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We calculate the sensitivity of space-based cosmic neutrino detection from transient sources in the
context of the Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) mission using Target-
of-Opportunity (ToO) observations. POEMMA uses two spacecraft each with a large Schmidt
telescope to simultaneously view the optical signals generated by extensive air showers (EASs).
POEMMA is designed for both ultrahigh-energy cosmic ray and very-high-energy neutrino mea-
surements. POEMMA has significant neutrino sensitivity starting in the 10 PeV decade via mea-
surements of Cherenkov signals from upward-moving EASs initiated by tau neutrinos interacting in
the Earth. For ToO observations, POEMMA uses the ability to quickly repoint (90◦ in 500 seconds)
each of the two spacecraft to the direction of the transient source. POEMMA EAS measurements
are performed during astronomical night, leading to different observational constraints for short-
and long-duration bursts. For short-bursts of order 103 s, POEMMA will increase the sensitivity
of existing experiments (e.g., IceCube and the Pierre Auger Observatory) by up to two orders of
magnitude. For long-duration bursts on the scale of 105−6 s, the full celestial sky is available and
the average neutrino sensitivity will be increased by up to a factor of 50, reaching the desired level
to probe model predictions of transient neutrino sources (e.g., of blazar flares as well as both black
hole-black hole and neutron star-neutron star mergers). POEMMA’s neutrino sensitivity to various
models of transient neutrino sources are detailed. Altogether, our results demonstrate better sen-
sitivity to ToO neutrino sources from the space-based POEMMA experiment compared to current
ground-based experiments, and more importantly, demonstrate unique full-sky coverage for ToO
neutrino sources.

I. INTRODUCTION

Astrophysical transients are now a staple of multi-
wavelength observations of electromagnetic signals
by ground-based and space-based telescopes. In

the last few years, multi-messenger astronomy has
blossomed with coincident observations of photons
and gravitational waves or high-energy neutrinos.
In 2017, LIGO reported the groundbreaking obser-
vation of gravitational waves from a neutron star-
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neutron star merger [1] coincident with a number
of electromagnetic signals [2]. In 2018, the corre-
lation of a neutrino event in IceCube with multi-
wavelength observations of a blazar [3] heralded the
beginning of multi-messenger programs using high-
energy neutrinos. The next decade should witness
the simultaneous observation of three astronomical
messengers: photons, neutrinos, and gravitational
waves, from the same astrophysical transients.

Here we derive the unique contributions to the
multi-messenger studies of transient phenomena of
a space-based mission designed to observe neutrinos
above 10 PeV. Below about PeV energies, ground-
based neutrino detectors [4–11] have the benefit of
full sky coverage, but above such a critical energy
large areas of the sky become inaccessible to a given
ground-based observatory because the Earth attenu-
ates higher energy neutrinos. Space-based neutrino
detectors, while typically restricted in field-of-view,
can be re-pointed to respond to astrophysical source
alerts throughout the full sky. For long transients,
space-based instruments have the advantage of full
sky coverage given the orbital motion and the pre-
cession of the orbit. For shorter transients, fast re-
positioning provides access to all sources that pro-
duce signals in the dark sky.

Astrophysical neutrino transient sources come
from a wide range of phenomena [12, 13]. Gamma-
ray burst (GRB) emission is a textbook example [14–
16]. In tidal disruption events (TDEs), supermassive
black holes (SMBHs) pull in stellar material that
interacts with thermal and non-thermal photons to
produce neutrinos [17, 18]. Blazar flares, dominant
sources of extragalactic gamma rays, may be im-
portant neutrino sources [3, 19]. Neutrino fluence
predictions from black hole-black hole (BH-BH) [20]
and neutron star-neutron star (NS-NS) [21] mergers
may tie sources of gravitational waves and electro-
magnetic signals to neutrino signals. Neutrinos, not
gamma rays, may be the primary signal of cosmic-
ray acceleration in white dwarf-white dwarf (WD-
WD) [22] mergers. The spin-down of newly-born
pulsars ultimately produces cosmic rays that may
interact with the hadronic environment to produce
neutrinos [23].

Neutrino and antineutrino production in these
transient astrophysical sources is dominated by pion
production for a large range of energies. At the ener-
gies of interest here, the neutrino- and antineutrino-
nucleon cross sections are effectively equal [24], so
we do not distinguish between neutrinos and an-
tineutrinos. To a first approximation, charged pion
decay gives two muon neutrinos for each electron
neutrino [25]. The nearly maximal mixing of muon
neutrinos and tau neutrinos in the Pontecorvo-Maki-
Nakagawa-Sakata matrix of neutrino flavor mix-

ing [26] results in approximately equal electron neu-
trino, muon neutrino, and tau neutrino fluxes at the
Earth [27]. Upward-going tau neutrinos that inter-
act in the Earth can produce taus that decay in
the atmosphere. They provide a unique signal for
satellite-based or balloon-borne instruments [28–38],
and Earth-based instruments like the Pierre Auger
Observatory [39–43] or other surface arrays [44–48].

For large path lengths through the Earth, the
high-energy neutrino flux is attenuated. However,
Earth-skimming neutrinos that emerge with rela-
tively small elevation angles can produce air shower
signals. Tau neutrinos have the added feature that
the tau neutrino flux attenuation can be somewhat
mitigated by regeneration, since the secondary tau
could decay and produce a tau neutrino albeit at a
lower energy [49–53].

The Probe Of Extreme Multi-Messenger Astro-
physics (POEMMA) [34] is a space-based mission
described in the NASA Astrophysics Probe study
report [54]. POEMMA is optimized for the measure-
ment of extensive air showers (EASs) from ultrahigh-
energy cosmic rays (UHECRs) using the stereo air
fluorescence technique, and from neutrino induced
upward-going EASs via optical Cherenkov detec-
tion. POEMMA satellites in neutrino mode (point-
ing near the limb of the Earth) will have the abil-
ity to follow up Target-of-Opportunity (ToO) alerts
with quick re-pointing of the telescopes to the tran-
sient source direction. POEMMA operates during
astronomical night in order to measure the near-UV
air fluorescence and 300−900 nm optical Cherenkov
EAS signals.

The POEMMA satellite-based detectors are
planned to orbit in tandem with a separation scale
of the order of 100 km at an altitude of h = 525 km,
and with an orbital period of Ts = 95 min. The
orbital plane is oriented at an angle of ξi = 28.5◦

relative to the Earth’s polar axis, and the precession
period is Tp = 54.3 days. For neutrino bursts with
short time scales (∼ 103 s), the orbit of the satellites
around the Earth allows for nearly full sky cover-
age, assuming adequate target visibility. The added
precession of the orbital plane of the satellites over
a few month time span ensures that long duration
neutrino bursts (∼ 105 − 106 s) will come into view
regardless of celestial position [55].

The focal plane of each POEMMA telescope con-
tains an edge sector that is optimized for opti-
cal Cherenkov detection, with a field of view of
∼ 30◦ × 9◦ for neutrino observations. In diffuse flux
neutrino mode, the POEMMA instruments will be
tilted to cover a viewing area extending from 7◦ be-
low the horizon to 2◦ above it, equivalent to covering
tau trajectories emerging from the Earth with eleva-
tion angles βtr ∼< 20◦ [55, 56]. To follow a ToO flar-
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ing neutrino source, the POEMMA telescopes can
slew to larger angles below the horizon, keeping the
source direction well within the ∼ 30◦ × 9◦ neutrino
field of view, even after accounting for the few de-
gree smearing due to the Cherenkov emission angle.
POEMMA’s capability to slew its pointing, on the
order of 500 s to shift 90◦, makes this NASA mission
responsive to alerts of flares in neutrinos and other
astrophysical messengers.
ToO observations will bring the two POEMMA

spacecraft to a separation of ∼ 50 km in order to put
both telescopes into the Cherenkov light pool. The
nearly simultaneous measurement of the Cherenkov
signal with both telescopes with a time spread of
∼ 20 ns allows for a lower energy threshold for
POEMMA by using coincidence timing to reduce
the effects due to the air glow background in the
300− 900 nm Cherenkov signal band.
In this paper, we evaluate the sensitivity of

POEMMA to transient sources for both long and
short neutrino bursts. The layout is as follows. We
begin in Sec. II with a calculation of the effective
area, the exposure, and the sensitivity of POEMMA
to neutrino fluxes. In Sec. III, we describe our evalu-
ation of the number of events from a flaring neutrino
source, and we determine the maximum luminosity
distance at which POEMMA will detect one neu-
trino from the given source. We conclude in Sec. IV.
Some details for the effective area evaluation are in-
cluded in Appendix A. Appendix B shows the rela-
tion between isotropic equivalent source characteris-
tics and the fluence observed at a source luminosity
distance.

II. POEMMA’S EFFECTIVE AREA,
EXPOSURE, AND SENSITIVITY

The effective area evaluation begins with the ge-
ometrical configuration of an instrument at h =
525 km above the Earth. For measurements of the
diffuse flux, more than 4, 000 km2 sr of geometric
aperture is accessible to POEMMA [56]. For point
sources, the evaluation of the effective area depends
on the elevation angle βtr of the tau trajectory and
the elevation angle of the line of sight to the detec-
tors from the point on the Earth at which the tau
emerges (the length of the line of sight is given by v).
The decay length of the tau along the line of sight is
s. Details of the geometry are given in Ref. [56] and
described here in Appendix A.
The ToO sensitivity at a given time depends

on the area ACh subtended on the ground by the
Cherenkov cone. For a shower produced along the
tau trajectory emerging at angle βtr from a tau de-
cay at altitude a, with a pathlength before decay

s(βtr, a), we approximate

ACh(s) ≃ π(v − s)2 ×
(

θeffCh

)2
, (1)

where we take βv(t) ≃ βtr(t) and θeffCh is the effective
Cherenkov angle that takes into account the altitude
dependence and a broadening due to an increase in
instrument acceptance for more intense signals (see
App. A). The effective Cherenkov angle depends on
βtr, the decay altitude a, and the shower energy
Eshr ≃ 0.5Eτ . The effective area for ντ detection
is

A(βtr(t), Eν) ≃
∫

dPobs(Eν , βtr, s)ACh(s) , (2)

where the differential probability to observe the τ
shower is

dPobs(Eν , βtr, s) = dsPexit(Eν , βtr) pdec(s)

× Pdet(Eν , βtr, s) , (3)

and where Pexit is the exit probability, pdec is the
decay distribution, and Pdet is the detection proba-
bility.
The exit probability Pexit(Eν , βtr) depends on the

tau neutrino cross section in Earth, the tau energy
distribution from the interaction, and tau energy
loss and decay as it transits through the Earth.
Throughout this paper we evaluate the neutrino-
nucleon cross section using the nCTEQ15 parton dis-
tribution functions [57] and adopt the Abramowicz-
Levin-Levy-Maor (ALLM) parameterization of the
proton structure function [58, 59] for photonuclear
energy loss, as discussed in more detail in Ref. [56].
The tau exit probabilities are shown in Fig. 12 of
Appendix A. For angles to ∼ 18◦ below the hori-
zon, the emergent tau trajectory elevation angles are
βtr ≤ 35◦. For βtr = 35◦, neutrino attenuation in
the Earth gives the probability for a tau neutrino to
produce an exiting tau to be less than 10−5 for the
energies of interest. Thus, our evaluation of Eq. (2)
for βtr ≤ 35◦ is a good approximation to the full
angular range.
The differential decay distribution is

pdec(s) ds = Bshr exp(−s/γcττ )
ds

γcττ
, (4)

where the tau branching fraction to showers is
Bshr = 0.826 (excluding the muon channel with
branching fraction ∼ 17.4%).
Finally, the detection probability is approximated

by

Pdet ≃ H
[

NPE −Nmin
PE

]

, (5)

in terms of the Heaviside function H(x):

H (x) =

{

0 if x < 0
1 if x ≥ 0

.
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The number of photo-electrons (PE), NPE, is deter-
mined from a model of the photon density from the
tau induced air showers assuming Eshr = 0.5Eτ , as
a function of shower energy, altitude of decay and
βtr, multiplied by the collecting area of each detec-
tor and the quantum efficiency for photo-detection.
The NPE calculation uses the Cherenkov intensity
delivered to the POEMMA instruments using the
same model of the atmospheric attenuation of the
Cherenkov signal than in Ref. [56]. We use an op-
tical collection area of 2.5 m2 and a quantum effi-
ciency of 0.2, and we set the threshold for detec-
tion of Nmin

PE = 10 for POEMMA. Reference [56]
outlines the considerations in setting this threshold.
Figures 13 and 14 in Appendix A show the effec-
tive Cherenkov angle and photon density as a func-
tion of elevation angle and altitude of tau decay for
βtr ≤ 40◦.

In calculating the detection probability, a more de-
tailed Monte Carlo simulation was used in Ref. [56]
to account for βv 6= βtr and to impose the require-
ment that tau decay within an observation window
that depends on the emergence angle and altitude
of decay in order to produce detectable air showers.
The simplification in Eq. (5) is a very good approxi-
mation to the more detailed evaluation of the detec-
tion probability for the diffuse flux [56], so we use it
here for the ToO sensitivity.

To determine the sensitivity for a burst, the time
averaged effective area is required:

〈A(Eν , θ, φ)〉T0
=

1

T0

∫ t0+T0

t0

dtA(βtr(t), Eν , θ, φ) ,

(6)
for a source celestial position location labeled with θ
and φ. For long-duration sources, where the source
emits neutrinos for a much longer time than the or-
bital period of POEMMA (Ts = 95 min= 5.7 × 103

s), we use the orbit averaged value, so t0 = 0 and
T0 = Ts. For short bursts, we find the average effec-
tive area for T0 = Tburst. We use Tburst = 103 s as a
representative short burst time in the results shown
below.

For sources that dip just below the horizon as the
POEMMA satellites orbit, the effective area is opti-
mal. Some sources, for a specific satellite orbit, are
not observable. The upper panel of Fig. 1 shows the
fractional time exposure in equatorial celestial co-
ordinates for points in the sky coverage for a given
orbital position integrated over one orbit, neglecting
the impact of the Sun and the Moon on the obser-
vation.

In the lower panel of Fig. 1 we show the effect
of the Sun and Moon combined for the fraction
ft that reduces 〈A〉. This fraction is source loca-
tion dependent. To a first approximation, over long

periods, the Sun eliminates half of the observing
time. The bright Moon further reduces the observ-
ing time, again dependent on source location by a
factor of 0.63− 0.87. The range of values is between
0.2 . ft . 0.4.
For the neutrino sensitivity curves of long dura-

tion bursts, we use the approximate relation

Sensitivity =
2.44

ln(10)
× NνEν

ft〈A(Eν)〉T0

, (7)

with T0 = Ts. We have taken a 90% uni-
fied confidence level [60] over a decade of energy
(2.44/ ln(10)). The factor of Nν = 3 converts the tau
neutrino sensitivity to the all-flavor energy-squared
scaled fluence E2

νφν . As discussed above, the factor
ft decreases the time averaged area because of the
impact of the Sun and the Moon on the observing
time.
The sensitivity for long bursts is shown in Fig. 2

using ft = 0.3 as an approximate derating of the
average area due to the Sun and Moon. The dark
band in Fig. 2 shows POEMMA’s range of sensi-
tivity for most of the sky. For example, for a given
orbital position, over one orbit, the locations where
this range of sensitivity applies is the region between
the dashed curves in upper panel of Fig. 1. The ex-
tended purple band that includes the light shading
shows the full range of the time-averaged sensitivity
as a function of the tau neutrino energy. We show
the IceCube, Auger and ANTARES per-flavor upper
limit, multiplied by three for the all-flavor compar-
ison. These limits are for a 14 day window follow-
ing the trigger on GW170817 [61]. We also include
two examples of long duration all-flavor fluences,
the binary neutron star merger model of Fang and
Metzger [21] scaled to a source distance of 10 Mpc
and a blazar flare model of Rodrigues, Fedynitch,
Gao, Boncioli and Winter (BFGBW) [19] scaled to
a source distance of 25 Mpc.
The all-flavor sensitivity is plotted in Fig. 3 in

galactic celestial coordinates for two fixed incident
tau neutrino energies, 108 GeV and 109 GeV, where
the position dependent ft in Fig. 1 is also included.
The minimum and maximum all-flavor sensitivities,
assuming equal fluxes for the three neutrino flavors,
are listed in Table I for Eν = 108, 109 and 1010 GeV.
For short bursts, the timing of the burst deter-

mines the extent to which POEMMA will be able
to make observations. In the optimal location for a
given time, the sensitivity to short bursts is better
than for long bursts. For a source in POEMMA’s
field of view, behind the Earth with neutrinos that
emerge in the range of βtr = 1◦ − 35◦, the optimal
sensitivity is obtained by finding the time averaged
effective area, now with T0 = 103 s. This best case
scenario, both in terms of positioning of the source
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FIG. 1. Upper: Over one orbital period Ts, the sky
coverage for sources at a given orbital position in the sine
of the declination and right ascension, without including
the effect of the Sun and Moon, at a given time of the
year for viewing angles to δ = 18.3◦ below the limb [55].
Lower: The fraction ft of the the orbital period in which
the source is not observable due to the Sun and Moon
combined, as a function of source location in equatorial
coordinates. The fractions come from an average over 7
precession periods of POEMMA’s orbital plane, namely,
7× 54.3 days≃ 380 days.

relative to POEMMA and the Earth and when the
Sun and Moon do not interfere, is shown in Fig. 4.
For this evaluation, we have taken T0 = 103 s, and
started the viewing just as the source moves below
the limb of the Earth. Figures 2 and 4 show that
the time averaged sensitivity for long bursts and
best case sensitivity for short bursts are close to two
orders of magnitude better than the Auger limits.
A key feature of these satellite-based instruments is
that it can track the source of skimming tau neutri-
nos for a wider range of angles (βtr < 35◦) than the
ground-based Pierre Auger Observatory’s capability
to observe Earth-skimming events (βtr < 6◦) [43].

The source location dependent optimal sensitiv-
ities are shown for Eν = 108 GeV and 109 GeV,
translated to all-flavor sensitivities, in Fig. 5. Min-
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FIG. 2. The POEMMA all-flavor 90% unified confidence
level sensitivity for a decade in energy in the purple band,
compared with the IceCube, Auger and ANTARES sen-
sitivities, scaled to 3 flavors, for 14 days after the trigger
time of GW170817 [61]. Bounds set over an e-fold energy
interval [62] are a factor of 2.3 less restrictive. Also plot-
ted are two examples of long burst models: the all flavor
fluence from a model of binary neutron star merger to
millisecond magnetar with a source distance of D = 10
Mpc [21] and the RFGBW model of a blazar flare with
proton advection at a distance of 25 Mpc [19]. The ef-
fects of the Sun and Moon in reducing the effective area
are incorporated using a factor of ft = 0.3.

imum and maximum sensitivities based on location
for this best-possible short burst observations are
listed in Table II. Even if POEMMA is not point-
ing at the burst, with an alert, POEMMA can slew
90◦ in 500 s. For most locations, a 500 s delay
will not change the sensitivity to 103 s bursts if the
source alignment with the Earth is optimal, since the
burst duration is longer than the amount of time the
source is visible to POEMMA (see Fig. 6).
This last feature, and the result that POEMMA

is potentially more sensitive to well-positioned neu-
trino sources with short bursts than to long bursts,
can be seen in Fig. 6. For this example, we consider
sources that are at equatorial RA of 0◦ where a line
from the Earth to the source is at an angle of θi rel-
ative to POEMMA’s orbital plane. All other source
locations can be mapped to this configuration if we
are free to choose t0 in Eq. (6).
The green shaded band in Fig. 6 shows the fraction

of an orbit period Ts when a source is behind the
Earth in a line of elevation angle βtr = 1◦ − 35◦

first setting below the horizon, then rising about the
limb of the Earth as viewed from the POEMMA
satellites. For example, for θi = 0◦, the source is
in the orbital plane. For two time intervals (the
two green shaded intervals), the source is behind the
Earth with angles of βtr = 1◦ − 35◦. The region
between the green bands represents the time when
the neutrino fluence is strongly attenuated. Before
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FIG. 3. The all-flavor 90% unified confidence level sensitivity, for Eν = 108 GeV (left) and 109 GeV (right), for long
bursts with a factor of ft from the corrections in Fig. 1 for the time-averaged effective area, in galactic coordinates in a
Hammer projection. Selected sources are shown, including: (i) the Telescope Array’s (TA) “hot spot” with a spherical
cap of radius 28.43◦ [63, 64], (ii) nearby starburst galaxies featuring a possible correlation with UHECRs [65–67],
(iii) the closest radiogalaxy Centaurus A (Cen A), (iv) the blazar observed by IceCube [3, 68], and (v) the Large
Magellanic Cloud (LMC).

the first green interval and after the second interval,
the source is not behind the Earth. For θi ≃ 50◦,
the source dips below the horizon but βtr ≤ 35◦.
Given the inclination of POEMMA’s orbital plane
of 28.5◦, when θi > 68.5◦, the source is never below
the Earth’s horizon for POEMMA. In Figs. 2 and 4,
the dashed lines bracket the sensitivities (including
the effect of the Sun and Moon for long bursts) for
θi ≤ 50◦ (the dark purple region), and the dotted
lines extend to 50◦ < θi < 67.5◦ with the light purple
region.

For long bursts, 〈A(Eν)〉 is determined with Ts,
the full range of the y-axis in Fig. 6. For short bursts,
the fraction of the y-axis equivalent to 103 s is shown
with the pink band. The time average of the effec-
tive area is the probability weighted green band with
normalization of 103 s. If the burst begins at t = 0
for θi = 0◦, a 103 s burst will not be observed at
all. On the other hand, if the burst begins within
∼ 500 − 700 s of the viewing window, either green
band, the sensitivity is the optimal value. This is
true for most of the angles θi. The dark pink band
shows a window of 500 s. If the source is optimally
placed, a 500 s delay from slewing the instrument to
the position of the source will not change the sensi-
tivity.
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FIG. 4. The POEMMA target of opportunity all-flavor
90% unified confidence level sensitivity for a decade in
energy. The purple band shows the range of sensitivi-
ties accessible to POEMMA for a 103 s burst. The dark
purple band corresponds to source locations in a large
portion of the sky. The IceCube, Auger and ANTARES
sensitivities, scaled to 3 flavors, for ±500 s around the
binary neutrino star merger GW170817 are shown with
solid histograms [61]. Also plotted is an example of a
short neutrino burst, the Kimura, Murase, Mészáros and
Kiuchi (KMMK) [16] all flavor fluence for extended emis-
sion and prompt emission from a short gamma ray burst,
scaled to 40 Mpc, for on-axis viewing (θ = 0◦).
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FIG. 5. The all-flavor 90% unified confidence level maximum sensitivity over a single POEMMA orbit during a 380-
day period for short (103 s) bursts, assuming optimal viewing conditions for the burst, for Eν = 108 GeV (left) and
109 GeV (right). Figures show the Hammer projection in galactic coordinates, with the sensitivity in units GeV/cm2.

TABLE I. Long bursts, minimum and maximum best
all-flavor sensitivity at 90% unified confidence level, in
units of [GeV/cm2] assuming ft from 380-day averages
from Fig. 1.

Eν [GeV] min max
107 55.9 3.90× 103

108 2.34 10.8
109 2.49 14.6
1010 11.6 61.3

TABLE II. Bursts of 103 s, minimum and maximum best
all-flavor sensitivity in astronomical night (ft = 1) at
90% unified confidence level, in units of [GeV/cm2].

Eν [GeV] min max
107 1.72 42.6
108 1.28× 10−1 8.49× 10−1

109 6.81× 10−2 1.05
1010 1.76× 10−1 4.30

III. NEUTRINO ESTIMATES FROM
FLARING ASTROPHYSICAL SOURCES

AND NEUTRINO HORIZONS

In this section, we use the position-dependent ef-
fective area to calculate the expected number of neu-
trino events that would be detectable by POEMMA
for several models of astrophysical transients at var-
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detection time
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FIG. 6. The green band show the fraction of the time
during which the source is observable during astronomi-
cal night relative to the orbital period for a given θi (see
text). The pink band shows the burst time of 103 s rela-
tive to the orbital period of Ts = 5, 700 s. The red band
show the relative time of 500 s to Ts.

ious distances. Additionally, we calculate the neu-
trino horizon, which is the maximum distance at
which POEMMA will be able to detect neutrinos,
for each source model. As the nearby matter distri-
bution is fairly anisotropic, we begin with a discus-
sion of our methodology for determining the galaxy-
luminosity weighted effective area that we use to cal-
culate the number of neutrino events and the neu-
trino horizons. Included in this section is a dis-
cussion of a range of models of transient neutrino
sources. We summarize our results in Table III.
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FIG. 7. Left : Sky plot of galaxies in the 2MRS catalog. Overdensities seen in the plot are due to nearby clusters of
galaxies. For reference, the supergalactic plane is plotted as the red dot-dashed line. Right : Sky plot of the 2MRS
catalog weighted by galaxy luminosity and smoothed with a Gaussian, in units of L0.

FIG. 8. Left : Sky plot of the smoothed 2MRS catalog galaxy luminosity weighted effective area in units of L0·cm
2

for Eντ = 108 GeV for long bursts. Right : As at left, for Eντ = 109 GeV for long bursts.

A. Effective Area Averaged Over the Sky

As evidenced in Figs. 3 and 5, the effective area
of POEMMA varies considerably over the sky due
to the orbital characteristics of the satellites and the
influence of the Sun and the Moon (see Sec. II). To
calculate the expected numbers of neutrinos from
models of astrophysical neutrino sources, we com-
pute the average effective area over the sky as a
function of redshift:

A (Eν , z) =

∫

〈A (Eν , θ, φ)〉T0
p (θ, φ, z) dΩ

∫

p (θ, φ, z) dΩ
, (8)

where p (θ, φ, z) is the weighting function express-
ing the probability of finding a source at a given
position, (θ, φ), where θ = π

2
− b and φ = l are ex-

pressed in galactic longitude and latitude, (l, b) and
and dΩ = sin θ dθ dφ, at a given redshift, z.

The weighting function is determined by the dis-
tribution of matter in the universe, which while be-

ing statistically isotropic out to high redshifts, is rel-
atively anisotropic out to the distances within which
POEMMA is most likely to detect neutrinos. As
such, we model the weighting function using the
2MASS Redshift Survey (2MRS) of galaxies in the
nearby universe (see Fig. 7) [69]. The 2MRS catalog
includes a sample of nearly 45, 000 galaxies selected
from the original 2 Micron All-Sky Survey (2MASS)
[70]. The resulting 2MRS redshift catalog consists of
galaxies with apparent magnitudes Ks ≤ 11.75 mag
in the near infrared and galactic latitudes |b| ≥ 5
degrees (|b| ≥ 8 degrees near the Galactic bulge).
Galaxy redshifts are provided as measured radial
velocities in the solar system barycenter reference
frame. In order to compute cosmological redshifts
for each galaxy, radial velocities are corrected to
the cosmic microwave background (CMB) reference
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FIG. 9. Left : Sky plot of the smoothed 2MRS catalog galaxy luminosity weighted effective area in units of L0·cm
2

for Eντ = 108 GeV for short bursts. Right : As at left, for Eντ = 109 GeV for short bursts.

frame through

Vcorr = Vuncorr + Vapex sin (b) sin (bapex)

+ Vapex cos (b) cos (bapex) cos (l − lapex) , (9)

where lapex = 264.14 degrees, bapex = +48.26 de-
grees, and Vapex = 371.0 km s−1, which accounts
for the motion of the Galaxy with respect to the
CMB [71]. For those 2MRS galaxies with positive
corrected radial velocities, redshifts are then deter-
mined using

Vrad = Vcorr = c

∫ z

0

dz′

E (z′)
, (10)

where E (z′) =

√

ΩM (1 + z′)
3
+Ωk (1 + z′)

2
+ΩΛ

with (ΩM ,Ωk,ΩΛ) being cosmological parameters
related to the matter density of the universe, the
curvature of the universe, and the dark energy den-
sity, respectively (c.f., Refs. [72–74]).1 For those
2MRS galaxies with negative corrected radial veloc-
ities (only 25 galaxies out of the full sample), rather
than using redshifts, we instead determine their dis-
tances by following a procedure similar to that dis-
cussed in Ref. [77]. Most of the 2MRS galaxies have
been associated with known nearby galaxies, and
distances are provided in the Extragalactic Distance
Database (EDD) [78]. For the four 2MRS galax-
ies that remain unassociated, we used the distances
of their nearest neighbors from the list of 25 2MRS
galaxies with negative corrected radial velocities.

1 For this paper, we take ΩM = 0.3153, ΩΛ = 0.6847,
Ωk = 1− (ΩM +ΩΛ) = 0, and H0 = 67.36 km s−1 Mpc−1

[75]. We have verified that if we adopt the value of H0

derived from from the maser-cepheid-supernovae distance
ladder [76] our results are not significantly altered.

With redshifts or distances associated with every
galaxy in the 2MRS catalog, we construct maps of
the weighting function in bins of redshift. In so do-
ing, we consider two options for assigning weights to
the galaxies in the catalog: (1) assigning the same
weight to every galaxy; (2) weighting each galaxy
according to its luminosity. Galaxy luminosities, L,
are computed from their absolute magnitudes, M by

L

L0

= 10−0.4M , (11)

where L0 is the zero-point luminosity in the Ks

bandpass (taken to be the luminosity of Vega in
the Ks band). The absolute magnitude is computed
from Ks apparent magnitudes using

M = m+∆m−AK (l, b)− k (z)− e (z)−DM (z) ,
(12)

where m is the apparent magnitude in the Ks band-
pass, ∆m = 0.017 is the zero-point offset required to
calibrate the 2MASS with the standard Vega system
[79], AK (l, b) is the correction for extinction due to
dust in the Milky Way (already included in 2MRS
apparent magnitudes), k (z) is the k-correction due
to cosmological redshifting of the spectrum, e (z)
corrects for evolution in galaxy spectra arising from
stellar populations aging over the redshift distribu-
tion of the survey [80],

DM (z) = 5 log10

(

dL
10 pc

)

(13)

is the distance modulus, and

dL =
c

H0

(1 + z)

∫ z

0

dz′

E (z′)
(14)

is the luminosity distance. For the k- and evolution-
corrections, we adopt the values given in Ref. [81]:

k (z) = −2.1z (15)

e (z) = 0.8z . (16)
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TABLE III. Expected numbers of neutrino events above Eν > 107 GeV detectable by POEMMA for several models of
transient source classes assuming source locations at the galactic center (GC) and at 3 Mpc. The horizon distance for
detecting 1.0 neutrino per ToO event is also provided. Source classes with observed durations > 103 s are classified
as long bursts. Those with observed durations . 103 s are classified as short bursts. Models in boldface type are
those models for which POEMMA can expect at least one ToO in ∼ 25 years of operation.

Long Bursts

Source Class
No. of ν’s
at GC

No. of ν’s
at 3 Mpc

Largest Distance for
1.0 ν per event

Model Reference

TDEs 1.12× 105 0.77 2.64 Mpc Dai and Fang [17] average
TDEs 5.62× 105 3.88 5.91 Mpc Dai and Fang [17] bright

TDEs 2.23 × 108 1.44 × 103 115.20 Mpc
Lunardini and Winter [18]

MSMBH = 5 × 106
M⊙

Lumi Scaling Case

TDEs NA* 1.07 × 103 100.03 Mpc
Lunardini and Winter [18]

MSMBH = 1 × 105
M⊙ Strong

Scaling Case

Blazar Flares NA* 1.91 × 102 42.96 Mpc
RFGBW [19] – FSRQ

proton-dominated advective
escape model

lGRB Reverse
Shock (ISM)

9.88× 104 0.69 2.49 Mpc Murase [15]

lGRB Reverse
Shock (wind)

2.05× 107 143.75 37.36 Mpc Murase [15]

BH-BH merger 6.94× 106 47.84 20.75 Mpc
Kotera and Silk [20] – tdur ∼ 104

s
BH-BH
merger

3.48 × 109 2.4 × 104 477.8 Mpc
Kotera and Silk [20] –

tdur ∼ 106.7 s
NS-NS merger 3.58 × 106 24.75 12.76 Mpc Fang and Metzger [21]
WD-WD merger 20.06 0 33.46 kpc XMMD [22]

Newly-born
Crab-like pulsars

(p)
1.56× 102 1.07× 10−3 98.27 kpc Fang [23]

Newly-born
magnetars (p)

2.1× 104 0.13 1.1 Mpc Fang [23]

Newly-born
magnetars (Fe)

4.07× 104 0.26 1.53 Mpc Fang [23]

Short Bursts

Source Class
No. of ν’s
at GC

No. of ν’s
at 3 Mpc

Largest Distance for
1.0 ν per event

Model Reference

sGRB Extended
Emission
(moderate)

2.23× 108 1.55× 103 117.44 Mpc KMMK [16]

sGRB Prompt 8.10× 106 69.19 26.66 Mpc KMMK [16]

(*) Not applicable due to mismatch with mass of SMBH at the GC and/or lack of blazar-like jet.
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Many studies of redshift surveys such as the 2MRS
make use of isophotal apparent magnitudes2, which
would require an aperture correction that would con-
vert these observed aperture magnitudes to some
proper diameter (c.f., Ref. [77]). For our study,
we use the extrapolated total apparent magnitudes
provided in the 2MRS catalog; hence, the aperture
correction is not needed [77, 82].

In addition to enabling the calculation of galaxy
luminosities, the calculated absolute magnitudes
also enabled the construction of volume-limited sam-
ples in every redshift bin. In each bin, we calculated
the limiting absolute magnitude for which a galaxy
at the highest redshift in the bin would have an ob-
served apparent magnitude at the survey limit (i.e.,
Ks = 11.75 mag). We then included only those
galaxies with calculated absolute magnitudes that
were less than the limiting absolute magnitude for
that bin. This corrects for the possible bias in favor
of fainter galaxies that could only be detected at the
lower redshifts in the bin.
Finally, the weighting function maps are created

by smoothing our constructed 2MRS samples with a
Gaussian with σ = θappCh /

√
2 ln 2, where θappCh ∼ 1.5◦

is an approximation of the effective Cherenkov an-
gle. The effective area averaged over the constructed
weighting functions is then calculated for each red-
shift bin according to Eq. (8). Sample maps for the
entire 2MRS catalog are provided in Figs. 8 and 9.

B. Expected Numbers of Neutrino Events
from Modeled Astrophysical Neutrino Fluences

With the average effective area computed as a
function of energy and redshift, the expected num-
ber of neutrino events from an astrophysical source
at redshift z is given by

Nev =

∫

∆Eν

φντ
(Eν) A (Eν , z) dEν , (17)

where φντ
(Eν) is the single-flavor (Nν = 1) neutrino

fluence in units of energy per unit area. The ob-
served energy-squared scaled tau-neutrino fluence is
given by

E2
ν φντ

(Eν) =
(1 + z)

4πd2L

Q

3
E2

src ∆tsrc , (18)

where Q is the (all flavor) neutrino source emission
rate as measured by a fundamental observer at the

2
I.e., from fluxes integrated within the isophotal radius, the
distance from the center along the semi-major axis beyond
which the surface brightness falls below a given value.

source redshift in units of neutrinos per energy in-
terval per time interval, ∆tsrc is the event duration
at the source redshift, Esrc is the emission energy,
and we assume that relevant quantities for calculat-
ing the fluences, are isotropic equivalent quantities
(for derivation of Eq. (18), see Appendix B) and
that neutrino oscillations yield equal flavor ratios on
Earth. For any astrophysical model that provides
an observed fluence for a source at a given redshift
or luminosity distance, the observed fluence can be
computed for any redshift using Eq. (18) by calcu-
lating the intrinsic neutrino source emission rate and
then rescaling to the new redshift. The expected
number of neutrino events predicted by the astro-
physical model for a source at z is then given by Eq.
(17). The neutrino horizon, zhor, for a specific astro-
physical model can also be calculated from Eq. (17)
by determining the redshift at which Nev is equal to
a given value. In this study, we set Nev = 1.0.

In Table III, we provide the calculated number
of neutrino events for several models of astrophysi-
cal transient source classes assuming a source at the
Galactic Center and at 3 Mpc (roughly the distance
to the nearest starburst galaxy, NGC253). To pro-
vide a sense of the maximum distance at which a
given source class is detectable by POEMMA, we
include its neutrino horizon expressed as a luminos-
ity distance as determined from a model taken from
the literature. In Fig. 10, we plot the horizons as
a function of position on the sky for three of the
models (two of which are for long duration models
and one of which is for a short duration model) to
demonstrate the variation in the horizon with the
variation in the sensitivity of POEMMA.

For long bursts with durations > 103 s, the av-
erage impacts of the Sun and the Moon have been
included in the calculation of the average effective
area; hence, the results in Table III for long bursts
should be considered averages. For short bursts with
durations ∼ 103 s, the effects of the Sun and the
Moon vary strongly over the course of the orbital
period of the POEMMA satellites, and the number
of possible configurations is large. As such, we do
not include the effects of the Sun and the Moon in
the average effective area for short bursts, and in
these cases, the results in Table III should be con-
sidered upper limits.

In the remainder of this section, we provide sum-
maries of the various astrophysical neutrino fluence
models and how to interpret the corresponding re-
sults included in Table III. We begin this discussion
with the source classes that are most likely to re-
sult in at least one ToO in ∼ 25 years of observa-
tions with POEMMA as determined by their neu-
trino horizons provided in Table III and cosmolog-
ical event rates provided in the literature. These
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models are denoted in Table III using boldface type.
We conclude the section with a discussion of source
classes that would be detectable by POEMMA if
located reasonably close by, but for which expec-
tations for their neutrino horizons and estimates of
their cosmological event rates imply ToO rates that
would require more than 25 years of observations
with POEMMA in order to detect one event. Based
on the results from this study and studies of ToOs
with other neutrino observatories provided in the lit-
erature, we expect these sources to be challenging to
observe by any currently operating or planned neu-
trino observatories.

1. Most Favorable Transient Source Classes for
Targets of Opportunity with POEMMA

— Blazar Flares — Active galactic nuclei (AGNs)
are the most luminous persistent sources in the
universe, powered by accretion onto SMBHs with
masses ranging up to ∼ 1010M⊙. Accretion of highly
magnetized plasma by the SMBH can launch power-
ful, relativistic jets that are capable of accelerating
particles to high energies and possibly beyond [For a
recent review of relativistic jets in AGNs, see 83]. As
they possess the characteristics necessary to acceler-
ate particles to ultra-high energies (i.e., they possess
the magnetic field strengths and spatial scales re-
quired to confine particles until they reach energies
& 1018 eV; see e.g., 84, 85), AGN jets have long been
proposed as candidate sources of the highest energy
cosmic rays [86, 87]; though, giant radio lobes and
termination shock hot spots observed in some AGN
morphologies have also been suggested [see e.g., 88–
92]. High radiation levels expected to be present in
AGN jets would naturally give rise to high-energy
neutrinos as protons and nuclei that are accelerated
to ultra-high energies experience catastrophic losses
via photomeson interactions [see e.g., 93, 94]. As
such, AGN jets have long been regarded as promis-
ing neutrino sources with blazars, those AGN with a
jet aligned with the line-of-sight of the observer, be-
ing the most attractive candidates for searches due
to relativistic Doppler boosting. The recent IceCube
detection of a high-energy neutrino (E & 300 TeV)
temporally and spatially coincident with a gamma-
ray flare from blazar TXS 0506+056 [3] and the
identification of a prior neutrino flare from the same
source [68] provided the strongest evidence to date
that AGNs produce neutrinos, as well as provid-
ing the first clues into the origins of the astrophys-
ical neutrino flux and hints into the acceleration of
hadrons to very-high energies and possibly beyond.

Neutrino production in AGN jets has been exten-
sively discussed in the literature [see e.g., 19, 93–

113]. In Ref. [19], RFGBW performed an extensive
parameter study modeling the acceleration, trans-
port, and interactions of CR nuclei in blazar fla-
ress and their resulting neutrino, gamma-ray, and
UHECR spectra. RFGBW injected various nuclear
isotopes and then modeled their evolution accord-
ing to the transport equation, allowing for nuclear
disintegration, cooling via pair production and pho-
tomeson production, and escape losses via advec-
tion or diffusion. For the purposes of evaluating the
capability of POEMMA to observe neutrinos from
blazar flares, we adopt their pure proton composi-
tion model for a high-luminosity blazar assuming
escape via advection for CRs. In these models, ad-
vective escape allows for more CRs to escape to the
broad-line and dusty torus regions of the AGN where
they have more time to interact with photon fields
and produce neutrinos; as such, neutrino fluences
in these models are enhanced (with respect to the
diffusive escape models), particularly at the higher
energies (tens of PeV and above). As noted in Ta-
ble III, we can expect POEMMA to detect ∼ tens
– hundreds of neutrino events for nearby, powerful
blazars assuming this model.3 The neutrino horizon
for POEMMA for this model is ∼ 43 Mpc, indi-
cating that POEMMA can detect such blazars out
to reasonable distances. Models with heavier nuclei
or mixed compositions will produce fewer neutrinos
and closer horizons, but such scenarios may still be
observable for sufficiently nearby events.
In order to determine the number of ToO events

expected in 25 years of observations by POEMMA,
we must calculate the cosmological rate of blazar
flares. To that end, we determine the cosmolog-
ical rate from the cosmological density of blazars
and estimates of the frequency of flares. For the
cosmological density of blazars, we adopt the local
value of ∼ 1.5 × 10−7 Mpc−3 from Ref. [114]. The
frequency of flares is determined by the fraction of
time that a blazar is in the flaring state, the so-
called “duty cycle.” The value of the blazar duty
cycle and blazar variability, in general, has been the
subject of considerable debate in the literature [see
e.g., 115–118]. Any effect that would result in vari-
ation in the emission from a given blazar (e.g., jet
precession, instabilities in the jet flow, variations in
the supermassive black hole accretion rate, or simi-
lar effects) would presumably contribute to its duty
cycle. Such blazar characteristics are subject to a
considerable degree of uncertainty, and it is as yet
unclear whether a single parameter such as the duty

3 Due to the lack of a powerful blazar-like jet at the GC,
we do not provide numbers for a source at the GC for this
model.
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FIG. 10. Top Left: Sky plot of the neutrino horizon for the NS-NS merger model of Ref. [21]. Top Right: Same as
at left for the sGRB EE neutrino model of Ref. [16]. Bottom: Same as at top for the blazar flare model of Ref. [19]

cycle can adequately reflect the complexities of the
variation in blazar emission. For the purposes of
this discussion, we take the relatively conservative
estimates of ∼ 1–10% for the blazar duty cycle.
These values correspond to ∼ 3–30 flares per year
per blazar for flare time scales on the order of hours,
and the resulting cosmological rate of blazar flares
is R ∼ 4.5–45 × 10−7 Mpc−3 yr−1. Adopting the
neutrino horizon of ∼ 43 Mpc for the pure proton
advective escape model, we expect the ToO rate for
blazar flares for POEMMA to be ∼ 1 event per few
years to & 1 per year. If we take ∼ 50% for the duty
cycle (consistent with the mean value for the blazar
population; 118), the ToO rate would be − ∼ 1 – a
few events per year with POEMMA.

— Jetted Tidal Disruption Events — A TDE occurs
when a star orbiting a massive black hole approaches
close enough for the star to be ripped apart by the
tidal forces of the black hole [119, 120; for detailed
reviews, see e.g., 121, 122]. While some of the stel-
lar material will be ejected from the system, much
of it will be accreted onto the black hole resulting
in a flare of thermal radiation that peaks in the ul-
traviolet or soft X-rays [120, 123, 124] and declines
on timescales of ∼ months to years [125, 126]. The
discovery of the TDE Swift J1644+57 by the Neil

Gehrels Swift Observatory Burst Alert Telescope
[127] demonstrated that at least some TDEs launch
powerful, relativistic jets that emit non-thermal ra-
diation [128–130]. With the capability of launching
relativistic jets and the abundance of baryons from
the disrupted stellar material, it is natural to con-
sider the possibility that TDEs could accelerate pro-
tons and nuclei, possibly even up to ultra-high en-
ergies [131–133]. Photomeson interactions between
accelerated protons and nuclei and thermal and non-
thermal radiation will give rise to very-high and
ultra-high energy neutrinos that could be detected
by neutrino telescopes [17, 18, 134, 135].

In order to evaluate the capability of POEMMA
for detecting neutrinos from jetted tidal disruption
events, we adopt the model of Lunardini and Win-
ter Ref. [18]. We calculate the expected numbers
of neutrino events and neutrino horizons assuming
different model parameters. Alternative models of
neutrino production in TDEs available in the liter-
ature yield comparable results [e.g., 134–137]. In
Ref. [18], Lunardini and Winter performed a de-
tailed study of neutrino fluences from jetted TDEs
for various assumptions about the scalings relating
key jet characteristics (i.e., bulk Lorentz factor, vari-
ability timescale, and X-ray luminosity) to the mass
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of the SMBH. For our calculations of the number
of neutrino events and the neutrino horizons for
POEMMA, we consider two models from Ref. [18]:
a Strong Scaling model with MSMBH = 105M⊙ and
a Lumi Scaling model with MSMBH = 5×106M⊙. In
the Strong Scaling Model, the jet bulk Lorentz fac-
tor and the variability timescale scale with SMBH
mass resulting in a pion production efficiency that
is inversely proportional to a power of the SMBH
mass, fpγ ∝ Γ−4t−1

v ∝ M−1.8
SMBH [18; see also, 14, 138];

hence, in this class of models, lower SMBH masses
result in higher neutrino fluences. The Lumi Scaling
model includes the further assumption that the X-
ray luminosity is proportional to the SMBH mass
(LX ∝ MSMBH), resulting in a neutrino fluence
that is related to the SMBH mass according to φ ∝
LXfpγ ∝ L2

XM−1.8
SMBH ∝ M0.2

SMBH after accounting for
the dependence of the pion production efficiency on
the X-ray luminosity. For the more massive SMBH
model, the value of 5 × 106M⊙ was motivated by
estimates of the mass of Sgr A* [see e.g., 139], and
the neutrino fluence was determined by interpolating
between the 106M⊙ and the 107M⊙ Lumi Scaling
models in Ref. [18]. As such, this model provides ex-
pectations for POEMMA observations in the event
of a TDE involving the SMBH at the galactic cen-
ter (GC), demonstrating that POEMMA will detect
∼ 2 × 108 neutrinos in such a scenario. For the
105M⊙ model, the number of neutrino events were
not calculated for a TDE at the GC due to mismatch
with the mass of Sgr A*. In addition to the neutrino
fluence, Lunardini and Winter [18] also modeled the
cosmological rate of TDEs, finding the local rate of
jetted TDEs to be R ≃ 0.35–10 Gpc−3 yr−1. For
both the 105M⊙ and 5× 106M⊙ models considered
in this work, the neutrino horizon is ∼ 100 Mpc,
resulting in a ToO rate of & 1 per 25 years of ob-
servation with POEMMA with higher rates possible
for higher mass SMBHs in the Lumi Scaling Case.

— Binary Neutron Star and Binary Black Hole

Mergers — Another class of sources that have been
proposed as possible sources of UHECRs and neutri-
nos is that of pulsars, particularly rapidly spinning
pulsars and magnetars [see e.g., 140–144]. Strong
magnetic fields and rapid rotation combine to in-
duce electric fields that naturally accelerate parti-
cles. Ultra-high energies are achievable in magne-
tars (pulsars with magnetic field strengths & 1014 G;
for detailed review, see Ref. 145) with spin peri-
ods ∼ milliseconds [21]. With such strong magnetic
fields, magnetic braking will quickly spin the magne-
tar down to periods ∼ seconds [145], at which point
CR energies would be limited to ∼ PeVs. As such,
the pulsars that are most likely to accelerate UHE-
CRs are newly-born magnetars [see e.g., 142–144].
Accelerated UHECRs produce neutrinos through in-

teractions with the surrounding ambient medium
and radiation fields, the nature of which depends
on the physical mechanism that led to the forma-
tion of the magnetar. In some cases, binary neutron
star (BNS) mergers can result in a stable, rapidly
spinning magnetar surrounded by low-density ejecta
and a radiation field consisting of thermal photons
from ionized ejecta and non-thermal photons from
synchrotron and Inverse Compton radiation from
ejected pairs [146]. In Ref. [21], Fang and Met-
zger modeled the time-dependent neutrino produc-
tion arising from the interactions of UHECRs ac-
celerated in the magnetar magnetosphere and the
surrounding medium and radiation field character-
istic of BNS mergers. Their model predicts that
PeV–EeV neutrinos could be detectable for days
and even months following the merger. Follow-
ing the announcement of the observation of a BNS
merger [1, 147] by Advanced LIGO [148] and Ad-
vanced Virgo [149], the ANTARES, IceCube, and
Pierre Auger Observatories conducted a search for
high-energy neutrinos positionally coincident with
the merger arriving within ±500 s of the merger time
and within a 14-day period following the merger [61].
No neutrinos were found, though at a distance of
∼ 40 Mpc, the neutrino fluences predicted by Fang
and Metzger would have been undetectable with
these neutrino experiments. As shown in Fig. 2,
POEMMA will have an advantage in searching for
neutrinos from BNS merger events due to its capa-
bility to rapidly re-point for follow-up and to revisit
a source location every orbit and also due to the
fact that POEMMA is most sensitive at the ener-
gies at which the neutrino fluences are expected to
peak (∼ hundreds PeV). Using the Fang and Met-
zger model, we predict that POEMMA will be able
to detect ∼ tens of neutrinos up to distances ∼ few
Mpc. The predicted neutrino horizon for POEMMA
for such events up is ∼ 13 Mpc. Based on this hori-
zon and the event rate for BNS mergers provided
by LIGO/Virgo of R ∼ 110–3840 Gpc−3 yr−1 [150],
we expect POEMMA to detect one such event in
roughly 25 years of observation.

Analogous to BNS mergers, binary black hole
(BBH) systems are also potential reservoirs of power.
For instance, the rotational energy of a spinning
black hole in a magnetized disk can be extracted to
power jets [151]. However, unlike in the case of BNS
mergers, black holes in BBH systems lack a com-
panion that can be tidally disrupted and reorganized
into an accretion disks [152]. As such, BBH mergers
are generally expected to release energy solely in the
form of gravitational waves. On the other hand, the
tentative detection by the Fermi Gamma-ray Burst
Monitor of a possible gamma-ray counterpart to the
BBH merger GW150914 [153] has spurred interest
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in scenarios that would result in an electromagnetic
counterpart to a BBH merger, including the possi-
bility of pre-existing material still being present at
the time of the merger [see e.g., 154–162] or the pos-
sibility of charged black holes [see e.g., 163–166]. In
Ref. [20], Kotera and Silk take the further step of
suggesting that if BBH mergers can form accretion
disks and associated jets or magnetohydrodynamic
outflows, the CRs could be accelerated to ultra-high
energies. In such a scenario, neutrinos would arise
from UHECR interactions in the BBH merger envi-
ronment. While such a scenario would make BBH
mergers promising candidate sources of neutrinos,
it is nonetheless worth nothing that it remains, as
yet, unclear whether sufficiently substantive quanti-
ties of material are present at the time of the BBH
merger in order to provide an environment for ac-
celerating particles or even to emit electromagnetic
radiation and that there have been no definitive re-
ports of detection of electromagnetic counterparts to
BBH mergers [167]. As such, we acknowledge that
the models that predict neutrino emission from BBH
mergers are highly speculative.

For the purposes of predicting the capability of
POEMMA for detecting neutrinos from BBH merg-
ers, we use the neutrino flux suggested by Kotera
and Silk [20]. In deriving the neutrino flux, they es-
timated the Poynting flux that can be generated by
stellar BHs and, in calculating the maximum neu-
trino flux, they assumed the Poynting flux can be
entirely tapped into UHECRs. The Kotera and Silk
neutrino flux is includes a parameter, fν , for the op-
tical depth to neutrino production. To compute the
absolute maximum values for the neutrino flux, we
set fν equal to one; hence, for this model, the num-
ber of neutrino events presented in Table III should
be regarded as upper limits. In order to calculate
the neutrino fluence, we adopted the time scales of
104 s and 106.7 s provied in Ref. [168]. Longer time
scales lead to more optimistic values for the number
of events with tens of events expected from nearby
events with the shorter time scales and tens of thou-
sands of events with the longer timescales. For the
neutrino horizon, we expect POEMMA to be able
to detect neutrinos from BBH mergers out to tens of
Mpc for the shorter time scales and out to hundreds
of Mpc for the longer time scales. Based on these
horizons and the BBH merger event rate measured
by LIGO/Virgo of R ∼ 56+44

−27 Gpc−3 yr−1 [150],
we expect ∼ 10–35 BBH merger ToOs per year with
POEMMA for the longer time scales. For the shorter
time scales, observation times of more than 25 years
would be required for one BBH merger ToO event.

2. Other Detectable Transient Source Classes

— Non-jetted Tidal Disruption Events — In ad-
dition to launching relativistic jets, accretion pro-
cesses in TDEs can also give rise to AGN-like winds
[169–171] and/or colliding tidal streams [172, 173]
that could also provide the conditions (i.e., shocks,
magnetic reconnection) for accelerating protons and
nuclei [17, 174] that would produce neutrinos. In
these scenarios, neutrinos from non-jetted and/or
misaligned jetted TDEs could be detectable [17]. As
such, we include estimates for the numbers of neu-
trino events and neutrino horizons for these scenar-
ios in Table III. To that end, we adopt the model of
Dai and Fang [17] for neutrino production in non-
jetted and misaligned TDEs.
In Ref. [17], Dai and Fang modeled TDE neutrino

fluences using parameters motivated by observations
of nearby bright TDEs and allowing for the possi-
bility of neutrino production outside of a relativis-
tic jet. As such, we adopt these models for calcu-
lating the expected number of neutrino events and
neutrino horizons from non-jetted and misaligned
TDEs. In modeling the neutrino fluence, Dai and
Fang determined the total energy injected into cos-
mic rays over the duration of the TDE (ECR) that
would produce neutrinos. To that end, they adopted
two approaches: one in which ECR ∼ 1051 ergs and
is presumed the same for every TDE, and one in
which ECR is taken to be ten times the energy emit-
ted in photons as determined from the observed X-
ray or optical luminosity of nearby TDEs and a
blackbody spectrum. It is worth noting that the
value of 1051 ergs for the first approach is specifi-
cally the value required to produce the neutrino flux
measured by IceCube [175] assuming a cosmologi-
cal rate of R ∼ 10−7 Mpc−3 yr−14, whereas val-
ues adopted in the second approach were calculated
from observations and assuming that the pion pro-
duction efficiency fπ ∼ 0.1, leading to lower val-
ues for ECR. Thus, the Dai and Fang [17] calcu-
lations of IceCube neutrino events result in higher
numbers of events in the first scenario than in the
second. For our calculations, we adopt the value of
ECR ∼ 1051 ergs for the first model (labelled “av-
erage” in Table III. In the second model (labelled
“bright” in Table III), we adopt a similar approach
to the second scenario presented by Dai and Fang,
taking ECR ∼ 10 × Eobs

rad = 5 × 1050 ergs (where the
value for Eobs

rad was adopted from values provided by
Dai and Fang for nearby bright TDEs) but we take

4 This rate was calculated in Ref. [17] assuming an observed
TDE rate of Robs ∼ 10−5 per galaxy per year [176].
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fπ ∼ 1 since fπ in non-jetted scenarios could be sub-
stantially different from 0.1 [17]. As such, our cal-
culations for the second model are somewhat more
optimistic than for the first model. In either sce-
nario, our calculated neutrino horizons (zhor ∼ 2.6
and 5.9 Mpc, respectively, for the “average” and
“bright” scenarios) indicate that these events would
have to be fairly nearby in order for POEMMA to
detect neutrinos. Assuming the Dai and Fang cos-
mological rate of R ∼ 10−7 Mpc−3 yr−1, POEMMA
would have to be observing for substantially longer
than 25 years in order to observe one such event.
Higher rates suggested by some references in the lit-
erature [see e.g., 177] or by the upper limit of the
Lunardini and Winter [18] rate (after correcting for
the jet solid angle) would imply higher ToO rates,
but still at the level of . 1 per 25-year observation.

— Gamma-ray Bursts — GRBs are associated with
the deaths of massive stars and/or the birth of stella-
mass compact objects. The population of GRBs can
be divided into two categories: long duration GRBs
(lGRBs) with gamma-ray light curves lasting more
than 2 seconds, and short duration GRBs (sGRBs)
with gamma-ray light curves that are shorter than 2
seconds. lGRBs have been linked with core-collapse
supernovae of massive stars (& 25M⊙, whereas
sGRBs are thought to arise from the merger of two
neutron stars or the merger of a neutron star with
a black hole. In either scenario, the phenomenology
of GRBs can be described through the framework
of the fireball model [178–181]. In this model, the
creation of a compact object results in the release
of a large quantity of gravitational energy of which
some portion is released in the form of an optically
thick fireball of high-energy radiation and particles
funneled into a relativistic jet that plows through
the circumburst and interstellar environment giv-
ing rise to the complex observational phenomenol-
ogy associated with GRBs. Similar to the source
classes that have already been discussed in this pa-
per, the conditions that are expected to be present
in GRB jets could allow for the acceleration of UHE-
CRs and the associated production of neutrinos (i.e.,
strong shocks and magnetic fields that would al-
low for shock acceleration, turbulent plasma that
are conducive to magnetic reconnection, and simi-
lar phenomena). The pioneering works of Waxman
in Ref. [182] and Waxman and Bahcall in Ref. [14]
set the stage for extensive work in the literature on
the topic of UHECR and neutrinos from GRBs [see
e.g., 15, 16, 113, 138, 183–192; for detailed review
and more complete reference list see 193].

As noted earlier, BNS mergers provide conditions
for accelerating UHECRs. In contrast to the process
discussed earlier in which neutrinos are produced
by UHECRs accelerated in the magnetosphere of a

stable massive neutron star resulting from the BNS
merger, we now explore neutrinos produced in the
sGRB that would occur during or immediately fol-
lowing the BNS merger. In Ref. [16], KMMK mod-
eled neutrino fluences from various phases of sGRBs,
including the prompt phase and the extended emis-
sion phase accompanying ∼ 25% of sGRBs [194], for
various assumptions for key GRB jet parameters.
In Ref. [61], the ANTARES, IceCube, and Pierre
Auger Collaborations compared their sensitivities to
KMMK modeled fluences rescaled to a luminosity
distance of 40 Mpc. For sGRBs that are viewed
on-axis, IceCube can constrain scenarios with more
optimistic neutrinos fluences as long as the source
is within ∼ 40 Mpc. At the higher energies where
Auger has sensitivity, the predicted neutrino fluences
are substantially lower and would be undetectable
for a source at 40 Mpc in the case of neutrino emis-
sion from the extended emission phase. Predicted
neutrino fluences from other phases of the sGRBs
are even lower, implying that the source would have
to be on the order of a factor of two (for an X-ray
flare neutrinos) up to a factor of six (for prompt
phase neutrinos) closer to be detectable by Auger.
In order to assess the capability of POEMMA to
detect neutrinos from the various phases of sGRBs,
we perform calculations for the moderate extended
emission and the prompt phase models of KMMK.
For sources located on the order of a few Mpc, we ex-
pect POEMMA to detect on the order of hundreds to
thousands of neutrinos in the case of neutrinos from
the extended emission phase and on the order of tens
of neutrinos from the prompt phase. We calculate
that the neutrino horizons for POEMMA are on the
order of 120 Mpc for extended emission model and
on the order of 30 Mpc for the prompt phase model.
Taking the local sGRB rate of 4–10 Gpc−3 yr−1

[195] and multiplying by a factor of 0.25 for the ex-
tended emission model (as only 25% of sGRBs have
extended emission), we find that these horizon im-
ply ToO rates of . 1 per 25-year observation period
with POEMMA, with much higher rates in the case
of neutrinos from extended emission phase than in
the case of neutrinos from the prompt phase owing
to the much higher neutrino fluences in the extended
emission model.

We also consider the possibility of detecting neu-
trinos from lGRBs. As in the case of sGRBs, neu-
trino production has been studied in all of the var-
ious phases of lGRBs. For our calculations for the
sensitivity of POEMMA to lGRBs, we adopt models
from Ref. [15]. Both models consider neutrino pro-
duction in the lGRB early afterglow, i.e., the point
at which the expanding fireball strikes the surround-
ing medium. At this point, two shocks are formed:
a forward shock that continues to propagate into
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the surrounding medium, and a reverse shock that
propagates back into the ejecta. In the two mod-
els considered from Ref. [15], neutrino production
in the early afterglow arises from UHECR acceler-
ation by the reverse shock.5 Given the uncertainty
in the circumburst environment, Murase considered
two types of environments: a homogeneous environ-
ment suggestive of the interstellar medium (ISM),
and a parametrized model that simulated an envi-
ronment that would have included material that had
been blown off of the massive progenitor star over
the course of its lifetime (wind). Target photons
from the early afterglow and the overlapping prompt
emission were included in the models. For this pa-
per, we considered ISM and wind early-afterglow
models that also included the effect of the overlap-
ping prompt emission. Late prompt neutrino models
that were also studied by Murase yield results that
are similar to those for the wind model provided in
Table III. As the wind model predicts higher neu-
trino fluences than the ISM model by roughly two
orders of magnitudes, the results in the wind sce-
nario a quite a bit more optimistic. An lGRB re-
sembling the ISM model would have to be within
3 Mpc in order to be detectable by POEMMA. On
the other hand, for an lGRB resembling the wind
model, we expect that POEMMA will be able to
detect tens to hundreds of neutrinos for sources at
distances on the order of a few Mpc. In this model,
POEMMA will be able to detect neutrinos out to a
distance of on the order of 40 Mpc. Based on the
local lGRB rate of 0.42 Gpc−3 yr−1 [196], we expect
a ToO rate of . 1 per 25-year observation period
with POEMMA.
— Newly-born Pulsars and Magnetars from Core-

Collapse Supernovae — As noted earlier, newly
born, rapidly spinning magnetars are promising can-
didate sources of UHECRs and neutrinos depending
on the nature of the environment of the magnetar.
The surrounding medium of a pulsar and a magne-
tar formed in a core-collapse supernova is likely to
be distinct from that resulting from a BNS merger
as the environment in the former is characteristic
of stellar material from the exploding star whereas
the environment of the latter would be characteris-
tic of tidal debris from the merging neutron stars
and the associated radiation [146]. In fact, CRs ac-
celerated by core-collapse pulsars and magnetars will
readily interact in the surrounding medium, prevent-
ing their escape as UHECRs; on the other hand,
these interactions will produce high-energy neutri-

5 Murase argues that neutrino production is negligible in the
forward shock as the maximum energy for CRs accelerated
in the forward shock is on the order of a few PeV [15].

nos [23, 197, 198]. In Ref. [23], Fang modeled neu-
trino production by newly-born core-collapse pulsars
and magnetars under various assumptions for the
magnetic field strength, spin period, and CR compo-
sition. In evaluating the sensitivity of POEMMA to
detect neutrinos from these sources, we adopt three
models from Ref. [23]: a Crab-like pulsar model with
pure proton composition, a magnetar model with
pure proton composition, and a magnetar model
with pure iron composition. In the Crab-like model,
the lower magnetic fields and longer spin period lim-
its the energy of the accelerated CRs, and very few of
them are accelerate to ultra-high energies. As such,
the neutrino fluence arising from Crab-like pulsars
is expected to be very low; in fact, we find that such
a source would have to be inside or very close to the
Galaxy in order to be detectable by POEMMA. In
contrast, the magnetar models result in higher neu-
trino fluences as more CRs are accelerated to ultra-
high energies in these models. Our results for these
two models are roughly similar, though the pure iron
model results in slightly more neutrino events since
the maximum energy for iron is 26 times that of
protons. For these models, we expect POEMMA to
detect tens of thousands of neutrinos from a newly-
born magnetar at the GC. The horizons for these
models are on the order of 1–2 Mpc, indicating that
the magnetar would have to be fairly close to be
detectable by POEMMA. In order to estimate the
expected ToO rate, we use the local rate of superlu-
minous supernovae expected to produce magnetars
provided by Refs. [199, 200], R ∼ 21 Gpc−3 yr−1.
Based on this rate, we expect a ToO rate of << 1 per
25-year observation time with POEMMA. The rate
for less luminous supernovae is many orders of mag-
nitude higher: R ≃ (1.06± 0.19)×10−4 Mpc−3 yr−1

[201]; however, the much smaller horizon for Crab-
like pulsars implies a ToO rate that is comparable
to those of the magnetar models considered here.

— Binary White Dwarf Mergers — In addition
to BNS merger events and core-collapse super-
novae, rapidly spinning magnetars can be produced
by binary white dwarf (BWD) mergers, making
such mergers promising events for UHECR produc-
tion [202]. Small amounts of surrounding mate-
rial (∼ 0.1M⊙) allows UHECRs to escape the sys-
tem more easily than in magnetars formed in core-
collapse supernovae [202]; on the other hand, the
limited amount of surrounding material leads to
lower neutrino fluxes [202]. Alternatively, the mag-
netorotational instability that can develop in the de-
bris disk surrounding the magnetar can lead to the
formation of a hot, magnetized corona and high-
velocity outflows [22, 203–205]. Magnetic recon-
nection can accelerate cosmic rays that would in-
teract with outflow material and radiation to pro-
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duce high-energy neutrinos as modeled by Xiao et al.
(XMMD) in Ref. [22]. We adopt the XMMD model
to determine the sensitivity of POEMMA to neu-
trinos from BWD mergers. The modeled neutrino
fluences are very low – for an event that occurs at
the GC, we expect POEMMA to detect on the order
of 20 neutrinos, which is a substantially lower num-
ber than predicted by any of the other models. In
fact, in order for POEMMA to detect neutrinos from
these events, the source would have to be within the
Galaxy. Based on an event rate provided in Ref. [22]
(see also Ref. 206), which is comparable to the Type
Ia supernova rate, we expect a ToO rate that is << 1
per 25-year observation time with POEMMA.

IV. CONCLUSIONS

While at any particular time only transient
sources below the limb of the Earth as viewed from
the satellites are relevant to tau neutrino induced
upward-going air shower signals, POEMMA and
other space-based instruments will have full-sky cov-
erage over the orbital period of the satellites and the
precession period of the orbital plane. The slewing
capability of POEMMA in time frames of on the
order of 500 s will permit target of opportunity ob-
servations identified via electromagnetic or gravita-
tional messenger. In some cases, POEMMA obser-
vations may signal an alert.
Measurements of the diffuse flux of neutrinos from

space will benefit only slightly in lower-energy sen-
sitivity by extending the viewing band further back
from the limb [56]. For the diffuse flux, the standard
configuration has neutrino viewing to 7◦ below the
horizon. For target of opportunity events, a broader
angular range will be accessible to POEMMA be-
fore neutrino flux attenuation in the Earth obscures
a neutrino source. Our results here are based on
tau elevation angles βtr > 35◦, equivalent to viewing
from the satellites to an angle of ∼ 20◦ below the
limb. The capability for tracking the source means
that the best case sensitivities for POEMMA are as
much as two orders of magnitude better than those
of Auger as reported in Ref. [61] with all-sky cov-
erage. Based on the calculations performed here,
we predict that POEMMA will be able to observe
TDEs, blazar flares, BBH mergers, and BNS merg-
ers within a 25-year observation period.
Long bursts within luminosity distances specified

in Table III will be observable by POEMMA, regard-
less of location. For short duration bursts, the sensi-
tivity will be better than for long bursts if the source
is well placed relative to the Earth and POEMMA.
However, short bursts may not be observable if the
source does not dip below the Earth’s horizon, or if

the burst occurs when the Sun and/or Moon inter-
fere with observing.
Sources described here, with associated numbers

of events, follow from standard model (SM) pro-
cesses. The ANITA Collaboration has reported
two unusual events, which qualitatively look like air
showers initiated by energetic (∼ 500 PeV) parti-
cles that emerge from the ice along trajectories with
large elevation angles [207, 208]. However, at these
high energies neutrinos are expected to interact in-
side Earth with a high probability. For the angles
inferred from ANITA observations, the ice would be
well screened from up-going neutrinos by the un-
derlying layers of Earth, challenging SM explana-
tions [209, 210]. Several beyond SM physics models
have been proposed to explain ANITA events [211–
221], but systematic effects of data analysis cannot
be discarded yet [222, 223]. POEMMA will have de-
tection capabilities for such events. For example, a
600 PeV EAS will yield a signal of more than 10,000
photons/m2 for 35◦ Earth-emergence angle, mean-
ing a photoelectron signal that is a factor of 500
times greater than the 10 PE threshold. Relative
to ANITA, POEMMA will have a factor of ∼ 10 in-
crease in acceptance solid angle since these EASs are
so bright. POEMMA, in tracking neutrino sources,
will also be sensitive to non-standard model particles
that generate up-going EASs.
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Appendix A: POEMMA detection for βtr < 35◦

Many of the details required for the evaluation of
the POEMMA effective area follow from the discus-
sion of the sensitivity to the diffuse flux in Ref. [56].
Figure 11 shows the configuration of POEMMA at
altitude h = 525 km and a tau emerging at a local
zenith angle θtr. In practice, we consider angles θtr
close (∼< θeffCh ∼ 1.5◦) to the local zenith angle θv of
the line of sight as required for detection of the show-
ers. The difference in angles θtr and θv in Fig. 11 is
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exaggerated for clarity.
For tau air showers, it is common to use the local

elevation angle to describe the trajectory rather than
the local zenith angle. The elevation angles, labeled
with β, are defined by angles relative to the local
tangent plane, e.g., βtr = 90◦ − θtr.
The tau decay at a distance s is viewable for de-

cays within a cone of opening angle θeffCh. The effec-
tive area for the tau air shower that begins s from
the point of emergence on the Earth is shown by the
dashed disk on the figure. The area of the disk is
expressed in Eq. (1).
For the ToO neutrino sources, the slewing capabil-

ities of POEMMA allow for a larger range of viewing
below the limb, or alternatively, a larger range of el-
evation angles βtr.
We show the tau exit probability for angles up to

βtr = 35◦ in Fig. 12. Neutrino attenuation becomes
increasing important for larger βtr and higher neu-
trino energies. Tau neutrino regeneration is included
here, namely, multiple iterations of ντ → τ produc-
tion for weak scattering with nucleons, and τ → ντ
regeneration through decays.

FIG. 11. The effective area (dashed disk on the figure)
for a tau air shower that begins a path length s from the
point of emergence on the Earth. The local zenith angle
of the line of sight, of distance v, is θv. The inset shows
the emergence angle of the tau θtr.

Figures 13 and 14 are EAS parameter inputs
to the detection probability calculated by a neu-
trino sensitivity Monte Carlo. They are derived
from modeling of the upward EAS development,
Cherenkov signal generation, and atmospheric at-
tenuation of the Cherenkov signal (see Ref. [56]).
The EAS development is modeled using shower-
universality and provides an average EAS profile
for a given energy and Earth-emergence angle (βtr),
with the assumption that 50% of the tau’s energy
goes into the EAS. The Cherenkov angle is calcu-
lated from the modeling as a function of altitude
and βtr, which is sampled in the POEMMA neutrino
sensitivity Monte Carlo. The Cherenkov angle varia-
tions shown in Fig. 13 are mainly due to the fact that
the atmosphere density decreases as function of alti-
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FIG. 12. The exit probability for a ντ of a given energy
to emerge as a τ -lepton as a function of elevation angle
βtr.

FIG. 13. The effective Cherenkov angle of the air shower
as a function of altitude of the tau decay and elevation
angle βtr for an upward-moving 100 PeV EAS.

tude, e.g., the index of refraction of air decreases as
altitude increases, with an additional effect because
EAS development at larger βtr spans larger ranges
of altitudes. The Cherenkov photon yield, shown in
Fig. 14 for 100 PeV EASs is more complicated. This
is best illustrated by examining the variation in pho-
ton yield for EASs starting at sea level as a function
of βtr. At the lowest altitudes, the Cherenkov light
attenuation is dominated by aerosol scattering due
to the aerosol distribution having a scale height of
∼ 1 km. As βtr increases, a larger fraction of the
EAS development occurs at higher altitudes were
the aerosol contribution becomes smaller, thus lead-
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FIG. 14. The photon density at POEMMA a function
of altitude of the tau decay and elevation angle βtr for
100 PeV upward-moving EAS.

ing to a larger Cherenkov photon density at 525 km.
This effectively leads to a lower energy threshold for
tau-induced EAS detection for larger βtr. In regards
to the altitude variation, for a given E, βtr there is
an altitude where the atmosphere becomes too rar-
efied to support EAS development. This leads to the
turn over of the photon densities at higher altitudes
shown in Fig. 14. Note that the neutrino sensitiv-
ity Monte Carlo effectively uses the results shown
in Figs. 13 and 14 to generate the EAS signals for
a specific tau decay by interpolating the Cherenkov
angle and photon density results to obtain those for
a given tau EAS geometry, with linearly scaling as
a function of shower energy for the photon yield.

Appendix B: Cosmological Fluences

For Ωk = 0, the comoving transverse distance dM
is equivalent to the line-of-sight comoving distance

dC =
c

H0

∫ z

0

dz′

E(z′)
, (B1)

i.e., dC = dM [73]. The luminosity distance dL is
defined by the relationship between bolometric (i.e.,
integrated over all frequencies) energy-flux S and
bolometric luminosity L:

dL =

√

L

4πS
. (B2)

Now, using (14) it is straightforward to see that

dL = (1 + z)dM . (B3)

While sources often do not emit isotropically, we
consider fluences based on isotropic equivalent quan-
tities. With this in mind, the total neutrino fluence
at a line-of-sight distance dM can be written as

φν(Eν) =
d2Nν

dEν dAsph

, (B4)

where Asph is the spherical area of radius dM . The
number of neutrinos crossing the area Asph is then
given by

Nν = 4πd2M φν(Eν) ∆Eν . (B5)

On the other hand, the number of emitted neutrinos
in a time interval ∆tsrc is found to be

Nsrc = Q(Esrc)∆tsrc ∆Esrc , (B6)

where Q(Esrc) is the (all flavor) neutrino source
emission rate and Esrc indicates the emission energy.
Setting the number of neutrinos distributed over the
sphere of area Asph equal to the number of emitted
neutrinos and re-arranging to isolate the fluence at
the observation distance dM , we obtain

φν =

(

1

4πd2M

)

Q(Esrc) ∆tsrc
∆Esrc

∆Eν

. (B7)

Accounting for the redshift z, the energy scales as
Esrc = (1 + z)Eν , and therefore the energy-squared
scaled fluence at the observation point is

E2
ν φν =

(1 + z)

4πd2L
E2

src Q(Esrc) ∆tsrc . (B8)

Finally, dividing Eq. (B8) by 3 to account for the
fact that only 1/3 of the emitted neutrinos are of
tau flavor we obtain the desired result displayed in
Eq. (18). As such, for any model that provides an
observed fluence and a source redshift or luminosity
distance, one can determine E2

src Q(Esrc)∆tsrc. We
use Eq. (18) to calculate the observed single-flavor
neutrino fluence at any redshift z. The maximum
redshift at which we can see the event, zhor, is the
redshift at which Nev in Eq. (17) is equal to 1.0.
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M. Lainela, “Total Flux Density Variations in
Extragalactic Radio Sources. I. Decomposition of
Variations into Exponential Flares,” ApJS 120
no. 1, (Jan, 1999) 95–99.

[117] M. L. Lister, “Relativistic Beaming and Flux
Variability in Active Galactic Nuclei,” ApJ 561
no. 2, (Nov, 2001) 676–683,
arXiv:astro-ph/0107532 [astro-ph].

[118] I. Liodakis, V. Pavlidou, T. Hovatta,
W. Max-Moerbeck, T. J. Pearson, J. L. Richards,
and A. C. S. Readhead, “Bimodal radio
variability in OVRO-40 m-monitored blazars,”
MNRAS 467 no. 4, (Jun, 2017) 4565–4576,
arXiv:1702.05493 [astro-ph.HE].

[119] J. G. Hills, “Possible power source of Seyfert
galaxies and QSOs,” Nature 254 no. 5498, (Mar,
1975) 295–298.

[120] M. J. Rees, “Tidal disruption of stars by black
holes of 106-108 solar masses in nearby galaxies,”
Nature 333 no. 6173, (Jun, 1988) 523–528.

[121] S. Komossa, “Tidal disruption of stars by
supermassive black holes: Status of observations,”
Journal of High Energy Astrophysics 7 (Sep,
2015) 148–157, arXiv:1505.01093
[astro-ph.HE].

[122] K. Auchettl, J. Guillochon, and E. Ramirez-Ruiz,
“New Physical Insights about Tidal Disruption
Events from a Comprehensive Observational
Inventory at X-Ray Wavelengths,” ApJ 838
no. 2, (Apr, 2017) 149, arXiv:1611.02291
[astro-ph.HE].

[123] J. H. Lacy, C. H. Townes, and D. J. Hollenbach,
“The nature of the central parsec of the Galaxy,”
ApJ 262 (Nov, 1982) 120–134.

[124] A. Ulmer, “Flares from the Tidal Disruption of
Stars by Massive Black Holes,” ApJ 514 no. 1,
(Mar, 1999) 180–187.

[125] C. R. Evans and C. S. Kochanek, “The tidal
disruption of a star by a massive black hole,”
ApJL 346 (Nov., 1989) L13–L16.

[126] J. K. Cannizzo, H. M. Lee, and J. Goodman,
“The disk accretion of a tidally disrupted star
onto a massive black hole,” ApJ 351 (Mar., 1990)
38–46.

[127] J. R. Cummings et al., “GRB 110328A: Swift
detection of a burst.,” GRB Coordinates Network
11823 (Mar, 2011) 1.

http://arxiv.org/abs/astro-ph/0206164
http://dx.doi.org/10.1088/0004-637X/721/1/630
http://dx.doi.org/10.1088/0004-637X/721/1/630
http://arxiv.org/abs/1002.1310
http://arxiv.org/abs/1002.1310
http://dx.doi.org/10.1088/0004-637X/768/1/54
http://dx.doi.org/10.1088/0004-637X/768/1/54
http://arxiv.org/abs/1304.0605
http://dx.doi.org/10.1016/j.astropartphys.2011.10.003
http://dx.doi.org/10.1016/j.astropartphys.2011.10.003
http://dx.doi.org/10.1016/j.astropartphys.2013.10.005
http://arxiv.org/abs/1310.7923
http://dx.doi.org/10.1103/PhysRevD.90.023007
http://dx.doi.org/10.1103/PhysRevD.90.023007
http://arxiv.org/abs/1403.4089
http://arxiv.org/abs/1403.4089
http://dx.doi.org/10.1093/mnras/stv179
http://dx.doi.org/10.1093/mnras/stv179
http://arxiv.org/abs/1501.07115
http://arxiv.org/abs/1501.07115
http://dx.doi.org/10.1007/s11214-016-0328-2
http://dx.doi.org/10.1007/s11214-016-0328-2
http://arxiv.org/abs/1611.09507
http://arxiv.org/abs/1611.09507
http://arxiv.org/abs/1812.05654
http://dx.doi.org/10.3847/1538-4357/aad59a
http://dx.doi.org/10.3847/1538-4357/aad59a
http://arxiv.org/abs/1807.04537
http://dx.doi.org/10.1038/s41550-018-0610-1
http://arxiv.org/abs/1807.04275
http://dx.doi.org/10.3847/1538-4357/ab158d
http://dx.doi.org/10.3847/1538-4357/ab158d
http://arxiv.org/abs/1903.01956
http://dx.doi.org/10.1093/mnrasl/sly210
http://dx.doi.org/10.1093/mnrasl/sly210
http://arxiv.org/abs/1807.04335
http://dx.doi.org/10.1016/j.astropartphys.2007.10.006
http://arxiv.org/abs/astro-ph/0703001
http://dx.doi.org/10.1088/0004-637X/751/2/108
http://arxiv.org/abs/1110.3787
http://dx.doi.org/10.1086/177348
http://arxiv.org/abs/astro-ph/9601120
http://dx.doi.org/10.1086/313170
http://dx.doi.org/10.1086/313170
http://dx.doi.org/10.1086/323528
http://dx.doi.org/10.1086/323528
http://arxiv.org/abs/astro-ph/0107532
http://dx.doi.org/10.1093/mnras/stx432
http://arxiv.org/abs/1702.05493
http://dx.doi.org/10.1038/254295a0
http://dx.doi.org/10.1038/254295a0
http://dx.doi.org/10.1038/333523a0
http://dx.doi.org/10.1016/j.jheap.2015.04.006
http://dx.doi.org/10.1016/j.jheap.2015.04.006
http://arxiv.org/abs/1505.01093
http://arxiv.org/abs/1505.01093
http://dx.doi.org/10.3847/1538-4357/aa633b
http://dx.doi.org/10.3847/1538-4357/aa633b
http://arxiv.org/abs/1611.02291
http://arxiv.org/abs/1611.02291
http://dx.doi.org/10.1086/160402
http://dx.doi.org/10.1086/306909
http://dx.doi.org/10.1086/306909
http://dx.doi.org/10.1086/185567
http://dx.doi.org/10.1086/168442
http://dx.doi.org/10.1086/168442


26

[128] J. S. Bloom et al., “A Possible Relativistic Jetted
Outburst from a Massive Black Hole Fed by a
Tidally Disrupted Star,” Science 333 no. 6039,
(Jul, 2011) 203, arXiv:1104.3257
[astro-ph.HE].

[129] D. N. Burrows et al., “Relativistic jet activity
from the tidal disruption of a star by a massive
black hole,” Nature 476 no. 7361, (Aug, 2011)
421–424, arXiv:1104.4787 [astro-ph.HE].

[130] B. A. Zauderer et al., “Birth of a relativistic
outflow in the unusual γ-ray transient Swift
J164449.3+573451,” Nature 476 no. 7361, (Aug,
2011) 425–428, arXiv:1106.3568 [astro-ph.HE].

[131] G. R. Farrar and A. Gruzinov, “Giant AGN
Flares and Cosmic Ray Bursts,” Astrophys. J.
693 (2009) 329–332, arXiv:0802.1074
[astro-ph].

[132] G. R. Farrar and T. Piran, “Tidal disruption jets
as the source of Ultra-High Energy Cosmic Rays,”
arXiv e-prints (Nov, 2014) arXiv:1411.0704,
arXiv:1411.0704 [astro-ph.HE].

[133] D. N. Pfeffer, E. D. Kovetz, and
M. Kamionkowski, “Ultrahigh-energy cosmic ray
hotspots from tidal disruption events,” MNRAS
466 no. 3, (Apr, 2017) 2922–2926,
arXiv:1512.04959 [astro-ph.HE].

[134] X.-Y. Wang, R.-Y. Liu, Z.-G. Dai, and K. S.
Cheng, “Probing the tidal disruption flares of
massive black holes with high-energy neutrinos,”
Phys. Rev. D 84 no. 8, (Oct, 2011) 081301,
arXiv:1106.2426 [astro-ph.HE].

[135] X.-Y. Wang and R.-Y. Liu, “Tidal disruption jets
of supermassive black holes as hidden sources of
cosmic rays: Explaining the IceCube TeV-PeV
neutrinos,” Phys. Rev. D 93 no. 8, (Apr, 2016)
083005, arXiv:1512.08596 [astro-ph.HE].

[136] N. Senno, K. Murase, and P. Meszaros,
“High-energy Neutrino Flares from X-Ray Bright
and Dark Tidal Disruption Events,” Astrophys. J.
838 no. 1, (2017) 3, arXiv:1612.00918
[astro-ph.HE].

[137] D. Biehl, D. Boncioli, C. Lunardini, and
W. Winter, “Tidally disrupted stars as a possible
origin of both cosmic rays and neutrinos at the
highest energies,” Sci. Rep. 8 no. 1, (2018) 10828,
arXiv:1711.03555 [astro-ph.HE].

[138] D. Guetta, D. Hooper, J. Alvarez-Muniz,
F. Halzen, and E. Reuveni, “Neutrinos from
individual gamma-ray bursts in the BATSE
catalog,” Astropart. Phys. 20 (2004) 429–455,
arXiv:astro-ph/0302524 [astro-ph].

[139] A. Boehle et al., “An Improved Distance and
Mass Estimate for Sgr A* from a Multistar Orbit
Analysis,” ApJ 830 no. 1, (Oct, 2016) 17,
arXiv:1607.05726 [astro-ph.GA].

[140] J. E. Gunn and J. P. Ostriker, “Acceleration of
high-energy cosmic rays by pulsars,” Phys. Rev.
Lett. 22 (1969) 728–731.

[141] A. R. Bell, “Cosmic ray acceleration in
pulsar-driven supernova remnants.,” MNRAS 257

(Aug, 1992) 493–500.
[142] P. Blasi, R. I. Epstein, and A. V. Olinto,

“Ultrahigh-energy cosmic rays from young
neutron star winds,” Astrophys. J. 533 (2000)
L123, arXiv:astro-ph/9912240 [astro-ph].

[143] J. Arons, “Magnetars in the Metagalaxy: An
Origin for Ultra-High-Energy Cosmic Rays in the
Nearby Universe,” ApJ 589 no. 2, (Jun, 2003)
871–892, arXiv:astro-ph/0208444 [astro-ph].

[144] K. Fang, K. Kotera, and A. V. Olinto, “Newly
Born Pulsars as Sources of Ultrahigh Energy
Cosmic Rays,” ApJ 750 no. 2, (May, 2012) 118,
arXiv:1201.5197 [astro-ph.HE].

[145] V. M. Kaspi and A. Beloborodov, “Magnetars,”
Ann. Rev. Astron. Astrophys. 55 (2017) 261–301,
arXiv:1703.00068 [astro-ph.HE].

[146] B. D. Metzger and A. L. Piro, “Optical and X-ray
emission from stable millisecond magnetars
formed from the merger of binary neutron stars,”
MNRAS 439 no. 4, (Apr, 2014) 3916–3930,
arXiv:1311.1519 [astro-ph.HE].

[147] LIGO Scientific, Virgo, Fermi-GBM,
INTEGRAL Collaboration, B. P. Abbott et al.,
“Gravitational Waves and Gamma-rays from a
Binary Neutron Star Merger: GW170817 and
GRB 170817A,” Astrophys. J. 848 no. 2, (2017)
L13, arXiv:1710.05834 [astro-ph.HE].

[148] LIGO Scientific, VIRGO Collaboration,
J. Aasi et al., “Characterization of the LIGO
detectors during their sixth science run,” Class.
Quant. Grav. 32 no. 11, (2015) 115012,
arXiv:1410.7764 [gr-qc].

[149] VIRGO Collaboration, F. Acernese et al.,
“Advanced Virgo: a second-generation
interferometric gravitational wave detector,”
Class. Quant. Grav. 32 no. 2, (2015) 024001,
arXiv:1408.3978 [gr-qc].

[150] LIGO Scientific, Virgo Collaboration, B. P.
Abbott et al., “GWTC-1: A Gravitational-Wave
Transient Catalog of Compact Binary Mergers
Observed by LIGO and Virgo during the First
and Second Observing Runs,” arXiv:1811.12907

[astro-ph.HE].
[151] R. D. Blandford and R. L. Znajek,

“Electromagnetic extractions of energy from Kerr
black holes,” Mon. Not. Roy. Astron. Soc. 179
(1977) 433–456.

[152] R. Perna, D. Lazzati, and W. Farr, “Limits on
electromagnetic counterparts of gravitational
wave-detected binary black hole mergers,”
Astrophys. J. 875 no. 1, (2019) 49,
arXiv:1901.04522 [astro-ph.HE].

[153] V. Connaughton et al., “Fermi GBM
Observations of LIGO Gravitational Wave event
GW150914,” Astrophys. J. 826 no. 1, (2016) L6,
arXiv:1602.03920 [astro-ph.HE].

[154] A. Loeb, “Electromagnetic Counterparts to Black
Hole Mergers Detected by LIGO,” Astrophys. J.
819 no. 2, (2016) L21, arXiv:1602.04735
[astro-ph.HE].

[155] R. Perna, D. Lazzati, and B. Giacomazzo, “Short

http://dx.doi.org/10.1126/science.1207150
http://dx.doi.org/10.1126/science.1207150
http://arxiv.org/abs/1104.3257
http://arxiv.org/abs/1104.3257
http://dx.doi.org/10.1038/nature10374
http://dx.doi.org/10.1038/nature10374
http://arxiv.org/abs/1104.4787
http://dx.doi.org/10.1038/nature10366
http://dx.doi.org/10.1038/nature10366
http://arxiv.org/abs/1106.3568
http://dx.doi.org/10.1088/0004-637X/693/1/329
http://dx.doi.org/10.1088/0004-637X/693/1/329
http://arxiv.org/abs/0802.1074
http://arxiv.org/abs/0802.1074
http://arxiv.org/abs/1411.0704
http://dx.doi.org/10.1093/mnras/stw3337
http://dx.doi.org/10.1093/mnras/stw3337
http://arxiv.org/abs/1512.04959
http://dx.doi.org/10.1103/PhysRevD.84.081301
http://arxiv.org/abs/1106.2426
http://dx.doi.org/10.1103/PhysRevD.93.083005
http://dx.doi.org/10.1103/PhysRevD.93.083005
http://arxiv.org/abs/1512.08596
http://dx.doi.org/10.3847/1538-4357/aa6344
http://dx.doi.org/10.3847/1538-4357/aa6344
http://arxiv.org/abs/1612.00918
http://arxiv.org/abs/1612.00918
http://dx.doi.org/10.1038/s41598-018-29022-4
http://arxiv.org/abs/1711.03555
http://dx.doi.org/10.1016/S0927-6505(03)00211-1
http://arxiv.org/abs/astro-ph/0302524
http://dx.doi.org/10.3847/0004-637X/830/1/17
http://arxiv.org/abs/1607.05726
http://dx.doi.org/10.1103/PhysRevLett.22.728
http://dx.doi.org/10.1103/PhysRevLett.22.728
http://dx.doi.org/10.1093/mnras/257.3.493
http://dx.doi.org/10.1093/mnras/257.3.493
http://dx.doi.org/10.1086/312626
http://dx.doi.org/10.1086/312626
http://arxiv.org/abs/astro-ph/9912240
http://dx.doi.org/10.1086/374776
http://dx.doi.org/10.1086/374776
http://arxiv.org/abs/astro-ph/0208444
http://dx.doi.org/10.1088/0004-637X/750/2/118
http://arxiv.org/abs/1201.5197
http://dx.doi.org/10.1146/annurev-astro-081915-023329
http://arxiv.org/abs/1703.00068
http://dx.doi.org/10.1093/mnras/stu247
http://arxiv.org/abs/1311.1519
http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.3847/2041-8213/aa920c
http://arxiv.org/abs/1710.05834
http://dx.doi.org/10.1088/0264-9381/32/11/115012
http://dx.doi.org/10.1088/0264-9381/32/11/115012
http://arxiv.org/abs/1410.7764
http://dx.doi.org/10.1088/0264-9381/32/2/024001
http://arxiv.org/abs/1408.3978
http://arxiv.org/abs/1811.12907
http://arxiv.org/abs/1811.12907
http://dx.doi.org/10.1093/mnras/179.3.433
http://dx.doi.org/10.1093/mnras/179.3.433
http://dx.doi.org/10.3847/1538-4357/ab107b
http://arxiv.org/abs/1901.04522
http://dx.doi.org/10.3847/2041-8205/826/1/L6
http://arxiv.org/abs/1602.03920
http://dx.doi.org/10.3847/2041-8205/819/2/L21
http://dx.doi.org/10.3847/2041-8205/819/2/L21
http://arxiv.org/abs/1602.04735
http://arxiv.org/abs/1602.04735


27

Gamma-Ray Bursts from the Merger of Two
Black Holes,” Astrophys. J. 821 no. 1, (2016)
L18, arXiv:1602.05140 [astro-ph.HE].

[156] K. Murase, K. Kashiyama, P. Mészáros,
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