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1. Introduction
Transient phenomena underpinned both of the recent landmark multimessenger events–the co-

incident neutrino and electromagnetic detection of a flare in blazar TXS0506+056 [1] and the
coincident gravitational wave and electromagnetic detection of GW170817, a binary neutron star
merger accompanied by a short gamma-ray burst [2, 3]. These events solidified the central role
of Target-of-Opportunity (ToO) observations in the emerging multimessenger landscape for the
coming era and beyond.
Many astrophysical transient sources are suspected of producing high-energy and very-high

energy neutrinos, including tidal disruption events [e.g., 4], compact object mergers [e.g., 5, 6],
gamma-ray bursts [e.g., 7, 8], blazar flares [e.g., 9], and possibly others. In typical astrophysical
models, neutrinos1 are primarily produced through the decay of charged pions and secondary
muons generated through interactions of accelerated cosmic rays with matter and radiation within
the source [e.g., 10]. The expected at-source flavor ratio from pion decay (a4 : a` : ag)src, is nearly
(1 : 2 : 0); though, neutrino oscillations drive the observed flavor ratio towards (1 : 1 : 1)⊕.
This provides a channel through which indirect cosmic ray experiments may observe transient
astrophysical neutrino sources by detecting upward-going extensive air showers (EASs) induced by
decaying g-leptons produced by ag interactions in the Earth.
In this work, we focus on the unique contributions to multimessenger studies of astrophysical

transients from the proposed space-based Probe of Extreme MultiMessenger Astrophysics (PO-
EMMA) [11] and the upcoming second-generation Extreme Universe Space Observatory on a
Super-Pressure Balloon (EUSO-SPB2) [12]. Both missions will monitor the Earth’s atmosphere
in search of fluorescence2 signals from ultra-high energy cosmic rays and neutrinos above 20 EeV
and optical Cherenkov signals from upward-going EASs of tau neutrinos above 10 PeV. In order
to detect these signals, both missions must operate during dark, moonless night conditions. While
it is possible that POEMMA and EUSO-SPB2 could generate their own transient alerts, this work
focuses on their capabilities for following up alerts generated by other multimessenger facilities.
Table 1 provides a select list of relevant observatory specifications for POEMMA and EUSO-SPB2.
The POEMMA observatory design consists of two telescopes on board individual satellites

orbiting the Earth in tandem with a period of ∼ 95 min. Each spacecraft will be equipped with
avionics that will allow them to quickly repoint (at a rate of 90◦ in ∼ 500 s) in the direction of a
transient source and track it through the tau neutrino detection region (up to 18◦ below the Earth’s
limb). With these design features, POEMMAwill have access to the entire dark sky within the time
scale of one orbit and full-sky coverage within a few months. POEMMA is proposed for launch in
2028 and has a target mission lifetime of 3–5 years.
EUSO-SPB2 is a suborbital payload experiment that will be a pathfinder for POEMMA in many

respects. It will feature a similar, though simplified, optical design for validating the technology for
detecting optical Cherenkov signals from Earth-skimming tau neutrinos. It will also have a ToO
operation mode that will enable pointing to a transient source by tilting the telescope in elevation
and rotating the entire gondola in azimuth. The expected launch for EUSO-SPB2 is in Spring 2023
from Wanaka, New Zealand, with a target flight duration of ∼ 100 days.

1In this work, we do not distinguish between neutrinos and antineutrinos.
2The fluorescence detection capabilities of POEMMA and EUSO-SPB2 are discussed in other proceedings.
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Observatory
Specification

POEMMA EUSO-SPB2

Altitude (ℎ) 525 km 33 km
Field-of-View (Δq×ΔU) 30◦ × 9◦ 12.8◦ × 6.4◦

Max. Angle from Limb 18◦ 6.4◦

Detection threshold 20 (40) phot m−2 200 phot m−2

Max. sky coverage 100% 74%

Table 1: Select list of observatory specifications for POEMMA and EUSO-SPB2.

2. ag Acceptance and Transient Sensitivity Including Sun and Moon Constraints
The ag acceptance and the transient sensitivity depend on the instantaneous effective area to point

sources (see Fig. 1), which is defined as the area subtended on the ground by the Cherenkov cone
given by [13, 14],

�Ch ' c(E − B)2 ×
(
\eff

Ch

)2
, (1)

where E is the distance between the detector at altitude ℎ and the spot on the ground along the
line-of-sight to a point source in the ag detection region, B is the decay length for the g-lepton,
and \eff

Ch is the effective Cherenkov angle for upward-going EASs. The line-of-sight is viewed at an
angle U(C) from detector nadir, corresponding to an elevation angle VE with respect to the spot on
the ground. The effective Cherenkov angle depends on the altitude at which the g-lepton decays,
the shower energy, and elevation angle of the g-lepton emerging from the ground, Vtr [15]. Since
the neutrino sources in question are distant point sources, we take Vtr ' VE . The instantaneous
acceptance to tau neutrinos with energy �ag is given by

�
(
U(C), �ag

)
'

∫
3%obs

(
�ag , VE , B

)
�Ch(B) , (2)

where %obs is the observation probability. %obs is related to the probability for a g-lepton to emerge
at angle VE (i.e., the tau exit probability, ?exit), the g-lepton decay distribution (?dec), and the
detection probability (?det) by

%obs =

∫ ∫
?exit

(
�g |�ag , VE

)
?dec(B′)?det

(
�g , \

eff
Ch, VE , B

′
)
3B′3�g . (3)

To distant  
source

ACh ≃ π (v − s)2 (θeffCh)2

θCh
s

vh
α (t)

βv

v −
s

Figure 1: ag detection geometry for point sources.

For ?exit, we used the results from [15], which
performed detailed simulations of ag propa-
gation through the Earth [see also 16]. [15]
also performed detailed simulations propa-
gating Cherenkov signals from upward-going
EASs through the atmosphere to a space-based
detector flying at altitude ℎ = 525 km; we used
these results to determine \eff

Ch and ?det for PO-
EMMA. We performed new Cherenkov simu-
lations to determine \eff

Ch and ?det for EUSO-
SPB2 [see also 17].
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As the source moves through the detection region, the effective area and the ag acceptance change
with time. In determining the transient sensitivity, we compute the time-averaged ag acceptance,〈

�
(
�ag

)〉
=

1
)0

∫ C0+)0

)0

3C�
(
U(C), �ag

)
. (4)

The all-flavor transient sensitivity is then given by

Sensitivity =
2.44 × 3

ln(10) × �ag ×
〈
�

(
�ag

)〉 , (5)

where we have taken the 90% unified confidence upper limit [18] per decade in energy (2.44/ln(10)).
In all scenarios considered here, we assume that both instruments can slew over 360◦ in azimuth.
In this work, we calculate separate estimates for the transient sensitivity for long-duration and

short-duration events. For short-duration events, the relevant time scale for computing the time-
averaged ag acceptance is the observation time, which we take to be ∼ 103 s. For long-duration
events (those lasting & 1 day), the relevant time scale is one that allows for adequate sampling of
the variation in the effective area as the source moves through the detection region. For POEMMA,
this time scale is )0 ' )orb = 95 minutes. For EUSO-SPB2, we set )0 equal to the duration of the
balloon flight in order to more robustly account for the constraints due to the Sun and the Moon (as
discussed below). In this work, we consider times of 30 days and 100 days for a typical balloon
flight and the target flight duration, respectively.
During long-duration events (time scales & 1 day), POEMMA’s spacecraft propulsion systems

can maneuver its satellites closer together (separation ∼ 25 km) in order to observe the source
within overlapping instrument light pools (denoted ToO-stereo configuration). This allows for the
use of time coincidence between the two instruments, enabling better rejection of the night-sky air
glow background and lowering the energy threshold for neutrino detection. For events shorter than
a day, the two POEMMA telescopes will observe the source independently in separate light pools
(denoted ToO-dual configuration); this configuration doubles the effective area at the expense of
observing with a higher energy threshold.
Both POEMMA and EUSO-SPB2 must operate in dark, moonless night conditions. We account

for the effects of the Sun and the Moon depending on the scenario under consideration. For long-
duration events, the time scales are sufficiently long that the Sun and the Moon are guaranteed to
constrain the observation period. For space-based instruments, the reduction in exposure depends
on the sky location of the source and the relative positions of the Sun, the Moon, the Earth, and
position of the satellite in its orbit, resulting in a large number of possible configurations. For
POEMMA, the average duty cycle3 ranges between 0.2–0.4 over the sky [13] [see also 19]; for our
calculations of the POEMMA’s long-duration transient sensitivity, we adopt a value of 30%.
For EUSO-SPB2, we perform amore detailed calculation of the average ag acceptance, accounting

for the reduction in observation time due to the Sun and theMoon. For the Sun, we set the acceptance
equal to zero during those time periods in which the elevation of the Sun was greater than 18◦ below
the horizon as viewed by EUSO-SPB2 (elevation angle of −5.8◦). For the Moon, we calculate
the average intensity of moonlight, including direct and scattered components, accounting for the

3Averaged over seven precession periods of POEMMA’s orbital plane (7 × 54.3 days ' 380 days).
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Figure 2: Sky plots of the ag acceptance at 108.5 GeV averaged over a period of a day when the Moon is
close to full (left) and close to new (right).

phase. To that end, we used libRadtran, a radiative transfer library [20], to calculate the average
intensity of sunlight (�⊙) for an instrument flying at 33 km, assuming an Earth albedo of ∼ 0.4 [21]
and an atmospheric profile consistent with midlatitude winter and accounting for aerosols. The
moonlight intensity is found by rescaling the solar intensity,

�Moon = 0.07�⊙
(
'Moon

3⊕
−Moon

)2

10−0.4(0.026 |8 |+4.0×10−984) , (6)

where 'Moon is the radius of the Moon, 3⊕
−Moon is the distance between the Earth and the Moon,

and the last multiplicative factor accounts for the variation in intensity due to the phase of the
Moon with 8 being the lunar phase angle in degrees [22]. 4 For the constraint due to the Moon,
we set the acceptance equal to zero during those time periods in which �Moon is greater than 10%
of the estimated intensity of the night sky air glow (∼ 18801 phot m−2 ns−1 sr−1 integrated from
300–1000 nm to cover the wavelength range of the optical Cherenkov telescope). The impact of the
Sun and the Moon can be seen in Figure 2, which plots the ag acceptance averaged over a period of
a day for two different phases of the Moon.
For short-duration events for both missions, the time scale of the observation considered here

(103 s) is sufficiently short that observations may occur without interference from the Sun or the
Moon. In this work, we consider short-duration scenarios in which observations are not constrained
by the Sun and theMoon. We also assume that event occurswhen the source is in the optimal position
for ag detection (i.e., when source just dips below the Earth’s limb). As such, our short-duration
scenarios should be considered “best-case” scenarios for neutrino ToO observations.
The left panels of Figures 3 and 4 show the long-duration all-flavor transient sensitivities for

POEMMA and EUSO-SPB2, respectively. The sensitivities are presented as purple bands to
demonstrate the variation across the sky. For comparison, modeled all-flavor neutrino fluences for a
binary neutron star (BNS) merger [6] at various time scales and distances are also plotted. Figures 3
and 4 also provide sky plots of the time-averaged ag acceptance at 108.5 GeV to indicate the sky
coverage for each instrument. The left panels of Figures 5 and 6 show the best-case all-flavor
transient sensitivities to short-duration events for POEMMA and EUSO-SPB2, respectively. For
comparison, modeled all-flavor neutrino fluences for various phases of a short gamma-ray burst [8]
at various distances are also plotted. Figures 5 and 6 also provide sky plots of the time-averaged ag

4Note that 0◦ ≤ 8 ≤ 180◦, where 8 = 0◦ corresponds to a full moon and 8 = 180◦ corresponds to a new moon.
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Figure 3: Left: All-flavor long-duration transient sensitivity band for POEMMA. For comparison, upper lim-
its from IceCube for neutrino searches for GW170817 [23] and sensitivity projections for GRAND200k [24]
are also plotted. Right: Sky plot of the time-averaged ag acceptance at 108.5 GeV.
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Figure 4: Left: All-flavor long-duration transient sensitivity band for EUSO-SPB2. Middle: Sky plot of the
ag acceptance at 108.5 GeV for EUSO-SPB2 averaged over 30 days. Right: Sky plot of the ag acceptance at
108.5 GeV for EUSO-SPB2 averaged over 100 days.

acceptance at 108.5 GeV assuming the best-case short-duration scenario. Figures 3–6 demonstrate
that both POEMMA and EUSO-SPB2 will achieve transient sensitivities at the level of modeled
neutrino fluences for nearby sources.

3. Prospects of Detecting Neutrinos for Candidate Transient Astrophysical Sources
In order to determine the probability for detecting at least one ToO from a given source class,

we must calculate the neutrino horizon, defined as the redshift, Ihor, at which a given instrument
can expect to detect one ag event. The expected number of neutrino events from an astrophysical
source at redshift I is given by

#ev =

∫
qag (�a , I) 〈� (�a)〉 3�a , (7)

where qag (�a , I) is the observed single-flavor neutrino fluence [13]. With Ihor, we can then find the
cosmological volume in which POEMMA or EUSO-SPB2 would be able to detect tau neutrinos.
Multiplying by the cosmological event rate for the source population taken from the literature gives
the expected rate of ToOs, A , for the source class. Modeling the occurrence of transient events as a
Poisson process, we can determine the probability of POEMMA or EUSO-SPB2 detecting at least

6
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Figure 5: Left: Best-case all-flavor short-duration transient sensitivity band for POEMMA. For comparison,
upper limits from IceCube and Auger for neutrino searches for GW170817 [23] and sensitivity projections
for GRAND200k [24] are also plotted. Right: Sky plot of the time-averaged ag acceptance at 108.5 GeV for
POEMMA assuming the best-case short scenario.
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Figure 6: Left: Best-case all-flavor short-duration transient sensitivity band for EUSO-SPB2. Right: Sky
plot of the time-averaged ag acceptance at 108.5 GeV for EUSO-SPB2 assuming the best-case short scenario.

one ToO as a function of time, C,

%(≥ 1ToO) = 1 − %(0) = 1 − 4−AC . (8)

Table 2 provides the neutrino horizon luminosity distances for POEMMA and EUSO-SPB2 for
various neutrino source models. For these models, both POEMMA and EUSO-SPB2 will be able
to detect neutrinos out to neighboring galaxies and beyond. The figure at right provides the Poisson
probabilities of POEMMA detecting at least one ToO as a function of mission operation time for
the various models. The most promising source classes for POEMMA are BNS mergers, binary
black hole mergers, and tidal disruption events.
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Source Class EUSO-SPB2
ag Horizon

POEMMA
ag Horizon

TDE
"BH = 5× 106"� [4] 9 Mpc 128 Mpc

TDE Base
Scenario [4] 4.5 Mpc 69 Mpc

BBH merger – Low
Fluence [5] 6 Mpc 43 Mpc

BBH merger – High
Fluence [5] 19 Mpc 137 Mpc

BNS merger [6] 2.3 Mpc 16 Mpc
sGRB w/ Mod. Ext.

Emission [8] 25 Mpc 90 Mpc Mission Time [yrs]
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Table 2: Left: Table of horizon distances for EUSO-SPB2 and POEMMA for various astrophysical neutrino
models. Right: Poisson probability of POEMMA detecting at least one ToO versus mission time for several
modeled source classes. Probabilities for EUSO-SPB2 are . 1%. Plot reproduced from [13].
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