PROCEEDINGS

OF SCIENCE

POEMMA Balloon with Radio: a POEMMA pathfinder
mission and unique opportunity to study High-Altitude
Horizontal Air Showers

Paula Galvez Molina“* on behalf of the JEM-EUSO Collaboration

“Bartol Research Institute, Department of Physics and Astronomy, University of Delaware, Newark,
Delaware, 19716, United States of America

E-mail: paulagm@udel.edu

The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a proposed mission designed
to observe ultra-high-energy cosmic rays and cosmic neutrinos using space-based measurements
of extensive air showers. A precursor to this mission is POEMMA Balloon with Radio (PBR).
Scheduled for launch in 2028 from Wanaka, New Zealand, PBR will operate at a suborbital
altitude of approximately 33 km. Through the combined use of multiple instruments, PBR will
enable a multi-wavelength study of air showers. Its payload features a fluorescence camera, an
air-Cherenkov camera and a radio instrument triggered by the latter. The radio instrument consists
of two dual-polarized receiver channels equipped with broadband sinuous antennas sensitive in
the 60 — S00MHz band. This radio instrument is essential to achieving one of PBR’s science
goals: the detection and characterization of the radio emission of High-Altitude Horizontal Air
Showers (HAHAs) which are inaccessible to traditional ground-based detectors. The simulation
of radio emission from HAHAs is performed using two independent software packages, COREAS
and ZHAireS-RASPASS. This contribution presents an overview of the PBR mission and its radio
instrument, and details the ongoing preparatory analysis focused on characterizing the expected
radio signals from the HAHASs that PBR aims to detect.
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Figure 1: Diagram of the principal modes of observation for the proposed NASA space-based mission
POEMMA. The POEMMA-Stereo configuration (left) is optimized for the observation of EAS from fluo-
rescence emission, and the POEMMA-Limb configuration (right) is optimized for the observation of events
from Targets of Opportunity (from Ref. [1]).

1. Introduction

Ultra-High Energy Cosmic Rays (UHECRSs) carry information about the most extreme particle
accelerators in the universe, yet their low flux is an obstacle to understanding their origin. The
Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a proposed NASA space-based
mission designed to address this gap by observing UHECR-induced extensive air showers (EAS)
and searching for cosmic neutrinos [1]. POEMMA Balloon with Radio (PBR) is a pathfinder
mission for POEMMA [2], scheduled to launch from Wanaka, New Zealand in early 2028. PBR
will aid in the validation of the detection technology to be used in POEMMA from a suborbital
platform. Additionally, since PBR carries a radio instrument, a detector that is not currently a part
of POEMMA’s baseline design, it has the unique opportunity to detect and characterize the radio
emission from High-Altitude Horizontal Air Showers (HAHAs). HAHAs are an understudied sub-
type of EAS whose shower axis never intersects with the ground, making them largely inaccessible
to existing ground-based detectors. The combined use of PBR’s instruments will further allow for
the hybrid detection of HAHAS, complementing the mission’s other science goals.

The success of PBR is a crucial step for testing the technology to be used in POEMMA and for
obtaining preliminary results that can inform its technological development. This contribution gives
an overview of POEMMA and PBR (section 2 and section 3), characterizes HAHAs and PBR’s
sensitivity to them (section 4), and presents preliminary simulation work comparing radio-emission
codes in preparation for HAHA event selection (section 5).

2. POEMMA

NASA’s proposed space-based mission, POEMMA, consists of flying 2 identical satellites at
an altitude of 525 km, each with a wide-angle (45°) telescope. The mission features two main
modes of observation: POEMMA-Stereo and POEMMA-Limb, depicted in Figure 1. The first is a
quasi-nadir configuration in which the satellites are roughly 300 km apart from each other such that
they span a common atmospheric volume. By having both satellites point at the same volume, the
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energy threshold for detection is lowered to roughly 20 EeV [1]. This configuration is optimized for
the fluorescence observation of EAS and is the default configuration of the mission. Upon receiving
alerts of transient events of interest, called Targets of Opportunity (ToO), the satellites have the
capability of being thrust closer together into the POEMMA-Limb configuration. The satellites
will then be roughly 25 km apart from each other to observe the limb of the Earth in the direction
of the Target of Opportunity.

Over its expected 5-year mission, POEMMA is expected to surpass the UHECR exposure of
any ground-based observatory by an order of magnitude and provide near-full-sky coverage, which
is important to study the flux of ultra-high-energy cosmic rays with low systematic uncertainties
and highest statistics over the entire sky [3, 4].

3. POEMMA Balloon with Radio

The POEMMA Balloon with Radio (PBR) is a pathfinder mission for POEMMA consisting of
four main instruments: a Fluorescence Camera, a Cherenkov Camera, a y and X-ray detector, and
a Radio Instrument, all depicted in Figure 2. It is scheduled to fly from Wanaka, New Zealand in
early 2028 at an expected altitude of 33 km a.s.l. and with an expected duration of over 20 days.
PBR’s main science goals are: i) Observation of Ultra High Energy Cosmic Rays from above; ii)
Observation and study of High-Altitude Horizontal Air Showers; and iii) Neutrino search from
Targets of Opportunity. The first and third directly enable PBR to test technology to be used in its
mother mission, POEMMA, as both missions observe from above, although at different altitudes.
Similarly to POEMMA, by using the NASA rotator depicted in Figure 2 and a tilting mechanism (not
depicted), PBR will be able to point towards Targets of Opportunity on demand, helping improve
the exposure of the instruments and thus increase the event statistics [2].

Of particular relevance to this work is the Cherenkov Camera, since it provides the main
trigger for the Radio Instrument and thereby enables the hybrid Cherenkov-radio measurement of
HAHAs. Itis a 2048-pixel camera based on SiPM arrays sensitive from 320 to 900 nm. To suppress
background, a PMMA Optical Accordion is placed 30 mm in front of the camera, producing
two coincident image spots on its focal plane. Requiring time-coincident detection of both spots
suppresses noise triggers caused by direct cosmic-ray hits on the camera [2].

Given that a radio instrument is not yet included in the baseline design of the larger POEMMA
mission, the second science goal poses a unique opportunity to study High-Altitude Horizontal
Air Showers (HAHAs) with Radio. PBR’s Radio Instrument comprises two radio receivers, each
featuring dual-polarized sinuous antennas that follow the antenna design of the Low Frequency
instrument of the Payload for Ultrahigh Energy Observations (PUEO) [5]. PBR’s antennas are
printed on rigid copper, have a bandwidth of 60—500 MHz, and will be triggered by the Cherenkov
Camera, allowing for a hybrid detection of events. This is crucial as a hybrid analysis allows
to get information from independent sources on the same event, expanding our multi-wavelength
understanding on HAHAs. For the day-time, a self-trigger on the radio signal will be implemented.
The radio instrument is expected to be sensitive to air showers of energy around 10!7 eV, making
the observation of HAHAs feasible.
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Figure 2: Schematic of the PBR payload (from Ref. [2]).

4. High-Altitude Horizontal Air Showers

High-Altitude Horizontal Air Showers (HAHAS) are a subtype of air showers are a subtype of
air showers developing along atmosphere-skimming trajectories as shown in panel (a) of Figure 3.
They are described by the energy of the primary particle and by their impact parameter, b, defined
as the distance of closest approach between the shower axis and the surface of the Earth. For
the purposes of this work, HAHAs are defined as showers with impact parameter b > 0, i.e.,
atmosphere-skimming geometries, where b = 0 would correspond to Earth-skimming air showers.
HAHAs are of particular interest for PBR, as their radio emission cannot be studied with ground-
based observatories. PBR is well positioned to study these events, since, as shown by panel (b) of
Figure 3, HAHAs with an impact parameter of b < 27 km may reach shower maximum, meaning
their radio emission may also reach a maximum and be more easily detected. This is of special
relevance as only 7 radio events have been recorded in literature from balloon-borne experiments
as HAHA candidates [6]. A 20-day PBR flight is expected to increase the overall HAHA candidate
sample from fewer than 20 HAHA-like candidate events detected by EUSO-SPB2, to O(10?)
events [2]. Since the radio detection threshold for HAHASs remains poorly constrained, and the
Radio Instrument is triggered by the Cherenkov Camera rather than self-triggered, this hybrid
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Figure 3: Panel (a) shows an artist representation (not to scale) of a High-Altitude Horizontal Air Shower
showing the distance of closest approach of the shower axis to the surface of the Earth (impact parameter)
b, in red. Panel (b) shows the atmospheric grammage integrated along the horizontal shower axis up to its
point of closest approach to the Earth as a function of the impact parameter b. The corresponding grammage
at which X,,,4 occurs for showers with energy of 10'7 — 108 eV is shown for reference and indicates that
showers with impact parameters of b < 27 km typically develop to shower maximum and beyond.

detection strategy is key: every Cherenkov-triggered HAHA event is also an opportunity for a
coincident radio measurement, allowing PBR to characterize the radio emission from a much larger
and more diverse sample of HAHAs than has previously been possible, independent of whether the
radio signal alone would meet a self-trigger threshold.

Radio emission from air showers is predominantly due to geomagnetic emission, with some
contribution from Askaryan emission [7]. Since HAHAs develop over long distances in rarefied
atmosphere, they may exhibit radio features that differ from their downgoing counterparts. As
characterized by M. Tueros et al. [8], HAHAs exhibit two radio signatures that are absent, or
much weaker, in downgoing showers: refractive asymmetry and coherence asymmetry. The
former arises because HAHAs travel through large gradients in the index of refraction, causing
the optical path length to vary substantially between observers above and below the shower axis
and producing a frequency-independent shift in the peak of the lateral distribution. The latter
arises because geomagnetic deflection of the shower’s charged particles, accumulated over the long
HAHA development path, flattens the shower front along the v X B direction. This increases, by
purely geometrical effects, the time delays between signal contributions from different parts of the
shower, which degrades coherence and suppresses the higher-frequency domain of the signal.

5. Comparative Analysis of COREAS and ZHAireS/RASPASS

Given that few HAHA events have been observed with radio antennas, and not yet in hybrid
setups with another established detection technique, simulations of the HAHA radio emission still
need to be validated. Therefore, to prepare the analysis for event selection for PBR, a characterization
of the differences between the leading simulation codes for the radio emission from air shower is
necessary. This work adopts the analysis pipeline for downgoing showers set up by C. S. C. Sanchez
et al. [9] for comparing the radio emission from simulations between CoREAS [10] and ZHAireS
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Figure 4: Comparison of ZHAireS and CoOREAS simulations for downgoing proton air showers at 10'7 eV
and zenith angle of 80° for different frequency bands. Listed are the shower maximum Xp,x, Cherenkov ring

diameter, and the radiation energy per code. Overall, agreement below the 10% level is found for the 30-80
MHz band (black), on par with the literature.

[11] for frequencies up to 100 MHz. The intention is that, once the pipeline is established for
familiar geometries (i.e., downgoing showers) including the frequency band of interest, i.e., the
PBR band of 60-500 MHz, this pipeline can be used to compare HAHA simulations with COREAS
and RASPASS [12].

As an initial step, this work first considers a one-to-one shower comparison across a range of
zenith angles and primary particles, before moving to a statistical comparison. To produce this
comparison, several showers with the same energy, zenith angle, azimuthal angle, primary particle,
and antenna placement are simulated with each code, and then the showers that yield a similar depth
of shower maximum (within 1 g/cm? of one another) are compared. This work considers multiple
frequency bands, among them a low-frequency band (30-80 MHz) to perform a direct comparison
with what has already been established in the literature [9], and the band of interest, the PBR band
(60-500 MHz). Figure 4 shows the simulated radio signal of one representative case out of this
one-to-one comparison, for a proton primary at a zenith angle of 80°; comparable results were
obtained for the other zenith angles and primaries considered.

The top panel of Figure 4 shows the maximum electric field per antenna position along the
shower axis projected to the ground plane, per code (solid for COREAS and dashed for ZHAireS)
for various frequency bands depicted in different colors, for a proton shower at 10'7 eV, with
an azimuth of 0° (corresponding to a shower moving to the x direction), a zenith angle of 80°,
and a vertical magnetic field of 50 pT. The bottom panel shows the ratio of the CoREAS and
ZHAireS maximum electric fields at these antenna positions, following the same color scheme for
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the frequency bands. From the top panel, it can be concluded that overall the simulations yield
similar results, and the bottom panel shows that there is overall agreement below the 10% level for
the 30-80 MHz frequency band (black). For the PBR band (pink), agreement within 10% is found
inside the Cherenkov ring; outside of it, however, larger differences are observed. This one-to-one
comparison thus reproduces the level of agreement previously reported in the literature for the
30-80 MHz band, while discrepancies emerge at higher frequencies such as those within the PBR
band. This is consistent with reports that radio emission adds increasingly incoherently at higher
frequencies [9], which may degrade the level of agreement between codes for bands away from the
Cherenkov cone. This shows the importance to perform a more detailed characterization of this
effect in a future study extending to higher frequencies, up to at least 500 MHz.

6. Conclusion

The proposed space-based mission POEMMA is expected to contribute unprecedented statistics
on Ultra-High Energy Cosmic Rays given its near-full sky coverage and huge exposure. Its pathfinder
mission, POEMMA Balloon with Radio, will not only test technology to be used in POEMMA, but
will also provide a unique opportunity to study High-Altitude Horizontal Air Showers (HAHAs),
a phenomenon inaccessible to ground-based detectors as their shower axes, by definition, does not
intersect the ground. A few HAHAs have already been observed with radio antennas, and PBR
will enable a more accurate characterization of HAHAs based on the coincident air-Cherenkov and
radio observation of the same air showers.

In preparation for this, the current work presents an initial step towards an analysis pipeline
for HAHA simulations, by first performing a comparative study between simulations of down-
going showers with the leading radio simulation codes ZHAireS and CoREAS, to prepare for a
corresponding analysis of HAHA simulations with RASPASS and CoREAS. The preliminary one-
to-one shower comparison confirms the level of agreement reported between COREAS and ZHAireS
simulations for downgoing showers in the traditional 30-80 MHz band. Further investigation is
needed for the PBR radio band (60-500 MHz), as the preliminary study indicates potentially larger
differences between the CoOREAS and ZHAireS simulations at higher frequencies.

Next steps include turning this one-to-one comparison into a statistical comparison across
the full set of simulated downgoing showers, and repeating this statistical comparison for HAHA
simulations with varying impact parameters, produced with CoOREAS and RASPASS. Beyond
validating the simulation pipeline, the resulting simulated HAHA signals are also intended to be
used to train Convolutional Neural Networks for the classification and denoising of the radio signals
[13, 14] measured by PBR, directly supporting the mission’s HAHA science goal.
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