scenario is the same as in Fig. 3
except with #ev = 2000.

Parameter #ev Required
5sig Θ AGN SBG 2MRS

10%
20◦ 1240 2060 >5000
15◦ 920 1910 4830

15%
20◦ 680 1000 2550
15◦ 660 870 2280

20%
20◦ <650 <650 1520
15◦ <650 <650 1320

Table 3: Required number of events for & 95% chance
of 5f detection for select scenarios with Θ∗ = 15◦ and
Θ∗ = 20◦.

isotropic data sets (see Figure 4). For this analysis, 5 ∗an and Θ∗ are allowed to vary within the
bounds of uncertainties in the astrophysical scenario and expectations for ZAP’s energy and angular
resolutions. Table 3 provides the required number of events for select astrophysical scenarios.
Within a mission timescale of two years, ZAP will have the exposure to detect & 2000 events with
energies above 40 EeV; as such, ZAPwill reach discovery potential in several plausible astrophysical
scenarios.
Note that even though the range of parameters in the second type of statistical analysis is moti-

vated by expectations for ZAP’s design, the analysis does not explicitly depend on the instrument
performance. Furthermore, since we used POEMMA’s exposure, the results in Table 3 are also
applicable to POEMMA and any other instrument with similar exposure over the sky.

4. Comparison of Search Parameters and Significances Obtained by Different
Experiments

It is worth noting that while some of the scenarios included in this study are very similar to the
maximum-likelihood search parameters obtained by the Auger collaboration [17], the maximum TS
values obtained in Table 2 may be somewhat different from the values obtained by Auger. This is
due to the fact that the experiments under consideration here will have full-sky coverage, and their
sky maps contain sources that are not observable by Auger. The impact is that in simulations in
which we assume the same anisotropic fraction as found by Auger, the anisotropic events are now
distributed over more sources and spread out over wider portions of the sky, making each individual
source less significant.
It is also worth noting that different experiments with different detector performances may obtain

different values for the parameters #ev, 5 ∗an, and Θ∗. For instance, a higher energy threshold
limits the test sample to events that would be located closer to astrophysical sources, resulting in
a higher value for 5sig, but fewer statistics for the test, lowering the significance of detected cross
correlation. A lower energy threshold provides more statistics, but results in a lower value for 5sig
by expanding the test sample to events that are less likely to coincide with astrophysical sources.
An experiment’s energy resolution also plays a role in its measured value of 5sig as uncertainties in
energy measurements will result in some events that should be included in the test sample being

7
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excluded due to spurious lower energy measurements and some events that should be excluded
being included due to spurious higher energy measurements. Finally, while the value ofΘ is related
to the expected amount of deflection by galactic and extragalactic magnetic fields, an experiment’s
angular resolution will all contribute its measured value.
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