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Future experiments based on the observation of Earth’s atmosphere from sub-orbital and orbital altitudes
plan to include optical Cherenkov cameras to observe extensive air showers produced by high-energy
cosmic radiation via its interaction with both the Earth and its atmosphere. As discussed elsewhere [Phys.
Rev. D 103, 043017 (2021); Phys. Rev. D 100, 063010 (2019)], particularly relevant is the case of upward-
moving showers initiated by astrophysical neutrinos skimming and interacting in the Earth. The Cherenkov
cameras, by looking above Earth’s limb, can also detect cosmic rays with energies starting from less than a
PeV up to the highest energies (tens of EeV). Using a customized computation scheme to determine the
expected optical Cherenkov signal from these high-energy cosmic rays, we estimate the sensitivity and
event rate for balloon-borne and satellite-based instruments, focusing our analysis on the Extreme Universe
Space Observatory aboard a Super Pressure Balloon 2 (EUSO-SPB2) and the Probe of Extreme Multi-
Messenger Astrophysics (POEMMA) experiments. We find the expected event rates to be larger than
hundreds of events per hour of experimental live time, enabling a promising overall test of the Cherenkov
detection technique from sub-orbital and orbital altitudes as well as a guaranteed signal that can be used for
understanding the response of the instruments.
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I. INTRODUCTION

The observation of the astrophysical flux of high-energy
radiation (cosmic rays, gamma rays and neutrinos) is
becoming of vital importance in the upcoming era of
multimessenger astronomy (MMA). With the continued
detection of gravitational waves [1], the ability to be able to
measure these high-energy particles in different detection
channels reliably and in a timely manner is critical to
achieving MMA goals. Among the new experimental
techniques being explored to achieve such goals is the
focus of this work: the observation of the Earth atmosphere
as a vast cosmic ray detector from sub-orbital or orbital
altitudes. This technique guarantees huge target masses
with an unprecedented increase of experimental exposure.
Specifically, we model the detection of the beamed optical
Cherenkov light from cosmic-ray induced extensive air
showers (EAS) viewed above the Earth’s limb.
As in [2,3], we will focus our discussion on the detection

capabilities of the pathfinder Extreme Universe Space
Observatory aboard a Super Pressure Balloon 2 (EUSO-
SPB2) experiment [4], currently under construction with
a targeted launch date in 2023, and the future Probe
Of Extreme Multi-Messenger Astrophysics (POEMMA)

experiment [5–7], both designed to make use of fast imaging
(10–20 ns integration time), Schmidt optical Cherenkov
telescopes to measure Cherenkov signals from EAS. While
EUSO-SPB2 has a dedicated Cherenkov telescope with two
0.35 m2 bifocal mirrors and a 512 pixel Silicon Photo-
Multiplier (SiPM) camera, POEMMA is designed with a
hybrid focal surface where the Cherenkov telescope portion
consists of 15,360 SiPM pixels with an overall 2.5 m2

optical collection aperture. The field of views for the
respective Cherenkov cameras are 12.8° × 6° and 30° × 9°
for EUSO-SPB2 and POEMMA. Both detectors observe the
Earth from high altitudes and use the atmosphere as the
detector sensitive volume, with EUSO-SPB2 observing from
suborbital altitudes, suspended from a super pressure balloon
(33 km) and POEMMA observing from orbital altitudes as
dual free-flying satellites (525 km).
In their designs, the Cherenkov cameras of both EUSO-

SPB2 and POEMMA target near Earth’s limb and below to
capture the bright, beamed Cherenkov emission from Earth-
skimming neutrino events. As discussed in [2,3], these
signals occur when a neutrino passes through the Earth
and interacts close enough to the Earth’s surface to emerge
(bottom-up) into the atmosphere as a muon or τ-lepton.
These particles can then decay or interact, generating an
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upward-moving EAS. For neutrino energies larger than a
few PeV, the high-energy charged particles (electron-posi-
tron dominant) forming the EAS develop a narrow (opening
angle < 1.5°), forward-beamed Cherenkov pulse which can
be detected by high-altitude experiments, offering a compli-
mentary methodology of observing high-energy neutrinos to
those experiments which measure via radio emission or via
optical Cherenkov emission in situ (such as IceCube) [8–16].
As in the case of the Earth-skimming neutrinos, cosmic

rays with above-the-limb trajectories and energies larger than
a few PeV can interact with Earth’s atmosphere and produce
an EAS with a resulting optical Cherenkov signal strong
enough to be experimentally detectable. Both the EUSO-
SPB2 and POEMMA missions are designed such that the
onboard Cherenkov camera can provide additional coverage
above the Earth’s limb, allowing for detection of these
cosmic ray events. As we will discuss in Secs. II and III, due
to the geometries of the “above-the-limb” trajectories, much
of the development of the particle cascade occurs at high
altitude in rarified atmosphere. Because of this, the gen-
eration of optical Cherenkov emission is limited, but so too is
its atmospheric attenuation during its propagation. In this
way, a detailed calculation of the Cherenkov signal strength
and geometry is required to determine the overall instru-
mental sensitivity to such events.
The interest in studying in closer detail the Cherenkov

signal produced by cosmic rays with above-the-limb tra-
jectories is twofold. First, high energy (≳PeV) cosmic ray
events are characterized by higher fluxes (at the level of 4
orders of magnitude) with respect to those of astrophysical
neutrinos in the same energy range [17]. Second, due to the
atmospheric refraction of the optical Cherenkov emission, an
above-the-limb signal could be reconstructed as a shower
originating from below the Earth limb, thereby mimicking a
neutrino induced event [18]. Such a process presents an
additional background regarding the observation of the
(below-the-limb) neutrino events. An estimate of the rate
of the refracted cosmic ray background as a function of
detector viewing angle can be useful in developing angular
cuts for both EUSO-SPB2 and POEMMA to improve the
confidence in measuring an actual Earth-skimming neutrino-
induced EAS.
Third, as we will discuss in Sec. III, the Cherenkov signal

produced by cosmic ray events with above-the-limb trajec-
tories has nearly identical properties to what is expected from
below the limb neutrino events, i.e., similar wavelength
spectra of arriving photons, as well as similar spatial profiles
and time distributions. For this reason and given their
expected high rate, above-the-limb cosmic ray events can
provide a consistent benchmark to test the different compo-
nents of a Cherenkov telescope (i.e., optics, electronics and
triggers) directly in flight. Thus, a significant statistical
sample of these cosmic ray events observed by the optical
Cherenkov cameras of sub-orbital and orbital instruments
allow for an in-situ determination of the instrumental

response to actual EAS Cherenkov signals while also
studying their variability.
Moreover, unlike the neutrino events, the optical

Cherenkov signals from cosmic rays are directly produced
by the primary (cosmic) particle, while for neutrino events,
one should take into account the effect of energy losses in the
Earth and the decay length/energy spectra of the resulting
charged leptons [2,3]. Therefore, the reconstruction of the
energy of the primary particle in the case of above-the-limb
events will be more straightforward and can be used to test
the overall Cherenkov detection capabilities of sub-orbital
and orbital instruments by providing a measurement of the
all-particle cosmic ray spectrum above ∼PeV energies.
The observation of cosmic ray events coming from above

the limb is not without precedent, having been observed by
the Antarctic Impulsive Transient Antenna (ANITA) experi-
ment. ANITA is a balloon-borne instrument designed to
detect the high frequency (200–1200 MHz) radio emission
produced by neutrinos in ice through the Askaryan effect
[19,20] or in the atmosphere through the EAS interaction
with the geomagnetic field (with minimal contribution also
from the Askaryan radiation). From the second point,
ANITA is also sensitive to cosmic rays with a threshold
energy for detection around a few EeV. During its four
flights, ANITA has detected several UHECR events with
reconstructed directions originating from above Earth’s limb
[21,22] in addition to placing stringent limits on the flux of
neutrinos with Eν > 1018 eV [23].
The analysis presented in this paper is intended as an

extension of the computation scheme already discussed in
[2], which determines the optical Cherenkov signal for
upward-moving EAS initiated by neutrino interactions in
the Earth. Here we extend the computation to include also the
above-the-limb events from the high-energy (i.e., starting
from energies around a few PeV up to energies above
10 EeV) cosmic ray flux. Assuming a pure proton cosmic
ray composition as the reference case, we characterize the
properties of the expected Cherenkov signal, and determine
the detection rates expected for the EUSO-SPB2 and
POEMMA experiments. The paper is organized as follows:
in Sec. II, we detail the trajectories of the above-the-limb
cosmic ray events; in Sec. III, we discuss the Cherenkov
emission for the case of proton cosmic rays with energies of
PeV and above, and assess the effects of the geomagnetic
field on the Cherenkov signal development in high-altitude,
rarified atmosphere; in Sec. IV, we compute the expected
event rate in the case of EUSO-SPB2 and POEMMA
experiments; and finally, in Sec. V, we detail our conclusions.

II. ABOVE THE LIMB TRAJECTORIES

A high-energy cosmic ray impinging the Earth’s atmos-
phere with a trajectory that is directed at an instrument and
is viewed above the limb gives rise to an EAS that can
spend much of its development at high altitudes, where the
atmosphere is rarified. For this reason, it is important to
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characterize the above-the-limb trajectories to understand
the EAS development, Cherenkov emission, and atmos-
pheric attenuation.
The typical geometry of an above-the-limb trajectory is

sketched in Fig. 1 for a satellite-based detector. The
distances h, L, zatm and RE are the altitude of the detector,
the path length traveled by the shower front, the height of
the atmosphere at the cosmic ray impinging point, and the
Earth radius. As in [2], we use the 1976 US standard
atmosphere to describe the atmospheric density as a
function of altitude, taking the top of the atmosphere to
be at zatm ≃ 113 km [24].
The three angles θS, the angle of the detector’s optical

axis (with respect to the local zenith), θd the detector’s
viewing angle with respect to nadir, and θE, the Earth
viewing angle with respect to the center of the Earth, are
related as θd ¼ θs − θE. The angle Δ is the angular
difference between the particle trajectory and the detector’s
line of sight and δ is the angle off of the shower axis within
which the Cherenkov emission can be experimentally
detected. The EAS trajectory is defined by the angle θtr
with respect to the local zenith at the impinging point.
Referring to Fig. 1, it easily follows that the observable

trajectories above the Earth’s limb are bracketed inside the
detector viewing angle range:

sin−1
�

RE

RE þ h

�
< θd <

8><
>:

π
2

h < zatm

sin−1ðREþzatm
REþh Þ h > zatm

ð1Þ

where the maximum viewing angle differs in the case of an
instrument placed inside the atmosphere or outside of it.
The π

2
limit in the suborbital case is somewhat arbitrary,

disallowing for events which have downwards trajectories.
We later demonstrate that this is a sufficient limit, as the
limited thickness of the atmosphere at balloon altitudes
disallows for significant optical Cherenkov emission.
Following this, in the case of EUSO-SPB2, the above-
the-limb trajectories can be geometrically bracketed inside
the viewing angle range 84.2° < θd < 90°; while in the
case of POEMMA, the corresponding viewing angle range
shrinks to 67.5° < θd < 70°. The angular ranges given here
are purely geometrical restrictions and do not consider the
total grammage of the atmosphere along these trajectories
in which a cosmic ray can interact. Taking this point into
account will further reduce the angular range (see below).
The cumulative slant depth as a function of path length

traveled by a particle through the atmosphere can be found
by integrating the atmospheric density along the particle
trajectory for a given detector viewing angle. Assuming the
1976 US standard atmosphere [24], the slant depth profiles
for the observation altitudes of EUSO-SPB2 (33 km) and
POEMMA (525 km) are plotted in Fig. 2 across the labeled
viewing angles.
Cosmic ray air showers complete their full development

over a distance of roughly 1000 g cm−2, with the shower
maximum Xmax (the slant depth where maximum shower
development occurs, and thus a good estimate of the overall
shower properties) occurring from ∼500 g cm−2 to
∼800 g cm−2, depending on the primary energy and mass
composition of the cosmic ray [17]. Analyzing the trajec-
tories presented in Fig. 2, we can begin to quantify the
regions of characteristic shower development. By taking a
representative shower Xmax ¼ 700 g cm−2 corresponding
to the case of a 100 PeV proton, we observe that the altitude
of maximum shower development has a minimum of
∼20 km for both balloon and satellite trajectories, which
increases with increasing viewing angle, indicating the
need to carefully account for shower development at high
altitudes.
The first interaction point (the point of EAS initiation) is

distributed exponentially with a mean interaction length of
λ. For a proton primary, λ decreases from roughly
70 g cm−2 at 1 PeV energy to 40 g cm−2 at 10 EeV. This
implies that for large viewing angles, where the atmosphere
is thin, large variations in the optical Cherenkov signal are
expected due to the shower-to-shower fluctuations and it
will be necessary to consider also this effect.

III. OPTICAL CHERENKOV SIGNAL

In this section, we discuss the main characteristics of the
optical Cherenkov emission produced by electron-positron
pairs (hereafter electrons) in EAS initiated by cosmic rays
with above-the-limb trajectories. The Cherenkov emission
produced from secondary muons in the EAS is not

FIG. 1. Geometry of measuring the Cherenkov signal from
cosmic rays arriving from above the Earth horizon in the case of a
space based instrument.
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considered in this work but can become especially impor-
tant when considering mass composition estimates, see
[25,26]. The contribution of the secondary muons to
the total Cherenkov signal can potentially strengthen the
probability of observing the EAS, particularly where the
atmospheric slant depth of the cosmic ray trajectory is
large. by considering only the emission generated by
electrons and positrons, we provide a conservative estimate
for the strength of the signal.
The computation scheme that we use to generate these

signals was originally developed in [2] to determine the
optical Cherenkov signal produced by upward-moving EAS
observed below the Earth’s limb sourced from neutrino
interactions in the Earth, taking into account the evolution of
the electron energy, angular, and lateral distributions. For
simplicity, we will not review all aspects of this computation
scheme, but discuss the key points specifically relevant (or
different) for Cherenkov signals produced by above-the-limb

cosmic ray induced EAS. Specifically, we will concentrate
on how EAS development in high altitude environments is
handled differently and what the resulting effects are on the
properties of the simulated Cherenkov light generation and
detection.
A required input for the optical Cherenkov simulation is

the particle trajectory, that is, the description of cumulative
slant depth as a function of propagated distance, shown by
the curves presented in Fig. 2. To this purpose we have
slightly modified the computation scheme of [2], determin-
ing the EAS properties along the path-length L instead of
along the altitude z, as it follows from the fact that in the
case of above-the-limb trajectories, the altitude no longer
uniquely tags the EAS properties.
As we have shown in Sec. II, for these above-the-limb

trajectories, much of the Cherenkov generation in an EAS
occurs at altitudes > 20 km, where we have previously
detailed in [2] that certain effects become relevant
(particularly the lateral distribution of the generating
electrons, which scales with the Moliere radius, being
rm ∼ 1 km for z ¼ 20 km) and therefore require careful
tracking and handling.
The index of refraction nðzÞ in the Earth atmosphere

decreases exponentially with increasing altitude [27–29].
As such, there is a corresponding decrease in the local
Cherenkov angle θch ¼ cos−1ð1=βnðzÞÞ from ∼1.4° near
sea level to < 0.3° at the characteristic altitudes of above-
the-limb EAS development. Therefore, we can expect that
the typical angular scales of the Cherenkov emission from
the above-the-limb events are smaller than those of the
neutrino induced EAS.
In addition, the decreased index of refraction reflects in a

high Cherenkov energy threshold, which fixes the energy
above which electrons can radiate through the Cherenkov
effect (i.e., when β > nðzÞ) namely:

E > Ethr ¼
mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 1
nðzÞ2

q ð2Þ

In Fig. 3, we plot the Cherenkov threshold energy of
electrons (expressed in MeV) as a function of altitude,
assuming a central Cherenkov emission wavelength of
450 nm. In Fig. 4, we plot the fraction of electrons above
energy E (expressed in MeV) in a given EAS as a function
of the shower age s (s ¼ 3=½1þ 2ðXmax=XÞ�), as para-
metrized by Hillas [30].
At characteristic altitudes for above-the-limb trajectories,

the relevant Cherenkov thresholds range from ∼100 MeV
up to ∼1 GeV, as shown in Fig. 3. Notwithstanding these
high-energy thresholds, as follows from Fig. 4, there is still
a significant fraction of electrons within the EAS able to
emit Cherenkov light, especially in the case of early shower
ages. For instance, taking the case of a shower maximum
occurring at 30 km altitude, where the Cherenkov threshold
is around 200 MeV, 15% of the electrons in the EAS are

FIG. 2. Cumulative slant depth as a function of altitude and
detector viewing angle from nadir, as measured from 33 km
altitude [upper panel] and 525 km altitude [lower panel]. The
Earth limb appears at θd ¼ 84.2° and θd ¼ 67.5° for 33 km and
525 km observation altitudes, respectively. Calculations assume
the 1976 US standard atmosphere [24].
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still energetic enough to produce Cherenkov emission, with
even higher fractions of electrons contributing to the
emission earlier in the shower. As the generation of
Cherenkov photons occurs on electrons with characteristi-
cally higher energies for above-the-limb EAS with respect
to EAS induced by Earth-skimming neutrinos, there will be
a further reduction in the angular scales of the resulting
emission as higher energy electrons are deflected less from
the shower axis.
If compared to the case of upward-moving, Earth-

interacting, neutrino generated EAS, the reduced number
of emitting electrons in an above-the-limb cosmic ray
induced EAS produces marginally weaker Cherenkov
emission. On the other hand, the high altitudes at which
these EAS develop guarantees a lower atmospheric attenu-
ation of the generated Cherenkov photons due to the lower
Rayleigh and aerosol path lengths. These two competitive

effects primarily determine the intensity of the signal
observed at sub-orbital and orbital altitudes, while the
angular and lateral properties of the electrons shape the
spatial distribution of the arriving photons.
In order to quantify the impact of the atmospheric

attenuation, following the approach of [2], we take into
account the effects of the Cherenkov photon propagation
through the atmosphere for the above-the-limb trajectories,
using the atmospheric extinction models from [32,33]. In
this model, the atmospheric extinction of visible light,
given in the wavelength range 270 nm to 4000 nm, is
primarily due to Rayleigh, aerosol and ozone scattering,
which vary as a function of altitude, and are given within
the range 0 km to 50 km. For altitudes above 50 km, we
assume only the effects of the Rayleigh scattering, as
the concentration of aerosols and ozone are small and the
effects are subsequently minimized (see tables in [32]). We
will later show that the typical above-the-limb cosmic ray
EAS which are observed by balloon-borne and space-based
instruments have trajectories which do not allow for strong
development above 50 km altitudes, further validating this
approximation.
Particularly relevant for the above-the-limb trajectories is

the altitude range from 15 km to 35 km, where a significant
resurgence in the ozone concentration is observed. Ozone
strongly attenuates light with wavelength below 300 nm,
with a minimum attenuation around 400 nm and a sub-
sequent increase with a local maximum around 600 nm. The
ozone effective thickness as a function of altitudeDðzÞ from
[32] is shown in the upper panel of Fig. 5 while the lower
panel shows the Ozone absorption coefficients as a function
of wavelength AðλÞ (proportional to the cross section per
molecule of the interaction between photons and ozone
molecules). The Ozone attenuation coefficient is calculated
as αðz; λÞ ¼ DðzÞAðλÞ.
Showers with above-the-limb trajectories develop sig-

nificantly at the altitudes where ozone attenuation is
prevalent, and we therefore expect to observe the imprint
of the light-ozone cross section in the wavelength behavior
of the Cherenkov emission spectra observed by sub-orbital
and orbital altitudes.
Following the approach of [2], in Fig. 6, we plot the

maximum optical depth ðτ ¼ R Ldet
L¼0 αðzÞdLÞ of the total

atmospheric extinction as a function of wavelength and for
different detector viewing angles assuming, in the upper
panel, the observation altitude of EUSO-SPB2 (33 km)
and, in the lower panel, of POEMMA (525 km). In both
cases, the atmospheric extinction for trajectories that point
toward the Earth’s limb are dominated by low altitude
effects, that is, the Rayleigh and aerosol scattering. For this
reason, at these angles, we do not strongly observe the
features of the ozone absorption.
However, in the case of a balloon-borne instrument at

33 km altitude, e.g., EUSO-SPB2, for high viewing angles
(up to 90° from nadir), the trajectories through the

FIG. 3. Cherenkov threshold of electrons as a function of
altitude for λ ¼ 450 nm. Dispersion effects are negligible in our
Cherenkov wavelength range 200 nm to 1000 nm.

FIG. 4. Fraction of e� above energy E for various shower ages,
as parametrized in [31].
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atmosphere correspond to altitudes > 10 km, as follows
from the upper panel of Fig. 2, and the effect of the ozone
layer becomes more relevant. This is observed in the upper
panel of Fig. 6 where the optical depth corresponding to
high viewing angles shows a local maximum at 600 nm, a
minimum around 400 nm and a strong increase toward
lower wavelengths, as follows from the behavior of the
light-ozone cross section.
In the case of a satellite-based instrument at 525 km

altitude, e.g., POEMMA, the effect of the ozone layer is
relevant only within a small angular range. For angles very
close to the limb, the Rayleigh and aerosol scattering
dominate, while trajectories above the limb by 1° or more
do not experience altitudes below 50 km, as shown in the
lower panel of Fig. 2, and thus experience only Rayleigh
scattering under the assumptions of our atmospheric
modeling. This is observed in the optical depth behavior
in the lower panel of Fig. 6, where the familiar features of

the ozone scattering are relevant only for a small range of
trajectories.

A. Geomagnetic field effects

As previously stated, the dominant contribution to the
generation of Cherenkov photons during EAS development
is given by the electrons and positrons due to their high
abundance and decreased Cherenkov threshold with respect
to the other charged particle species in the shower [35]. In
principle, Earth’s geomagnetic field can potentially affect
the shower development both through synchrotron emis-
sion, which reduces the energy of the electron-positron
pairs, and through the angular deflection of electrons and
positrons from one another by the Lorentz force, which also
affects the angular distribution and the lateral spatial size of
the shower front. The length scales of these processes are
dependent on the electron energy and the strength of the
magnetic field, which, in the Earth atmosphere, is effec-
tively constant below 100 km altitudes, where EAS devel-
opment occurs (the strength of the geomagnetic field scales

FIG. 5. Upper panel: equivalent ozone thickness as a function
of altitude. Lower panel: ozone absorption coefficient as a
function of wavelength. Both datasets are taken from [32].
The strong decrease in the absorption coefficient near λ ¼
400 nm is consistent with more recent measurements of the
ozone-light cross section [34].

FIG. 6. Maximum optical depth as a function of wavelength for
different shower trajectories for 33 km altitude observation [upper
panel] and 525 km altitude observation [lower panel].
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as 1=R3, with R the distance from the center of the Earth),
changing magnitude and orientation only with geographic
position. Typical values of the geomagnetic field strength
range from roughly 25 μT at the equator up to 65 μT at the
poles [36].
The synchrotron energy losses suffered by electrons and

positrons become important only for energies larger than
E > 100 GeV [30,37,38]. As shown in Fig. 4, these
energies correspond to an extremely limited number of
electrons in the EAS. Therefore, in the forthcoming
discussion, we neglect the effect of synchrotron energy
losses.
The only relevant effect of the geomagnetic field on the

EAS development with respect to the optical Cherenkov
emission concerns the deflection of electrons and positrons.
The gyration radius of an electron at the Cherenkov
threshold in Earth’s magnetic field scales roughly as rg ∝
ρðzÞ−1=2 following the discussion of the Cherenkov energy
threshold in equation (2). The radiation length (the gram-
mage required for a typical electron to lose a fraction e−1 of
its energy through ionization and Bremsstrahlung emis-
sion) measures Xr ¼ 37 g cm−2 in air and has a corre-
sponding linear distance that scales as Lr ∝ ρðzÞ−1. These
length scales become comparable above altitudes of 25 km,
allowing for effective separation of electrons and positrons.
The behavior of above-the-limb EAS interacting with the

geomagnetic field differs from the case of upward going
neutrino induced EAS. As discussed in [2,5], it is unlikely
for a neutrino sourced EAS to develop significantly at high
altitude. High energy charged leptons sourced by neutrino
interactions in the Earth are preferentially produced very
close to the Earth’s limb, and the extended decay length is
balanced by the nearly horizontal shower trajectory.
Therefore, ignoring the effect of the geomagnetic field
was a reasonable, initial approximation for the analysis
detailed in [2].
For cosmic ray events arriving from above the limb, the

majority of the shower develops above altitudes of 20 km
(see Fig. 2), where the atmosphere is thin and the
interaction distance is large. Thus, the deflection of
electrons and positrons in the shower may not be trivial
and should be considered.
To quantify the effect of the geomagnetic field, in what

follows, we use a simple phenomenological approach that
quantifies the maximal effect of the electron-positron pair
deflections on the optical Cherenkov emission. In this
approach, we ignore the cumulative bending of the gen-
erating electrons and positrons in the geomagnetic field,
taking instead the electron angular distributions as given in
[30] when calculating the differential deflection of the
resultant Cherenkov emission. This first order approxima-
tion is sufficient, as the majority of the electrons which
generate Cherenkov emission have energies larger than the
Cherenkov threshold, thereby reducing the significance of
the magnetic bending with respect to electron energy loss

processes (see Fig. 4). For a detailed discussion regarding
the effects of the geomagnetic field on optical Cherenkov
emission generated by downwards going EAS, see
also [37].
The trajectories of the electron-positron pairs in the

EAS are deflected by the geomagnetic field in the plane
perpendicular to the field. On this plane, the particle
trajectory is circular with a radius rg (Larmor radius)
given by:

rg ¼
γmkv⃗k

qkv̂ × B⃗k ð3Þ

where v is the particle velocity, q is the particle’s charge, B
is the magnetic field strength, and γ and m are the particle’s
Lorentz factor and mass.
The actual distance covered by the electrons in a given

bin in slant depth ΔX (ΔL ¼ ΔX=ρðzÞ) will be increased
by the gyration around B⃗. In other words, the net effect of
the geomagnetic field is to add an offset ΔR to the electrons
along the plane perpendicular to the magnetic field. A
diagram of the geomagnetic deflection of electrons is
shown in Fig. 7.
Orienting in the plane perpendicular to the applied

magnetic field as outlined in Fig. 7, the charged particle
trajectory can be described via the coordinates:

ðx; yÞ ¼ ðrgð1 − cos αÞ; rg sin αÞ ð4Þ

FIG. 7. Diagram representing the geomagnetic deflection of
electrons and positrons and the effect on the optical Cherenkov
emission. The dashed line represents the initial trajectory of the
charged particle with no magnetic field.
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Solving for ΔR at y ¼ ΔL yields:

ΔR ¼ rg

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
ΔL
rg

�
2

s �
ð5Þ

Assuming small angular deviations (ΔL ≪ rg), i.e.,
small enough slant depth bin ΔX, and relativistic particles
β → 1 one has:

ΔR ¼ ΔL2

2rg
ð6Þ

In our computation scheme, each electron bunch is
assigned an energy E, a zenith direction θe as given by
the distributions presented in [31,39] and an azimuth
direction ϕe assigned randomly from 0 to 2π.
In order to consider the maximal effect of the

geomagnetic field, in what follows, we orient the
initial magnetic field perpendicular to the EAS
propagation direction (ẑ axis) along the ŷ axis, using a
quite high magnetic field strength B0 ¼ 50 μT. To
calculate the cross term in Eq. (3), we take v̂e ¼
ðsin θe cosϕe; sin θe sinϕe; cos θeÞ and B⃗ ¼ ð0; B0; 0Þ,
obtaining: kv̂e × B⃗k ¼ B0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 θe þ sin2 θe cos2 ϕe

p
.

After calculating ΔR using Eq. (5) for each electron
bunch, the electron offset angle within the bin ΔL which
must be projected to the detection plane is calculated as:

θm ¼ tan−1ðΔR=ΔLÞ: ð7Þ

The additional offset of the Cherenkov photons on the
detection plane due to the deflection of the electrons in the
EAS is given by:

Δx ¼ ðLdet − LÞ tan θm ð8Þ

where L is the distance along the shower axis from the
shower starting point to the Cherenkov emission point, and
Ldet is the distance from the shower starting point to the
detection plane. This additional distance off axis for each
electron bunch is applied randomly in the positive and
negative x̂ direction to account for the opposite electron and
positron charges. In this paper, the geomagnetic field
deflections are treated neglecting the EAS charge asym-
metry, i.e., assuming an equal number of electrons and
positrons. This effect is maximally around 20%, but is
significantly smaller for the electron energies characteristic
of in-air Cherenkov emission (>20 MeV) [35,39].
An example of the Cherenkov photon spatial distribution

under the effect of the geomagnetic field is shown in Fig. 8.
We cut our 3-dimensional distribution along the axes
parallel (blue curve) and perpendicular (green curve) to
the magnetic field in order to evaluate the maximum and
minimum effects of the field. As a comparison, we also

show the case where no magnetic field is applied (red
curve). From Fig. 8, we observe that the effect of the
geomagnetic field is to spread the Cherenkov photons over
a wider angular range along the axis perpendicular to the
field with respect to the case where no magnetic field is
applied. Similarly, as expected, the shape of the profile
along the axis parallel to the field is largely the same as that
of the unmodified profile, with only the absolute intensity
decreasing due to photons within the ring spreading along
the perpendicular axis.

B. Time spread of arriving photons

Cosmic rays interacting in the Earth atmosphere can
deposit most of their energy into the ensuing EAS. For this
reason, the optical Cherenkov signals from cosmic ray
events arriving from above the limb can be extremely
bright, and, in principle, visible far off the shower axis,
leading to large geometric apertures and high estimated
event rates. However, we expect the Cherenkov photons
arriving on a given detection plane to have a larger range of
arrival times the further off-axis they are observed
[30,37,40].
In a general sense, the integration time of a given

instrument is typically characterized by the timescale of
an expected signal so as to optimize the signal to noise ratio
(SNR) with respect to given backgrounds. In the case of the
Cherenkov cameras within the framework of the EUSO-
SPB2 and POEMMA designs, the integration time is
respectively 10 ns and 20 ns, corresponding to the time

FIG. 8. Cherenkov spatial distributions of a 100 PeV proton
shower as observed from 33 km with θd ¼ 85°. The Cherenkov
photon distributions are computed in the case where no geo-
magnetic field is applied (red curve) and where a 50 μT magnetic
field is applied perpendicular to the shower propagation direction.
The green and blue curves show the components of the spatial
distribution measured along the axes perpendicular and parallel to
the magnetic field, respectively. The dashed lines show the result
of the 5 parameter fit as described by Eq. (14).
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width of a typical Cherenkov pulse observed close to the
shower axis, where the signal is maximized.
By viewing the optical Cherenkov signal further away

from the shower axis, the time spread of the arriving photons
may be larger than the integration time of the instrument, and
the signal is not fully captured, effectively reducing the
detection capability. A good description of the photon arrival
time is required in order to estimate this reduction and
provide a more realistic detector response. While we have a
good understanding of the time spread of the optical
Cherenkov signal from downward-going showers [30,37],
it is necessary to quantify these features also for upward-
moving showers with above-the-limb trajectories.
There are two main propagation timescales involved in

this calculation: (i) the propagation time of the electrons in
the shower from their origin to their Cherenkov emission
point and (ii) the propagation time of photons from the
emission point to the detection plane.
To estimate the first timescale, we start by assuming that

the shower front moves at the speed of light c so that we can
determine the lower bound t0 ¼ L=c, where L is again the
distance from the shower starting point to the emission point,
measured along the shower axis. Referring to the compu-
tation scheme discussed in [2], we calculate t0 for every point
measured along the charged particle longitudinal profile. We
then correct for the fact that the propagating electrons in the
EAS reach a plane at a given linear distance along the shower
trajectory at different times due to relativistic effects,
scattering, and the nonplanar shower front. To model these
effects, we use the electron time delay distributions (that is,
how much the electrons lag an ideal particle traveling at the
speed of light) as a function of the electron energy and
shower age as provided by Lafebre et al. [39]. There is poor
universality of the arrival time distribution within the shower
over many altitudes and the introduction of a scaled
dimensionless variable τ is helpful:

τ ¼ cΔt
rm

ð9Þ

where Δt is the delay time and rm is the Moliere radius,
which exponentially increases as a function of altitude. The
form of the distribution is given as [39]:

dn
d lnEd ln τ

¼ Cxζ0
00 ðτ01 þ τÞζ001

τ1 ¼ exp½−2.71þ 0.0823 lnE − 0.114 ln2 E�
ζ000 ¼ 1.70þ 0.160s̃ − 0.142 lnE

ζ001 ¼ −3.21 ð10Þ

where C is a normalization constant, E is the electron energy
inMeV, and s̃ is a modified shower age s̃ ¼ ðX − XmaxÞ=X0,
X0 ¼ 36.7 g=cm2 being the radiation length in air. The
normalized electron delay time distribution for the

dimensionless variable τ is plotted in the upper panel of
Fig. 9 within the electron energy range (1 MeV, 1 GeV) at
shower maximum s ¼ 1.0 with the scale of the process
(Moliere radius rm divided by the speed of light c) as a
function of altitude plotted in the lower panel. As a point of
reference, we note that a τ value of 1 corresponds to a delay
time compared to the speed of light Δt of 0.26 μs at
sea level.
With increasing electron energy, we observe smaller

delay times (that is, times which are associated with speeds
close to the speed of light), as expected. Additionally, for
showers which develop at high altitudes, we observe larger
delay times, regardless of electron energy. Using the
terminology developed in [2], for each bunch of photons
sampled along the projected ellipse of the Cherenkov ring,

FIG. 9. Upper panel: normalized electron delay time distribu-
tions for the scaled variable τ ¼ cΔt=rm for electron energies
from 1 MeV to 1 GeV at shower maximum s̃ ¼ 0 [39]. The
threshold energy for optical Cherenkov generation is minimally
20 MeVand increases with altitude. Lower panel: Moliere radius
divided by the speed of light rm=c as a function of altitude using
the model of the standard US atmosphere [24] to describe the
atmospheric density profile.
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we sample a time delay from the above distributions, given
an electron energy and shower age.
The total time for electrons in the EAS to propagate from

the shower starting point to the Cherenkov emission point
is given as: teðL;E; sÞ ¼ t0ðLÞ þ ΔtðzðLÞ; E; sÞ, being t0
the lower bound to the electrons propagation time.
The second relevant time-scale in calculating the time

spreading of the arriving signal is the propagation time of
photons through the Earth atmosphere. For each point
along the shower, the time needed by photons to travel from
the emission point to the detection plane directly along the
shower axis can be calculated as:

tγðLÞ ¼
Z

Ldet

L

nðzðLÞÞ
c

dL ð11Þ

where nðzðLÞÞ is the local refraction index of air. The value
of n does not vary strongly across the wavelength range
300 nm to 1000 nm [27–29], so we use a central value of
n450 nmðzÞ to further simplify the calculations.
To take into account the effects of off-axis propagation

for each point on the Cherenkov ring, we make the
approximation tγðL; θγÞ ≈ 1

cos θγ
tγðLÞ, where θγ corresponds

to the propagation angle of generated photons through the
atmosphere with respect to the shower propagation axis,
considering also the lateral spreading of the EAS. We note
that θγ is small for most circumstances, even taking into
account the effect of the geomagnetic field.
Our approximation assumes that the index of refraction as

a function of L does not change dramatically moving away
from the propagation axis, which is a reasonable approxi-
mation due to the small angular scales resulting from the
reduced Cherenkov angles from the high-altitude EAS
development. Moving away from the propagation direction
will result in paths which propagate through both more and
less atmosphere, depending on the chosen azimuth angle
about the shower axis, giving refraction index profiles nðLÞ
which are increased and decreased, respectively. Thus, we
expect larger and smaller time spreads, respectively than
what is given using our approximation, which is close to an
overall average.
In conclusion, the arrival time of Cherenkov photons

reaching the detection plane is given as the sum
teðL;E; sÞ þ tγðL; θγÞ. When we spatially histogram the
arriving photons, we record also the 90% spread (between
the 5% and 95% percentiles) of their arrival time within
each spatial bin and divide the photon density by this time
spread to obtain the corresponding photon flux. The 90%
time spread of the arriving Cherenkov photons for the flux
profile shown in Fig. 8 is given in Fig. 10. Near axis, the
Cherenkov photons arrive within a time window of≲20 ns,
while, for observation far away from the shower axis, the
time spread increases significantly.

C. Parameter fitting

The calculation of the spatial Cherenkov flux profile uses
a significant amount of computational resources, and it is
inefficient to perform the calculation every time an event is
simulated. Instead, as in [2], we simulate showers within
the geometric parameter space that spans all potentially
observable EAS and generate a lookup table of the optical
Cherenkov properties to further calculate sensitivities and
event rates using a Monte Carlo approach. All simulated
showers are generated using a 100 PeV proton primary with
the photon yield scaled linearly with the energy of a
given EAS.
The first geometric parameter to be sampled is the

detector viewing angle θd. In Sec. II, we showed that θd
is restricted purely by geometry to the ranges 84.2° < θd <
90° for EUSO-SPB2 and 67.5° < θd < 70° for POEMMA.
However, we should also take into account the proton
interaction length in air and select only θd which provide
sufficient grammage for first interaction (shower initiation).
The average proton-air interaction length as a function of
energy is calculated as:

λðEÞ ¼ AmN=σðEÞ ð12Þ

where A ¼ 14.1 is the average atomic mass of air,mN is the
mass of a nucleon, and σðEÞ is the proton-air interaction
cross section as a function of primary energy. For our
purposes here, we use the results published in [35] to
describe the proton-air interaction cross section.
The cumulative probability of interaction within a given

depth X is calculated as

PðE; XÞ ¼ 1 − e−X=λðEÞ: ð13Þ

Using the minimum interaction cross section (corre-
sponding to the largest, and therefore, most restrictive,

FIG. 10. 90% time spread of the arriving Cherenkov
photons from a 100 PeV proton shower as observed from
33 km with θd ¼ 85°.
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interaction length) at E ¼ 1 PeV, and P ¼ 0.99 (that is,
99% of particle interactions are captured), we calculate an
upper bound on X of 300 g cm−2. For EUSO-SPB2, the
geometric range outlined in section II satisfies this con-
dition, while, for POEMMA, the allowable angular range
shrinks to 67.5° < θd < 68.35°. Both angular ranges are
sampled in 50 equally spaced bins. Above the maximum
θd, protons begin to pass through the atmosphere without
interacting, leading to their nondetection. We later show
that limiting the viewing ranges for POEMMA and EUSO-
SPB2 excludes few events, verifying this estimation.
To take into account the proton first interaction depth in

the atmosphere, for each θd within the detector viewing
ranges, we simulate showers with starting depths from
0 g cm−2 to 280 g cm−2 in 20 g cm−2 increments by
replacing the longitudinal charged particle profile
NðXÞ → NðX þ Xavg − X0Þ. The average first interaction
depth of a 100 PeV proton Xavg ¼ 50 g cm−2 must be
included to account for proper shifting of the average
charged particle longitudinal profile we use to generate the
optical Cherenkov emission. As discussed in [2], the spatial
distribution of the arriving photons as a function of angle
off shower axis can be fit with the 5-parameter profile:

Φch ¼

8>>>><
>>>>:

Φ0 θ ≤ θch

Φ0ð θ
θch
Þ−βF θch ≤ θ ≤ θ1

Φ1 e−ðθ−θ1Þ=θ2 θ ≥ θ1

ð14Þ

This model assumes a uniform optical Cherenkov photon
fluxΦ0 within an angle θch, a βF power-law fall off within an
angle θ1 and, for larger angles, an exponential fall off with
scale θ2. The flux Φ1 is calculated such that the function
remains continuous between the last 2 regions, and is not
a free parameter. All angles are given with respect to
the shower axis as measured from the top of the atmosphere
(the point where the shower enters the atmosphere, not to be
confused with the first interaction point). Example fits to the
spatial distribution of the arriving Cherenkov photon flux are
shown in Fig. 8. These fits represent an overall average near
the shower axis, taking into account the Cherenkov “horn”
features, and provide an excellent fitting of the tails of the
distributions even out to large viewing angles. For each
simulated shower, we perform the fit to (i) the spatial
distribution without a magnetic field (ii) the spatial distri-
bution along the axis of the magnetic field (iii) the spatial
distribution along the axis perpendicular to the magnetic
field. This allows for a range of values that a shower is likely
to exhibit during propagation. In Figs. 11 and 12, we
respectively plot the three parameters that dominate the
behavior of the spatial distribution of the optical Cherenkov
flux close to shower axis (Φ0; θch; βF) as a function of
detector viewing angle θd for the altitudes corresponding to
the EUSO-SPB2 and POEMMA instruments. In the left

panels of the two figures, we show the effect of changing
the first interaction depth X0 on the parameter fits, while in
the right panels, we show the effect of the application of the
geomagnetic field as described above.
For small detector viewing angles (events viewed at

small angles from the Earth limb), the intensity of the signal
is minimized, due to the strong atmospheric extinction of
the optical Cherenkov emission. Specifically, trajectories
with points of lowest approach less than roughly 5 km (see
Figs. 2 and 6) experience aerosol dominated scattering and
long path lengths through the atmosphere, thereby provid-
ing for strong attenuation of the arriving photons.
Consequently, as the detector viewing angle increases,
the signal intensity increases due to the decreased atmos-
pheric attenuation. This trend continues until a certain
viewing angle, where the intensity begins to decrease for
two reasons: (i) the path length through the atmosphere
becomes too thin to support significant development of the
EAS and (ii) the Cherenkov threshold becomes very high
(∼1 GeV) such that only the highest energy electrons can
contribute to Cherenkov photon generation. This trend
occurs earlier for events with larger first interaction depths,
as earlier portions of the shower are being sampled, where
there is inherently less charged particle content.
With increasing viewing angle, the spatial distribution of

the optical Cherenkov emission becomes more narrow for
two key reasons: (i) due to the decreased index of refraction
at high altitudes, the local Cherenkov angle becomes smaller,
thereby focusing the Cherenkov photons onto a tighter cone,
which again is a stronger effect for events with large first
interaction depths, as they produce their maximum photon
content at higher altitudes (ii) the energy threshold of
Cherenkov generation is increased at higher altitudes and
therefore electrons with characteristically larger energies
(which remain closer to the shower axis) generate the
observable emission. From this, we expect to observe steeper
tails of the distribution with increasing detector viewing
angle. However, taking into account the electron lateral
distribution, which also becomes more prevalent at high
altitudes, as discussed in [2], we actually see a broadening of
the tails of the distribution with increasing viewing angle. In
a balloon-borne framework, when the detector viewing angle
is large enough (∼4° above the limb), the instrument sits
inside active shower development, resulting in a very
spatially contained (nearly exponential), bright signal.
We also note the effect of the geomagnetic field, which is

to spread the signal effectively along the axis perpendicular
to the field. The central optical Cherenkov intensity of the
distributions from showers affected by the geomagnetic field
is smaller than the unmodified showers up to a maximum of
a factor of 2, following the right panels of Figs. 11 and 12.
The effective Cherenkov angle of the distribution is slightly
larger along the axis perpendicular to the magnetic field and
smaller along the axis parallel to the magnetic field com-
pared to the unmodified distribution. Similarly, the tails of
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FIG. 11. Parameter fits to the Cherenkov spatial distribution from an above-the-limb 100 PeV upward proton shower for different
detector viewing angles as observed by a balloon-borne instrument at 33 km altitude. Plots are central flux Φ0 [upper panel], central
width θch [middle panel], and power law scale βF [lower panel] using the 5 parameter fit model described in equation (14). The left
panels show the effects of changing the first interaction depth of the shower, while the right panels show the effect of the geomagnetic
separation of the positrons and electrons in the shower, using a representative starting depth of 40 g cm−2.

CUMMINGS, ALOISIO, ESER, and KRIZMANIC PHYS. REV. D 104, 063029 (2021)

063029-12



FIG. 12. Parameter fits to the Cherenkov spatial distribution from an above-the-limb 100 PeV upward proton shower for different
detector viewing angles as observed by a satellite-based instrument at 525 km altitude. Plots are central flux Φ0 [upper panel], central
width θch [middle panel], and power law scale βF [lower panel] using the 5 parameter fit model described in Eq. (14). The left panels
show the effects of changing the first interaction depth of the shower, while the right panels show the effect of the geomagnetic
separation of the positrons and electrons in the shower, using a representative starting depth of 40 g cm−2.
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the distribution are less steep for any shower modified by the
Earth magnetic field than the tails from unmodified showers,
especially if measuring perpendicular to the applied field (as
expected). Thus, showers affected by the geomagnetic field
may be less bright directly on axis, but can have significantly
higher photon yields further off axis, making them less
observable at low primary energies and more observable at
the highest energies.

IV. APERTURE AND EVENT RATE

For the Earth-skimming neutrino events analyzed in [2], a
semianalytical estimate was used to determine the geometric
aperture and sensitivity, where a Monte Carlo methodology
was used only to estimate the average behavior of the EAS
properties for use in the simulation. This was due, in part, to
the sheer number of events which needed to be simulated
(correspondingly, the large amount of computation time) in
order to calculate an accurate figure, properly sampling all
the relevant distributions involved. When simulating cosmic
ray events from above the limb, we do not have these
restrictions, as proton induced EAS vary significantly mainly
by the first interaction depth which decreases with increasing
energy (here we do not consider the Landau-Migdal-
Pomeranchuk (LPM) effect [41] or π0 interactions, which
for z > 20 km become relevant for energies greater than 3 ×
1018 eV and 7 × 1019 eV, respectively) [42]. Additionally,
as observed in Figs. 11 and 12, the intensity and the angular
scales of the Cherenkov emission from above-the-limb
cosmic ray EAS vary rapidly with detector viewing angle
(on scales smaller than the effective Cherenkov angle of the
distribution), making an analytical estimate unreliable. For
these reasons, in the present computation schemewe utilize a
more realized Monte Carlo methodology.
In the Earth-centered coordinate system shown in Fig. 1,

the detector is positioned at the cartesian coordinates (0, 0,
RE þ h), where RE is the Earth radius and h the detector
altitude above ground (33 km for EUSO-SPB2, 525 km for
POEMMA). The starting point of the shower is sampled
isotropically on the top of Earth’s atmosphere, namely with
radius RE þ zatm, zenith angle sampled uniformly in cos θE
within the detector viewing range and azimuth ϕE sampled
uniformly between (0, 2π).
The trajectory of the shower must also then be sampled

isotropically. To do this, we sample the shower zenith in its
local frame uniformly in cos2θtr to take into account the
probability that a trajectory will lie within an angular bin
dθtr on a planar surface. We then sample the azimuth of the
trajectory ϕtr uniformly on (0, 2π). Converting to Cartesian
coordinates, we then calculate the angle between this
trajectory and the detector viewing direction to the sampled
shower starting point.
The first interaction depth is sampled from an exponential

distribution with mean λ, given in Eq. (12). Using the
sampled shower trajectory and first interaction depth, as well
as the lookup table of fit parameters of the Cherenkov spatial

distribution for a 100 PeV primary shower, we then
determine the intensity of Cherenkov photons at the detector
from a given shower, scaling the profile by E=100 PeV for
different primary energies.
If the intensity exceeds the threshold determined by the

optics and electronics of the instrument, the event is
accepted. The choice of the detectable photon threshold
for the two instruments is 20 γ=m2 for POEMMA and
200 γ=m2 for EUSO-SPB2, taking into consideration the
effects of the dark-sky background, as outlined in [2,3]. We
then divide this calculated threshold by the minimum
electronics integration time, which, for this study, we
consider to be 20 ns. The spread in arrival times of the
observed Cherenkov photons exceeds roughly 20 ns regard-
less of how far the photons are viewed from the shower axis,
so we are justified in comparing the flux of arriving photons
with the calculated threshold. That is, we do not need to
consider dim events which arrive with very short timescales
within our analysis. For every primary cosmic ray energy
simulated, we simulate 105 shower starting points and 105

shower trajectories for each sampled starting point. The
geometric aperture is then calculated as:

hAΩiðEÞ ¼ πS
NacceptedðEÞ
NsimulatedðEÞ

S ¼
Z

2π

0

Z
θE2

θE1

ðRE þ zatmÞ2 sin θEdθEdϕ ð15Þ

where S is the area of the disk visible to the instrument
[43,44]. To place bounds on the possible effects of including
the Earth geomagnetic field, we perform this calculation
using the fits to the Cherenkov spatial distribution under the
application of the magnetic field as described in Sec. III A,
measured along the axes parallel and perpendicular to the
applied field, as well as by applying no field. By doing so,
we assume that all showers propagating within the geo-
magnetic field experience maximal (perpendicular to B) and
minimal (parallel to B) deflection of the electrons and
positrons generating the optical Cherenkov emission. In
Fig. 13, we plot the geometric apertures of the EUSO-SPB2
(upper panel) and POEMMA (lower panel) experiments to
the above-the-limb cosmic rays.
Figure 13 demonstrates that, as expected, the EUSO-

SPB2 instrument has increased sensitivity at energies below
10 PeV due to being closer to the shower development. At
higher energies, the sensitivity of the POEMMA instrument
begins to dominate, becoming roughly an order of magni-
tude larger than that of EUSO-SPB2 at 1020 eV. We also
note that the effect of including the Earth geomagnetic field
is modest. Whether all cosmic ray events are measured
completely along the axis parallel or perpendicular to the
magnetic field, the geometric acceptances remain within a
factor of two of the case with no applied field. Additionally,
as the events measured perpendicular to the magnetic field
provide an increase in geometric aperture with respect to the
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unaffected case (due to the strengthening of the tails of the
distribution), and those measured parallel result in a
decrease, an average measurement will occur in-between
these bounds and minimize the effect. Although, it is worth
noting that, because the central intensity of the optical
Cherenkov spatial distribution is decreased due to the
geomagnetic effect, the energy threshold is slightly increased
for events affected by a magnetic field with respect to the
standard (no magnetic field) case.
We also plot the normalized distribution of arrival

angles of the accepted events in Fig. 14. Figure 14 shows
that the chosen range for θd as outlined in section III C is
well motivated, with few events being accepted above 90°
and 68.35° for EUSO-SPB2 and POEMMA, respectively.
We also observe that with increasing primary energy,
more events are accepted closer to the Earth limb, due to
the brightening of signals which are able to compete with
the heavy atmospheric extinction, as expected. Overall,
the majority of the above-the-limb cosmic rays are
accepted with angles θd ∼ 86.5° and θd ∼ 68.1° for
EUSO-SPB2 and POEMMA, respectively. Comparing

with Fig. 2, both of these correspond to total path lengths
of ∼2000 g cm−2. As a point of reference, the thickness of
the vertical Earth atmosphere is 1030 g cm−2.
Given an expected flux of cosmic rays ΦCRðEÞ and the

geometric aperture hAΩiðEÞ, we calculate the estimated
event rate above an energy E as:

N ¼
Z Z

∞

E
hAΩiðEÞΦCRðEÞdEdt ð16Þ

where we specifically define the event rate here to be the
number of expected events above a given energy E.
Concerning the choice of the cosmic ray flux ΦCRðEÞ,
we use the combined data of the all particle energy spectra
from the Tibet-ASg, KASCADE-Grande, and Pierre-Auger
experiments across the range ð1014 eV; 1020 eVÞ as given
in [35]. In figure 15, we plot the estimated event rate per
hour of live time of above-the-limb cosmic rays as a
function of minimum energy in the case of EUSO-SPB2

FIG. 13. Geometric aperture to above-the-limb cosmic rays as a
function of primary energy for the EUSO-SPB2 [upper panel]
and POEMMA [lower panel] detectors.

FIG. 14. Normalized distribution of arrival angle θd for
accepted above-the-limb cosmic rays for different primary en-
ergies as measured with the EUSO-SPB2 instrument [upper
panel] and POEMMA instrument [lower panel].
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and POEMMA. Figure 15 demonstrates that, for both
orbital and sub-orbital Cherenkov telescopes, the expected
event rate is very large, being hundreds of events per hour
of live time above energies of less than a PeV in the sub-
orbital case and 10 PeV in the orbital case.

V. CONCLUSIONS

In this paper, we have extended the computation scheme
developed in [2] to also model the observation of the
cosmic ray EAS which arrive with trajectories from above
Earth’s limb and calculate their expected event rate for the
EUSO-SPB2 and POEMMA instruments. Cosmic rays can
deposit much of their primary energy into showering
products, resulting in extremely bright optical Cherenkov
signals.
In Sec. II, we discussed the characteristic altitudes of the

shower development for above-the-limb EAS which occur
above 20 km, where the atmosphere is rarified, leading to

signals with unique properties. Specifically, we showed that
the required thresholds for optical Cherenkov emission are
increased, with smaller local Cherenkov angles, while the
atmospheric transmission can be greatly decreased with
respect to upward going (below the limb) EAS. These
combined effects result in bright signals which are focused
close to the shower propagation axis.
As these events can be extremely bright, even for large

angles off shower axis, it was necessary to consider also
the time spread of arriving photons at the plane of
detection, which can increase up to a few microseconds
when measured far off axis, much greater than the typical
10–20 ns integration time of the Cherenkov telescope
designs being investigated. This fact implies a reduction
of the estimated geometric aperture to above-the-limb
cosmic ray events, with the larger effect at the highest
energies, where the exponential tails of the optical
Cherenkov spatial distribution become relevant.
Additionally, for shower development within a rarified

atmosphere (high altitudes), the distance scale correspond-
ing to a radiation length is much longer than that at low
atmospheric altitudes, allowing for more significant geo-
magnetic deflection of electrons and positrons. To consider
the effects of the geomagnetic field, we took the approach
of applying a relatively large (50 μT) field perpendicular to
the shower propagation direction, and measured the flux
profile of arriving Cherenkov photons along the axes
perpendicular and parallel to the magnetic field compared
with the profile of unaffected showers (symmetric about the
shower axis). We demonstrated that the effect of applying a
magnetic field to the developing EAS is to spread the
optical Cherenkov photons within the effective Cherenkov
angle away from shower axis along the axis perpendicular
to the magnetic field, thereby reducing the central intensity,
but increasing the intensity within the tails of the distri-
bution. This approach provided an upper and lower bound
on the effect of magnetic deflection, showing that, ulti-
mately, it is a modest, factor of ∼2, effect on the Cherenkov
intensity for a specific EAS energy and trajectory.
Using a Monte Carlo methodology, we showed that the

estimated event rate of (above-the-limb) cosmic rays for
the EUSO-SPB2 and POEMMA instruments can be very
high. Specifically, as follows from Figs. 13 and 15, we see
that both instruments have the capability to observe
potentially hundreds of events per hour of live time above
energies of 300 TeVand 10 PeV for sub-orbital and orbital
observation schemes, respectively.
The properties of the optical Cherenkov emission from the

above-the-limb cosmic rays are extremely similar to those of
the neutrino events of comparable energy in wavelength,
arrival angle, and arrival time distributions despite the
development at high altitudes. Taking this information
together with the huge event rates presented in Fig. 15,
the above-the-limb cosmic rays represent a guaranteed in-
flight test source for both orbital and sub-orbital optical

FIG. 15. Integrated expected event rate (events measured above
given energy E) for above-the-limb UHECR events for the
EUSO-SPB2 [upper panel] and POEMMA [lower panel] instru-
ments. Event rate is given per hour of live time (instrument duty
cycle for each not taken into account).
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Cherenkov telescopes. While simulation studies have pre-
dicted the rate of upward-moving EAS sourced from Earth-
interacting neutrino events to be small for cosmogenic flux
assumptions [2,3], above-the-limb cosmic rays are plentiful,
allowing for validation of the optical Cherenkov detection
technique for upward going EAS. Observation of the above-
the-limb cosmic rays will also help to quantify optical
performance, trigger algorithms, and other detector proper-
ties such that the Cherenkov telescope can be optimized for
neutrino detection.
Atmospheric refraction near the Earth limb can be up to

∼1° [18]. As shown in Fig. 14, for above-the-limb cosmic
rays with E > 1019 eV, there is limited acceptance very
close to the limb. As such, it will likely be necessary to
correspondingly restrict neutrino searches to at least 1°
below the limb to avoid false positive signatures triggered
by atmospherically refracted signals from cosmic rays [45].
The above-the-limb cosmic ray events are ideal candi-

dates for energy and directional reconstruction for four
reasons: (i) the signal intensity is approximately linearly
proportional to the primary cosmic ray energy (ii) the
angular acceptance is energy dependent, see Fig. 14 (iii) the
overall angular scales are small due to the high altitude
development, leading to exceptional angular resolution of
the trajectory of the EAS (iv) the high number of events
allows for large statistical groupings. The techniques
developed to identify and reconstruct these events from
eventual flight data will also be used on neutrino candidate

events and will therefore need to be intensively studied and
refined such that they are well understood and optimized
for neutrino detection.
Mass composition measurements of the above-the-limb

cosmic rays using the optical Cherenkov detection tech-
nique might also be performed by mirroring the obser-
vation strategies utilized for ground based Cherenkov
telescopes, mainly: (i) The observation and discrimination
of the Cherenkov emission generated by muons within the
EAS, which helps to clarify the nature of the primary
particle [25,26] and (ii) Multiple observations within the
effective Cherenkov angle of the resulting emission,
which allows for an estimation of Xmax on an EAS-by-
EAS basis [46–54]. While both of these methodologies
deserve a detailed study to examine their feasibility in
high altitude observations of the above-the-limb cosmic
rays, we note that, in principle, a single imaging
Cherenkov telescope such as that of EUSO-SPB2 or
POEMMA, is capable of aiming to perform the first
analysis, while for the second, an array of future orbital
Cherenkov instruments is required to image theOð10 kmÞ
Cherenkov light pool. Such strategies may potentially
allow for composition measurements of the cosmic ray
flux across a wide range of primary energies.
The work and results presented in this paper provide an

initial step in the assessment of the full scientific potential
of above-the-limb cosmic ray optical Cherenkov light
measurements.
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