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Kerr black holes radiate neutrinos in an asymmetric pattern, preferentially in the lower hemisphere
relative to the black hole’s rotation axis, while antineutrinos are predominantly produced in the upper
hemisphere. Leveraging this asymmetric emission, we explore the potential of high energy, Eν ≳ 1 TeV,
neutrino, and antineutrino detection to reveal crucial characteristics of an evaporating primordial black hole
at the time of its burst when observed near Earth. We improve upon previous calculations by carefully
accounting for the nonisotropic particle emission, as Earth occupies a privileged angle relative to the black
hole’s rotation axis. Additionally, we investigate the angular dependence of primary and secondary photon
spectra and assess the evaporating black hole’s time evolution during the final explosive stages of its
lifetime. Since photon events outnumber neutrinos by about three orders of magnitude, we find that a
neutrino measurement can aid in identifying the initial angular momentum and the black hole hemisphere
facing Earth only for evaporating black holes within our solar system, at distances≲10−4 pc, and observed
during the final 100 s of their lifetime.
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I. INTRODUCTION

The Early Universe’s high density provides an ideal
environment for the formation of black holes (BH) with
masses significantly smaller than those observed in gravi-
tational waves or direct astrophysical measurements [1–3].
These primordial black holes (PBHs) could profoundly
impact the evolution of our Universe [4–6]. Given their
potentially tiny masses, as small as the Planck mass, it
becomes imperative to take into account quantum effects in
the evolution of PBHs. Using a semiclassical approxima-
tion, Hawking demonstrated that BHs evaporate by emit-
ting a flux of particles with a thermal spectrum [7,8]. As a
consequence of energy conservation arguments, the BH
mass decreases at a rate Ṁ ∼M−2, initially leading to a
slow evaporation. However, particle emission accelerates,
triggering a runaway effect that culminates in an explosive
stage. Such evaporation process, assuming the Standard
Model’s (SM) degrees-of-freedom (d.o.f.s), enables us to
estimate the initial mass of a PBH whose lifetime matches
the age of the Universe, yielding a value of ∼1015 g. As a
result, PBHs with masses smaller than this value would

have already evaporated, establishing constraints to be
derived on the initial PBH abundance if they evaporated
during the big bang nucleosynthesis [9–11], reionization
[12,13] or the formation of the CMB [9,10]. Furthermore,
due to the universality of Hawking evaporation, PBHs
could have produced d.o.f.s that do not interact with the SM
sector, potentially contributing to the observed dark matter
(DM) [14–32], to the relativistic d.o.f.s, parametrized
by ΔNeff [16,17,27,33–35], or modify the generation of
the matter-antimatter asymmetry [18,36–50]. Conversely,
if their initial mass exceeds 1015 g, these PBHs could
potentially contribute to a portion of the observed DM
[10,51–54]. For a comprehensive review, see Ref. [55].
There remains the possibility that some of the PBHs

would have an initial mass such that they would be
evaporating today. These evaporating primordial black
holes (EPBHs) would emit a large flux of particles
during the final explosive stages of their lifetimes, present-
ing a potential opportunity for observation in different
facilities. Thus, experiments designed to search for gamma-
ray bursts, such as H.E.S.S. [56,57], Milagro [58],
VERITAS [59], HAWC [60,61], and Fermi-LAT [62],
have already placed constraints on the existence of
PBHs in our local region. However, it is worth noting that
other particles, such as neutrinos [63–65], could also be
measurable if an EPBH happens to occur close enough to
Earth. Undoubtedly, observing PBH evaporation in its final
stages would not only be a triumph for theoretical physics
but also hold the potential to unlock a wealth of new
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physics. For instance, this unique phenomenon could
provide invaluable insights into the complete spectrum of
particles, including those beyond the Standard Model
(BSM), that exist nature [66–69].
Another avenue to explore BSM physics in EPBHs

involves determining whether these objects had a sub-
stantial angular momentum at the onset of their final
bursts. In a scenario that includes only the SM set of
particles, even a close-to-maximally rotating PBH should
have lost most of its angular momentum in the early stages
of the Hawking evaporation [70,71]. However, the pres-
ence of an abundant number of scalar d.o.f.s, as expected
in string axiverse models [72], could significantly modify
this behavior. In such cases, the BH’s angular momentum
might not deplete as rapidly as in the standard scenario
since scalar particles only reduce the BH mass but not
its angular momentum [73,74]. This leads to PBHs
approaching their final stages with substantial angular
momenta [75,76]. Thus, investigating the angular momen-
tum properties of EPBHs offers an intriguing window into
potential BSM physics.
Previous studies have examined the impact of nonzero

angular momentum on the photon and neutrino emissions
from an EPBH [65,76]. These works used the BlackHawk

code [77,78], which calculates both the primary particle
spectrum directly emitted during evaporation and the
secondary spectrum originating from the decay of un-
stable particles produced by the black hole. However, it
is important to note that BlackHawk computes the angle-
integrated spectrum, which is not suitable for a Kerr EPBH
since rotating EPBHs exhibit a nonisotropic particle emis-
sion due to their axisymmetric nature. Consequently, if an
EPBH were to burst close to Earth, observatories would
measure the particle flux at a unique angle with respect to
the rotation axis, leading to distinct observational character-
istics, see Fig. 1 for an artistic depiction of the Earth-EPBH
system considered in this work. Additionally, in the
specific case of neutrinos, it has been observed that due
to the parity violation in weak interactions, their emission
from an EPBH follows an asymmetric pattern: neutrinos
are preferentially emitted in the EPBH’s “southern” hemi-
sphere, while antineutrinos are predominantly produced in
the “northern” hemisphere [79–83]. This well-established
behavior opens up new avenues for exploring the angular
momentum of an EPBH since neutrino emission is intrinsi-
cally linked to the black hole’s spin and varies with the
polar angle relative to its rotation axis.
In this work, we conduct a comprehensive analysis of the

angular distribution of neutrino and photon emissions, both
primary and secondary, from Kerr EPBHs. Additionally,
we investigate the potential of gamma-ray and neutrino
observatories to discern crucial EPBH properties, such as
its angular momentum and the hemisphere facing Earth.
Despite the photon events outnumbering neutrino events by
approximately three orders of magnitude, the measurement

of neutrinos is instrumental in determining the EPBH
hemisphere facing Earth, particularly in the scenario where
such an object is in close proximity to our planet.
The structure of this paper is as follows. In Sec. II, we

provide a detailed description of the neutrino asymmetric
emission and the photon angular distribution. Furthermore,
within the same section, we first outline a numerical
procedure to compute the angular dependence of the
secondary particle emission. Moving forward, in Sec. III,
we delve into the time evolution of a Kerr EPBH during its
final burst, critically assessing its impact on the neutrino
emission asymmetry. Section IV is exclusively dedicated to
exploring the detection prospects, with specific emphasis
on the IceCube [85,86] and HAWC [61] observatories.
Moreover, we thoroughly examine the feasibility of deter-
mining the initial characteristics of EPBHs through the
combination of neutrino and photon measurements. In
Sec. V, we draw our conclusions. We have included two
appendices: Appendix A provides a short review on the
Dirac equation in the Kerr spacetime, and Appendix B
contains the effective potentials for scalar and vectors used
to obtain absorption probabilities. We consider natural units
where ℏ ¼ c ¼ kB ¼ 1, and define the Planck mass to be
Mp ¼ 1=

ffiffiffiffi
G

p
, withG the gravitational constant, throughout

this manuscript.

II. ANGULAR DISTRIBUTION OF PARTICLE
EMISSION FROM KERR BLACK HOLES

Let us consider the Hawking radiation emitted from a
Kerr BH with an instantaneous mass M and a dimension-
less spin parameter a⋆ ≡ J=ðGMÞ2 ∈ ½0; 1Þ, where J rep-
resents the BH angular momentum. To analyze the angular
distribution of particles, we adopt the Boyer-Lindquist

FIG. 1. An illustration of the Earth-evaporating Kerr black hole
system considered in this work. Earth is placed at an angle θ with
respect to the rotation axis and at a distance dL. Earthrise picture
reproduced from [84].
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coordinate system ðt; r; θ;ϕÞ. In these coordinates, the line
element for the Kerr spacetime is given by [87]

ds2 ¼ Δ
Σ
�
dt − asin2θdϕ

�
2 −

sin2θ
Σ
�
−adtþ ðr2 þ a2Þdϕ�2

−
Σ
Δ
dr2 − Σdθ2; ð1Þ

where Δ≡ r2 − 2GMrþ a2, Σ ¼ r2 þ a2 cos θ, with
a ¼ a⋆GM. It has been demonstrated that the equations
of motion for bosons and fermions are separable, leading
to the well-known Teukolsky master equations [88–90].
Such a separability will allow us to analyze the angular
distribution of particles, and thus the possible determina-
tion of the EPBH initial spin at the onset of a burst. Next,
we will consider the primary neutrino emission and its
dependence on the polar angle θ, as well as the photon
emission. Subsequently, we will examine the secondary
spectra resulting from the decay of unstable particles
produced by the BH evaporation.

A. Primary neutrino emission and asymmetry

Early studies focused on neutrinos as a prototype for
understanding the properties of massless fermions in the
Kerr spacetime [79]. This choice was influenced by the

prevailing belief at that time that neutrinos were massless.
However, we now know that neutrinos are indeed massive
particles that exhibit mixing. Taking this into account, we
have recently investigated the implications of neutrino mass
on the process of Hawking evaporation for Schwarzschild
BHs [91]. Here, we extend the discussion of massive
neutrinos to Kerr BHs, and examine their asymmetric
emission as a function of the polar angle.
The Dirac equation and its separability for massive

fermions in the Kerr background has been extensively
studied in Refs. [92–95]. For sake of completeness, we
briefly describe the properties of this equation in
Appendix A. After proposing an ansatz, we obtain equa-
tions for radial R1;2ðrÞ and angular functions S1;2ðθÞ
appearing in the spinor components, depending on the
energy ω, and l, m the total and axial angular momentum
quantum numbers [95] (for details see Appendix A)

ffiffiffiffi
Δ

p
ð∂r − iK=ΔÞR1 ¼

�
1
2

Alm þ iμr
�
R2; ð2aÞ

ffiffiffiffi
Δ

p
ð∂r þ iK=ΔÞR2 ¼

�
1
2

Alm − iμr
�
R1; ð2bÞ

and

�
∂θ −

1

2
cot θ −m csc θ þ aω sin θ

�
S1ðθÞ ¼

�þ1
2

Alm þ aμ cos θ
�
S2ðθÞ; ð3aÞ

�
∂θ −

1

2
cot θ þm csc θ − aω sin θ

�
S2ðθÞ ¼

�
−1

2

Alm þ aμ cos θ
�
S1ðθÞ; ð3bÞ

where K ≡ ðr2 þ a2Þω − am and μ is the fermion mass.
The quantities 1

2

Alm represent the angular separation con-

stants, which are simply 1
2

Alm ¼ Pðlþ 1=2Þ, P ¼ �1, for a

Schwarzschild BH.
The solutions to the radial equations, Eq. (2), allow us to

determine the absorption probabilities 1
2

Γlm, which are

crucial for calculating the Hawking emission rate as they
describe the effects of centrifugal and gravitational poten-
tials on particle production [7,8,70,71,96]. Numerical
methods are required to find these solutions. We employ
the general procedure for Kerr-Newman BHs established in
Ref. [96], where a transformation of variables is applied to
simplify the numerical treatment. Once the solutions have
been obtained, we calculate the absorption probabilities
1
2

Γlm using the expressions provided in the appendix

of Ref. [96].
To investigate the dependence of neutrino production on

the polar angle θ from an EPBH, it is also necessary to
solve the angular equations, Eq. (3). Several numerical

methods have been proposed in the literature to solve these
equations, see, e.g., [94,97–99]. In this work, we closely
follow the approach described in Ref. [94]. The method
involves employing a series expansion for the eigenfunc-
tions �1

2

Slm ≡ S1;2 using associated Legendre polynomials,

leading to a continued fraction equation. By numerically
solving this equation, we obtain the angular eigenvalues
1
2

Alm. Subsequently, the coefficients of the series expansion

for the eigenfunctions are computed using these angular
eigenvalues. Through this numerical procedure, we find
the angular eigenfunctions up to a normalization factor.
To fix such a factor, we impose the normalization
condition, Z

j�1
2

SlmðθÞj2dΩ ¼ 1: ð4Þ

The rates of neutrino emission as a function of time,
energy, and solid angle Ω, are computed after considering
the quantization of fermions in a Kerr background.
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The quantum field theory for massless fermions has been
extensively studied in the literature, and interested readers
can find detailed discussions in Refs. [79,81,100–102].
However, to the best of our knowledge, currently there is no
available treatment for the quantization of massive fer-
mions in the Kerr geometry; for potential issues related to
this particular case, see Ref. [101]. Nevertheless, it is worth
noting that the neutrino mass mν ≲ 1 eV is negligible
compared to the energies observed in neutrino telescopes,
Eν ≳ 100 GeV. Consequently, we can reasonably assume
that the quantization procedure used for massless fermions
is applicable with a high level of accuracy to neutrinos
originating from an EPBH, a supposition that we will adopt
from now on.
The main physical quantity of interest is the expectation

value of the current operator1

Jμ ¼ 1

2
½ν̄; γμPLν�; ð5Þ

where ν represents the neutrino field. Here, PL ¼ 1
2
ð1 − γ5Þ

is the left chiral projector defined in terms of the chirality
matrix γ5, see Appendix A. As discussed in Ref. [91],
neutrinos and antineutrinos are expected to be emitted as
mass eigenstates, ν1;2;3. The neutrino field ν will represent
generally any of the three fields associated to the mass
eigenstates henceforth. The radial component of the
current Jr describes the flow of neutrinos minus antineu-
trinos [81,101]. The net neutrino minus antineutrino flux,
A≡ Nν − Nν̄, per unit time and solid angle in the radial
direction away from the BH corresponds to the expectation
value [81]

d2A
r2dΩdt

¼ hU−jJrjU−i; ð6Þ

where jU−i represents the past Unruh vacuum [103]. This
vacuum state, defined as the state that does not contain any
particles incoming from the null past infinity J −, is the
relevant for our purposes since we are considering the
evaporation of a BH originated from a gravitational
collapse event.
In terms of the angular functions and absorption prob-

abilities defined previously, the net neutrino emission flux
can be expressed as follows [79–82,101]

d2A
dΩdt

¼ 1

4π

X
l¼1=2

Xl
m¼−l

Z
∞

0

dω
1
2

Γlm

expðϖ=TÞ þ 1

×
�j−1

2

SlmðθÞj2 − jþ1
2

SlmðθÞj2
�
; ð7Þ

where ϖ ¼ ω −mϑ with ϑ ¼ a⋆=ð2GMð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2⋆

p
ÞÞ

representing the horizon’s angular velocity. From the form
of the emission asymmetry, we can interpret the term
proportional to −1

2

SlmðθÞ as the contribution coming from

neutrinos, while −1
2

SlmðθÞ corresponds to the antineutrino

term, with the caveat that such interpretation is valid only
far from the EPBH [100]. In Eq. (7), it is necessary to write
explicitly the sum over the angular momentum quantum
numbers as the PBH spin breaks the spherical symmetry,
given the explicit dependence of the Hawking rate on m.
The Hawking temperature T is given by

T ¼ 1

4πGM

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2⋆

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2⋆

p : ð8Þ

Thus, we can define the net particle emission rate within
time dt, solid angle dΩ, and energy ½ω;ωþ dω� as

d3A
dωdtdΩ

¼ 1

4π

X
l¼1=2

Xl
m¼−l

1
2

Γlm

expðϖ=TÞ þ 1

×
�j−1

2
SlmðθÞj2 − jþ1

2
SlmðθÞj2

�
: ð9Þ

Notice that the integration of the rate over the solid angle
produces a vanishing net particle emission, as expected.
Analogously, let us define the total emission rate, i.e.,
neutrino plus antineutrino rate as

d3Nνþν̄

dωdtdΩ
¼ 1

4π

X
l¼1=2

Xl
m¼−l

1
2

Γlm

expðϖ=TÞ þ 1

×
�j−1

2
SlmðθÞj2 þ jþ1

2
SlmðθÞj2

�
: ð10Þ

This total flux of neutrinos comes directly from the
evaporation of the BH, thus constituting what is referred to
as the primary spectrum in the literature.
On the top left of Fig. 2, we present the instantaneous

neutrino minus antineutrino net flux d3A=dωdΩdt as
function of the neutrino energy for a BH having a mass
of M ¼ 109 g and spin parameter a⋆ ¼ 0.999. The polar
angle at which the observer is placed varies from 0° to 180°.
When θ ¼ 0, we observe that the net rate is negative and
presents a single peak. This distinctive feature arises
because only the angular eigenfunctions with l ¼ m ¼ 1

2

contribute at the poles, while the remaining modes vanish
there. Moreover, the negative sign indicates that more
antineutrinos than neutrinos are emitted. As we increase
the polar angle, the contribution from higher l modes
becomes significant, resulting in additional peaks in the net
flux. The maximum emission asymmetry occurs at approx-
imately θ ≈ 60°, which aligns with previous findings [81].
For polar angles within the range 60°≲ θ < 180°, the net
flux is reduced, and at θ ¼ π, the net flux completely

1Note that the commutator in the current definition should be
taken only with respect to the quantum operators and not the
spinor structure.
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vanishes due to a cancellation between the angular eigen-
functions �1

2

SlmðθÞ at the equator. In the southern hemi-

sphere, 90° ≤ θ ≤ 180°, the net flux becomes positive,
indicating a higher number of emitted neutrinos compared
to antineutrinos. Despite this sign change, the behavior in
the southern hemisphere is analogous to that in the northern
hemisphere, 0° ≤ θ ≤ 90°. The net flux reaches its maxi-
mum value around θ ≈ 120°, while at θ ¼ 180°, only the
l ¼ m ¼ 1

2
mode contributes.

To quantify the EPBH emission asymmetry with respect
to the total instantaneous neutrino flux, we introduce the
asymmetry ratioR, which compares the net neutrino minus
antineutrino flux to the total emission rate,

R≡
d3A

dωdtdΩ
d3Nνþν̄

dωdtdΩ

: ð11Þ

We present on the bottom left of Fig. 2 the asymmetry ratio
R for the same values for the polar angles θ as in the top
pannel. The results indicate that at the poles (θ ¼ 0°; 180°),
the asymmetry ratio approaches −1 and 1, respectively.
This implies that at these angles, the flux is predominantly
composed of antineutrinos and neutrinos. For angles
different from the poles, the absolute value of the ratio
jRj remains below 1, and it is constant for neutrino energies
Eν ≲ 5 × 104 GeV, where the dominating mode is l ¼
m ¼ 1

2
. However, at higher energies, the contribution of

higher-l modes becomes evident, resulting in ripples in the
ratio. For the specific case of θ ¼ 60°, the asymmetry ratio
R ≈ −0.5 for energies Eν ≲ 5 × 104 GeV. This confirms
that at this angle, there are approximately 50% more
antineutrinos than neutrinos being emitted. Conversely,
at θ ¼ 120°, we observe the opposite behavior, as expected
from the previous discussion. Finally, at the equator,
θ ¼ 90°, the ratio R is precisely 0, indicating that the
number of emitted neutrinos and antineutrinos is equal at
this angle.
To comprehend the dependence of the neutrino-

antineutrino net flux on the BH spin parameter, we present
in the right panel of Fig. 2 the energy-integrated emission
asymmetry, d2A=dΩdt, cf. Eq. (7), for varying spin para-
meter values, a⋆ ¼ 0.999 (purple full), a⋆ ¼ 0.8 (dashed
blue), a⋆ ¼ 0.5 (dotted dark yellow), and a⋆ ¼ 0.1 (dot-
dashed red). For a close-to-maximally rotating BH with
a⋆ ¼ 0.999, we observe that the net emission is maximal
at a value j cos θj ≈ 0.5, whereas for other spin parameter
values, the emission asymmetry peaks at the poles. This
behavior is a consequence of higher-l modes increasingly
dominating for a⋆ ≳ 0.8, which in turn contribute away
from the poles. On the other hand, for a⋆ ≲ 0.8, the l mode
that predominantly dominates is the l ¼ m ¼ 1

2
, resulting

in a maximum emission at the poles. As a result, the net
emission asymmetry peaks at the poles for these values of
the spin parameter. For all spin parameter values presented,
we observe that the net flux is negative for cos θ > 0,

FIG. 2. Top left: instantaneous neutrino minus antineutrino net particle flux, A ¼ Nν − N ν̄, as function of energy for a BH having a
mass of M ¼ 109 g and spin parameter a⋆ ¼ 0.999 for different values of the polar angle θ∈ ½0; π�. Bottom left: instantaneous
asymmetry ratio R between the net neutrino minus antineutrino flux to the total emission rate d3Nνþν̄=dωdtdΩ, cf. Eq. (10). Right:
energy-integrated instantaneous neutrino emission asymmetry as function of the polar angle θ for different values of the spin parameter,
a⋆ ¼ 0.999 (purple full), a⋆ ¼ 0.8 (dashed blue), a⋆ ¼ 0.5 (dotted dark yellow), and a⋆ ¼ 0.1 (dot-dashed red).
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indicating a preference for antineutrino emission over
neutrinos in the northern hemisphere. Conversely, for
negative values of cos θ, the behavior is opposite, with a
preference for neutrino emission. At the equator, the net
emission asymmetry vanishes, ensuring that the numbers of
emitted neutrinos and antineutrinos coincide. This overall
pattern demonstrates that antineutrinos are preferentially
emitted in the northern hemisphere, whereas neutrinos are
predominantly produced in the southern hemisphere.
Neutrino physics holds an unresolved question regar-

ding the fundamental fermionic nature of these particles.
Neutrinos can be either their own antiparticles, known
as Majorana fermions, or as distinct entities from their
antiparticles, referred to as Dirac neutrinos. In Ref. [91], we
investigated the impact of each scenario on Hawking
radiation from Schwarzschild black holes. Now, the ques-
tion arises as to the main effect for Kerr black holes. In
the case of Dirac neutrinos, additional d.o.f.s come into
play, right-handed neutrinos and left-handed antineutrinos.
Consequently, the black hole would emit these states
asymmetrically, with right-handed neutrinos predominantly
emitted in the northern hemisphere and left-handed anti-
neutrinos in the southern hemisphere. This raises the
possibility that the previously mentioned overall asymme-
try might be removed. However, the detection of these
additional states via weak interactions is hindered by a
helicity factor of mν=Eν ∼ 10−11, for the energy range of

interest. As a result, the presence of the additional states
becomes negligible, and the asymmetry remains intact.
For Majorana neutrinos, only two d.o.f.s exist per active

mass eigenstate, corresponding to positive and negative
helicities. While there is technically no distinct state known
as an antineutrino, weak interactions differentiate between
the helicity states due to parity violation. Consequently,
a positive-helicity state exhibits a different interaction
compared to a negative-helicity one in the ultrarelativistic
limit, which is of interest to us here. Thus, in such a limit,
it is customary to denote the negative-helicity states
as “neutrinos” and the positive-helicity ones as “antineu-
trinos” [104,105]. As a result, the asymmetric emission
is also present for Majorana neutrinos. Consequently,
detecting a discrepancy between the numbers of neutrinos
and antineutrinos in a future detection of an EPBH could
indicate the presence of a nonzero angular momentum.

B. Primary photon emission

The emission of particles with higher spin, such as
photons, is enhanced for rotating BHs [70]. Consequently,
we anticipate that photon emission will be strongly
influenced by both the EPBH spin and the polar angle
θ. To investigate this dependence, we consider the equa-
tions for the radial ψ s and the angular functions SðθÞ for a
massless field with spin s,

d2ψ s

dr2⋆
þ ðω2 − VsðrÞψ s ¼ 0; ð12aÞ

1

sin θ
d
dθ

�
sin θ

dS
dθ

�
þ 	ðc cos θ − sÞ2 − ðm csc θ þ s cot θÞ2 − sðs − 1Þ þ sAlm



S ¼ 0; ð12bÞ

where λs ≡ sAlm þ c2 − 2mc, being c ¼ aω, and sAlm
are the angular eigenvalues, and r⋆ is the Eddington-
Finkelstein radial coordinate

dr⋆
dr

¼ r2 þ a2 þ am=ω
Δ

: ð13Þ

The Schrödinger-like equation Eq. (12a) is obtained
through the Chandrashekar-Detweiler method as presented
in Refs. [106–108]. The potentials Vs depend on the spin
of the particle, which, for completeness, are provided in
Appendix B. To compute the absorption probabilities
sΓlm for massless bosons, we solve the wave equation,
Eq. (12a), and compute the transmission coefficient for a
purely ingoing wave.2 On the other hand, for the angular

eigenvalues and eigenfunctions, we adopt the approach
outlined in Refs. [109,110], where the angular separation
constants are obtained by numerically solving a continued
fraction equation, similar to the case of massive fermions.
Similarly to the neutrino case, we define the total photon

emission rate as function of energy, time, and solid angle
as [111,112]

d3Nγ

dωdtdΩ
¼ 1

4π

X
l¼s

Xl
m¼−l

1Γlm

expðϖ=TÞ − 1

×
�j−1SlmðθÞj2 þ jþ1SlmðθÞj2

�
: ð14Þ

Figure 3 illustrates the instantaneous photon emission rate
for various polar angles of an EPBH with a mass of M ¼
109 g and a spin of a⋆ ¼ 0.999. The overall emission rate
behavior is similar to that of neutrino-antineutrino emission
asymmetry. At a polar angle of θ ¼ 0 (black curve), only
the l ¼ 1 mode contributes to the emission. As the polar

2It is worth noting that we have verified the consistency of our
results for the absorption probabilities sΓlm with those obtained
from the BlackHawk code [77,78].
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angle increases, the contribution from other angular modes
becomes noticeable, while the contribution from the l ¼ 1
mode diminishes. An important observation is that the
emission rate exhibits a symmetry under the transformation
θ → π − θ, as the angular modes satisfy [110,112]

−sSlmðθÞ ¼ ð−1Þ−l−msSlmðπ − θÞ:

Consequently, this symmetry implies that the measurement
of photons emitted by an EPBH cannot determine, in
principle, the hemisphere pointing towards Earth. Upon
careful examination of the total emission rate, Eq. (14),
we observe that the two different angular eigenfunctions
possess distinct polarizations. Therefore, in principle,
measuring the polarization of the gamma rays could
determine the value of θ. Polarization is commonly
measured through the Compton scattering angle of photons
for energies below electron-positron pair production, Eγ ≲
1 MeV [113]. For energies up to Eγ ≲ 10 MeV, the event
distribution of electron-positron pairs can be analyzed
[114–116]. However, at higher energies, these techniques
face limitations due to factors like multiple Coulomb
scatterings. Someworks have proposed ideas for measuring
polarization up to energies of Eγ ∼ 30 GeV [113–117].
Nonetheless, it remains uncertain if these techniques are
applicable to energies of interest here, Eγ ≳ 1 TeV.
Furthermore, Earth’s magnetic field may influence the
polarization of incoming photons from the EPBH. Thus,
in this study, we adopt a conservative approach and assume
that future experiments will not measure gamma-ray

polarization. To resolve the ambiguity in measuring θ,
we propose a multimessenger approach that incorporates
the detection of neutrinos.

C. Secondary spectra

Since the EPBH also emits other SM d.o.f.s, most of
which are unstable, there is an additional production of
neutrinos/photons arising from their subsequent decay.
This additional contribution is known as the neutrino/
photon secondary spectrum. To obtain this secondary
spectrum, we convolve the primary spectrum of each
particle species, denoted by i, with the number of daughter
neutrinos/photons resulting from their decay as a function
of energy and solid angle. The expression for the secondary
spectrum is given by

d3Nsec
νðγÞ

dωdtdΩ
¼
Z

∞

0

dω0
Z

dΩ0X
i

d3Ni

dω0dtdΩ0
d2ni→νðγÞ
dωdΩ

ðω;ω0Þ;

ð15Þ

where d2ni→νðγÞ=dωdΩ denotes the energy and angular
distribution of neutrinos (photons) resulting from the decay
of the ith particle, and d3Ni=dω0dtdΩ0 represents the
primary emission rate of the ith particle species defined as

d3Ni

dωdtdΩ
¼ gi

4π

X
l¼si

Xl
m¼−l

siΓlm

expðϖ=TÞ − ð−1Þ2si

×
�jsiSlmðθÞj2 þ j−siSlmðθÞj2

�
; ð16Þ

being si the spin and gi the internal d.o.f.s of the particle
species i. To compute the secondary spectrum, we thus
need to determine the angular and energy distributions of
neutrinos resulting from the decay of each SM particle.
In our analysis, we have employed a similar approach to
that used by BlackHawk [35,77] which uses the PYTHIA event
generator [118] to calculate these distributions. We use
PYTHIA since it has the full information of the four
momenta of the produced particles, which is crucial for
our purposes.
The numerical strategy employed to determine

d2ni→νðγÞ=dωdΩ can be summarized as follows. First, we
set the center-of-mass energy of the collision in PYTHIA to
be twice the energy of the primary particle ω0. We generate
a large number of events, typically around 105, for a
specific channel, eþ þ e− → iþ ī → � � �, where i repre-
sents the primary particle of interest. For each event, we
record the energy of the primary particle and calculate
the relative angle between each daughter particle and the
primary particle. To facilitate the analysis, we perform a
three-dimensional rotation that aligns the z axis with the
direction of the primary particle. This rotation is then
applied to all the final state particles, ensuring consistent

FIG. 3. Primary instantaneous photon emission spectrum from
a BH having a mass M ¼ 109 g and spin parameter a⋆ ¼ 0.999
for different values of the polar angle, θ ¼ 0.° (black), 15°
(beige), 30° (light orange), 60° (fuchsia), 75° (purple), and
90° (blue).
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orientation. Next, we construct a two-dimensional histo-
gram to capture the distribution of energy and relative angle
for each value of the center-of-mass energy. Each entry in
the histogram represents the frequency of occurrence for a
particular combination of energy and angle, normalized by
the total number of events. We repeat this process by
systematically varying the center-of-mass energy in the
range of interest, corresponding to the range of 1–106 GeV.
Finally, to convert the dependence on relative angle to a
dependence on the solid angle of the particle distributions,
we perform a rebinning of the histograms. This rebinning
takes into account the different possible orientations of the
polar and azimuthal angles of the decay products for a
given angle θ of the primary particle.
In Fig. 4, we present the total—summed over all neutrino

states—primary and secondary neutrino (full) and anti-
neutrino (dot-dashed) emission rates d3Nνðν̄Þ=dωdΩdt,
obtained by adding and subtracting Eqs. (9) and (10), for
θ ¼ 15° (purple), θ ¼ 90° (red), and θ ¼ 120° (green). The
primary spectra presents the peaks related to the l modes as
expected from the neutrino-antineutrino emission rate in
Fig. 2. We observe that, for the polar angle θ ¼ 15°,
belonging to the upper hemisphere, the primary emission
rate of antineutrinos is ∼2 orders of magnitude larger than
the one from neutrinos. Meanwhile, the rates at the equator,
θ ¼ 90° are equal. For θ ¼ 120°, the behavior is the

opposite, the neutrino primary emission rate is larger,
although only a factor of ∼3.5. Regarding the secondary
spectra, there are no significant differences between the
neutrino and antineutrino fluxes. This is expected since
these neutrinos originate from the decay of other particles
that do not exhibit the same emission asymmetry in their
production that primary neutrinos present [83]. The main
distinction arises from the dependence on the polar angle.
Since the secondary spectrum arises from integrating the
primary spectrum over energy and angle, with weights
determined by the decay distributions, higher l modes play
a more significant role, especially at elevated energies.
Consequently, it becomes evident that the most substantial
secondary spectrum is produced from the equatorial region;
meanwhile, for θ ¼ 15, there is a observable reduction in
flux compared to other values.

III. TIME EVOLUTION

Once a PBH reaches its final stages of life, particle
emission intensifies, culminating in a potential observable
burst for future observatories. These observatories will
track the temporal evolution of a PBH, with an initial mass
linked to the observed duration of the burst. Consequently,
it becomes essential to understand the underlying time
evolution. To derive the evolution equations for the PBH
mass and spin, we multiply the integrated emission rate in
solid angle,

d2Ni

dωdt
¼
Z

dΩ
d3Ni

dωdtdΩ
;

¼ gi
2π

X
l¼si

Xl
m¼−l

siΓlm

expðϖ=TÞ − ð−1Þ2si ; ð17Þ

by the total energy of a given particle ω or by the m
quantum number, and then we integrate over the phase
space. Defining the evaporation functions for mass and
angular momentum, ϵiðM; a⋆Þ and γiðM; a⋆Þ per particle i,
respectively, as

εiðM; a⋆Þ ¼
gi
2π

Z
∞

0

X
l¼si

Xl
m¼−l

ωsiΓlm

expðϖ=TÞ − ð−1Þ2si dω;

ð18aÞ

γiðM; a⋆Þ ¼
gi
2π

Z
∞

0

X
l¼si

Xl
m¼−l

msiΓlm

expðϖ=TÞ − ð−1Þ2si dω;

ð18bÞ

and summing over all existing species, we obtain the
following system of coupled equations for the time
evolution [14,33,70,71]

FIG. 4. Total neutrino (full) and antineutrino (dot-dashed)
instantaneous emission rates for three different values of the
polar angle, θ ¼ 15° (purple), θ ¼ 90° (red), and θ ¼ 130°
(green) and for a BH having a mass of M ¼ 109 g and spin
parameter a⋆ ¼ 0.999. Note that neutrino and antineutrino lines
for the secondary spectra and for the primary spectra for θ ¼ 90°
lie on top of each other.
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dM
dt

¼ −ϵðM; a⋆Þ
M4

p

M2
; ð19aÞ

da⋆
dt

¼ −a⋆
	
γðM; a⋆Þ − 2ϵðM; a⋆Þ


M4
p

M3
: ð19bÞ

Assuming only the presence of SM d.o.f.s, the numerical
solution of these equations reveals that a nearly maximal
spinning BH loses its angular momentum at a rate signifi-
cantly faster than its mass. However, if there exists a
large sector of scalar particles, such as those in the string
axiverse [72], the BH spin does not completely evaporate
but tends towards an asymptotic value [73–75]. This
emphasizes the importance of determining the angular
momentum of the BH prior to its evaporation as a means
to constrain these models. In what follows, and in order to
be model independent, we will assume that the EPBH
follows the time evolution given the SM d.o.f.s at the onset
of the final burst. The dependence with BSM scenarios will
be considered elsewhere.
Hence, it becomes crucial to investigate whether the

neutrino-antineutrino emission asymmetry could be
observed in the final PBH burst after taking into account
the BH time evolution. We integrate the neutrino (anti-
neutrino) particle flux over time taking into account the
time evolution of both mass and angular momentum of
the BH,

d2Nνðν̄Þ
dωdΩ

¼
Z

τ

0

dt
d3Nνðν̄Þ
dωdtdΩ

�
MðtÞ; a⋆ðtÞ

�
; ð20Þ

where τ represents the remaining lifetime of the evaporat-
ing black hole, assumed to be equal to the observed burst
duration. The parameter τ also determines the PBH mass
at the onset of the burst, given a specific initial ain⋆ .
For instance, if the burst duration is τ ¼ 100 s and we
consider a nearly maximal spin case, ain⋆ ¼ 0.999, the initial
mass is Min ∼ 8.3 × 109 g. Conversely, for a nonrotating
Schwarzschild BH, ain⋆ ¼ 0, the initial mass would be
smaller, approximately Min ∼ 6.3 × 109 g, due to the
increased lifetime of a nonrotating BH.
The total time integrated neutrino and antineutrino fluxes

for a burst duration of τ ¼ 100 s and assuming an initial
ain⋆ ¼ 0.999 are presented in Fig. 5. Consistent with
previous figures, we present the fluxes for polar angles
θ ¼ 15° (purple), θ ¼ 90° (red), and θ ¼ 120° (green),
distinguishing between the contributions of the primary
and secondary spectra. Despite the spin is depleted faster
than the mass, we observe an asymmetry in the emission for
neutrino and antineutrino fluences depending on the polar
angle. For instance, at θ ¼ 15°, the antineutrino fluence is
greater than the neutrino fluence by a factor of ∼5 at an
energy of Eν ∼ 8 TeV. However, we observe that the peak
structure tends to vanish for this value of the polar angle at
higher energies, which in turn will modify the number of

events in neutrino telescopes. For other values of the polar
angle the behavior is similar to the one encountered for the
instantaneous spectra in Fig. 4; however, the peak structure
is less pronounced. Moreover, the secondary spectra does
not present any asymmetry between neutrinos and anti-
neutrinos. These fluence profiles suggest potential varia-
tions in the number of neutrino vs antineutrino events in
neutrino telescopes, which could enable the determination
of the EPBH’s spin during its final stages. This topic is
further explored in the subsequent section.

IV. DETECTION PROSPECTS

PBHs could have been formed in the early Universe due
to different mechanisms, with initial masses Min spanning
from ∼Oð1Þ g to values several orders of magnitude larger
than the solar mass [10,119]. The present-day distribution
of these PBHs depends not only on their formation
mechanisms but also on the subsequent evolution of the
Universe, as PBHs may cluster around galaxies, among
other possibilities. Moreover, the PBH number density is
subject to stringent constraints contingent upon their initial
masses, given that they could be undergoing evaporation,
producing observable particle fluxes, such as γ rays, today
[10,119]. Let us estimate the number density of PBHs that
could exist in the solar neighborhood, neglecting the effect
of clustering, i.e., assuming a uniform PBH distribution.
Denoting β0 as the ratio of PBH energy density at formation
ρPBH to the total energy density ρtot,

FIG. 5. Total time integrated neutrino (full) and antineutrino
(dot-dashed) emission rates for two different values of the polar
angle, θ ¼ 15° (purple), θ ¼ 90° (red), and θ ¼ 130° (green), and
for a burst duration of τ ¼ 100 s and initial spin of ain⋆ ¼ 0.999.
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β0 ¼ α
1
2

�
g�;in

106.75

�
−1
4

�
ρPBH
ρtot

�
;

with α the gravitational collapse factor and g�;in the
relativistic d.o.f.s, we obtain the PBH number density [10]

nPBH ≈ 0.35

�
β0

10−29

��
1015 g
Min

�3
2

pc−3; ð21Þ

under the assumption of standard cosmological evolution.
Consequently, on average, ∼1.5 PBHs with initial mass
of 1015 g are anticipated to exist within a spherical volume
with radius of 1 parsec, for β0 ¼ 10−29, consistent with
current constraints. Notably, this number could be higher if
clustering indeed influenced the distribution of PBHs. This
implies that the average distance between PBHs is

dsep ∼ 0.88

�
10−29

β0

�1
3

�
Min

1015 g

�1
2

pc: ð22Þ

If a PBH were to exist in the solar neighborhood at a
distance of approximately ∼10−3 pc from Earth, then the
nearest neighboring PBH would be situated at a distance of
roughly ∼1 pc. Consequently, the particle flux originating
from this additional PBH would be reduced by a factor of
∼10−6, rendering its contribution to the observed flux
effectively negligible. Therefore, let us assume that an
EPBH resides in close proximity to the Solar System, and
focus on the possibility of determining the angular momen-
tum and polar angle orientation of such an EPBH in both
neutrino and photon detectors.

A. Neutrino telescopes

Current and future neutrino telescopes hold the potential
to observe the final stages of PBH evaporation by detecting
the flux of high-energy neutrinos emitted during this
process. Let us consider the observation of μ tracks in
the IceCube observatory resulting from an EPBH burst
occurring in close proximity to Earth. The exceptional
angular resolution of IceCube for high-energy tracks,
achieving an impressive precision of ≲1° for energies in
the TeV range [85,86], will play a crucial role in determin-
ing the origin of these events and distinguishing them from
background signals. Furthermore, IceCube has the capabil-
ity to differentiate between neutrinos and antineutrinos
based on their characteristic inelasticity distributions,
particularly for neutrino energies below ≲10 TeV [85].
This energy range is of particular interest to us.
To accurately estimate the number of μ-track events

detected on Earth, we must account for neutrino flavor
oscillations that occur during their journey from the source
to the detector. As mentioned before, the primary neutrinos
and antineutrinos are assumed to be produced as mass
eigenstates. Consequently, the fluence of muon neutrinos

(antineutrinos) originating from the primary spectra at
Earth can be expressed as

Fprimary
νμðν̄μÞ ðain⋆ ; θ; dLÞ ¼

1

d2L

X
i¼1;2;3

jUμij2
d2Nνiðν̄iÞ
dωdΩ

; ð23Þ

where U denotes the Pontecorvo-Maki-Nakagawa-
Sakata mixing matrix, d2Nνiðν̄iÞ=dωdΩ represents the time-
integrated fluence of primary neutrinos (antineutrinos) for
mass eigenstate i, and dL corresponds to the distance
between the PBH and Earth. Notably, the absence of the
usual 4π factor in the denominator is due to the lack of
spherical symmetry of particle emission from a Kerr EPBH,
as emphasized previously. Since the energies at which these
primary neutrinos are emitted are significantly higher than
the neutrino masses, the primary spectra for all three mass
eigenstates are identical.
In contrast, secondary neutrinos are generated through

weak interactions, leading them to be produced in flavor
eigenstates. Neutrino oscillations over the PBH-Earth
distances present decoherence since these distances are
expected to greatly exceed the standard oscillation lengths.
Consequently, the fluence for the secondary component can
be expressed as

Fsecondary
νμðν̄μÞ

�
ain⋆ ; θ; dL

� ¼ 1

d2L

X3
i¼1

Xτ
α¼e

jUμij2jUαij2
d2Nsec

ναðν̄αÞ
dωdΩ

:

ð24Þ

The number of muon neutrino (antineutrino) events in
IceCube for a given zenith angle ζ, corresponding to the
location of the EPBH, involves the following expression:

Nνμðν̄μÞ
�
ain⋆ ; θ; dL

� ¼ Z ωmax

ωmin

Fνμðν̄μÞAeffðω; ζÞdω; ð25Þ

where Fνμðν̄μÞ ¼ Fprimary
νμðν̄μÞ þ Fsecondary

νμðν̄μÞ represents the total

neutrino fluence at the detector, and Aeffðω; ζÞ denotes
the effective area of IceCube [86]. In principle, the effective
areas should be different for neutrinos and antineutrinos.
However, we use the publicly available effective area [86],
which corresponds to the averaged area for neutrinos and
antineutrinos. The energy integration is performed over
the range between IceCube’s threshold energy of ωmin ¼
100 GeV and the maximum energy of the neutrino fluence,
which, in turn, depends on the duration of the burst [65].
The main background in IceCube that could affect the
measurement of the neutrinos from an EPBH corresponds
to high-energy atmospheric neutrinos creating observable
tracks. Nevertheless, the events from these neutrinos is of
order 10−4 for a time interval of 100 s [65], making such a
background negligible.
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Figure 6 illustrates the variation of neutrino and anti-
neutrino events in IceCube as a function of the zenith angle
(top) and the ratio of neutrinos to antineutrinos (bottom) for
an EPBH having an initial ain⋆ ¼ 0.999, a burst duration of
τ ¼ 100 s at distance of dL ¼ 10−4 pc. Similar to previous
figures, we consider the polar angles θ ¼ 15° (purple),
θ ¼ 90° (red), and θ ¼ 120° (green), representing the
orientation of the Earth relative to the axis of rotation of
the PBH. For the case of θ ¼ 15°, it is observed that muon
antineutrino events dominate, while neutrino events are
only ∼80% of those for antineutrinos across various zenith
angles. Conversely, at θ ¼ 120°, where the Earth is posi-
tioned in the southern hemisphere of the EPBH, neutrino
events exceed antineutrino events by ∼12%. In line with
expectations, when the Earth aligns with the EPBH’s
equatorial plane, neutrino and antineutrino events coincide.

B. Gamma ray experiments

Gamma rays, emitted abundantly during the final stages
of PBH lifetime, can be effectively detected by experiments
specifically designed for high-energy photon searches,
such as the High Altitude Water Cherenkov observatory
(HAWC) [60,61]. HAWC is a very-high-energy air shower
array located on the slopes of the Sierra Negra volcano at an
altitude of 4100 m above sea level. HAWC’s main array

comprises 300 cylindrical water tanks, each equipped with
photomultiplier tubes that detect the Cherenkov light
produced by secondary particles resulting from the inter-
action of very-high-energy gamma rays. With a wide field
of view of approximately 2 sr, HAWC is capable of
detecting photons with energies ranging from 102 to
105 GeV [61]. Additionally, HAWC boasts excellent
angular resolution, ranging from approximately ∼0.2° to
1°, rendering it well suited for capturing transient events
such as EPBH bursts [61].
To estimate the number of gamma-ray events from the

burst of a EPBH, we follow a similar approach as with
neutrinos,

Nγ

�
ain⋆ ; θ; dL

� ¼ Z ωmax

ωmin

Fγ

�
ain⋆ ; θ; dL

�
AHAWC

eff ðω; ζÞdω;

ð26Þ

where FγðθÞ encompasses both primary and secondary
photon emissions, and AHAWC

eff ðω; ζÞ represents the effec-
tive area of HAWC [60]. Given the larger cross section of
interaction for photons, we anticipate that the number of
photon events will surpass that of neutrinos. However, as
previously mentioned, the symmetric emission of photons
from both PBH hemispheres introduces an ambiguity in
determining the orientation of the axis of rotation relative to
Earth. Consequently, a simultaneous measurement of both
neutrinos and photons would provide valuable insights, not
only regarding the initial angular momentum of the EPBH
at the onset of the burst but also enabling determination of
the axis of rotation’s orientation relative to Earth.

C. Sensitivity

To demonstrate the feasibility of a multimessenger
approach, we conduct a sensitivity analysis of combined
neutrino/antineutrino and photon measurements. This
analysis aims to understand the potential of such an
approach in determining the initial parameters of the
EPBH at the beginning of the burst. We employ a rate
analysis utilizing the following test statistics

χ2 ¼ minα

�ðNνμðain⋆ ; θ; dL; αÞ − Nb
νμÞ2

Nb
νμ

þ ðN ν̄μðain⋆ ; θ; dL; αÞ − Nb
ν̄μÞ2

Nb
ν̄μ

þ ðNγðain⋆ ; θ; dL; αÞ − Nb
γÞ2

Nb
γ

þ α2

σ2α

�
; ð27Þ

where Nνμðain⋆ ; θ; dL;αÞ; N ν̄μðain⋆ ; θ; dL;αÞ;Nγðain⋆ ; θ; dL;αÞ
represent the predicted events of muon neutrinos, muon
antineutrinos, and photons, respectively, for a given set
of initial parameters ain⋆ ; θ for a EPBH at a distance dL,

FIG. 6. Muon neutrino (full) and antineutrino (dot-dashed)
events in IceCube (top), and the neutrino-to-antineutrino ratio
(bottom) as function of the zenith angle for an EPBH at a distance
of dL ¼ 10−4 pc and a burst duration of τ ¼ 100 s for different
values of the polar angle: θ ¼ 15° (purple), θ ¼ 90° (red), and
θ ¼ 120° (green), representing the orientation of the Earth
relative to the axis of rotation of the PBH.
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measured via some independent parallax technique. We
include a pull parameter α related to the measurement of the
EPBH-Earth distance by performing the substitution

dL → ð1þ αÞdL;

in the determination of the number of events, Eqs. (25)
and (26). We assume an uncertainty of σα ¼ 10% on the
measurement of the distance dL. Nb

νμ , N
b
ν̄μ, and Nγb are the

corresponding benchmark event values. For our analysis,
we assume benchmark EPBH parameter values of
ain⋆ ¼ 0.5, θ ¼ 45°, and a distance of dL ¼ 10−4 pc, yield-
ing values of Nb

νμ ¼ 800.65, Nb
ν̄μ ¼ 873.09, and Nb

γ ¼
2.81 × 106 for τ ¼ 100 s. Additionally, we assume an ideal
scenario with no backgrounds and perfect discrimination
between neutrinos and antineutrinos. While these assump-
tions are quite optimistic, they provide a best-case scenario
for assessing the feasibility of determining the properties of
an EPBH using neutrinos.
We perform a two-dimensional χ2 analysis varying the

initial characteristics of the EPBH at the onset of the burst,
specifically its angular momentum and orientation with
respect to Earth, ain⋆ and cos θ. Moreover, we marginalize
over the additional pull parameter α to obtain the allowed
regions. This analysis is performed for three distinct
durations, τ ¼ 1 s (left panel), τ ¼ 10 s (center panel),
and τ ¼ 100 s (right panel). The outcomes of this analysis
are visually represented in Fig. 7. The contributions to the
Δχ2 from individual measurements of photons (yellow) and
neutrinos (green), as well as their combination (purple), are
presented, with all regions corresponding to a 95% con-
fidence limit (C.L.), while the input benchmark value is
represented by the cyan star. Analyzing the photon meas-
urement alone, we observe that the large number of photon

events facilitates a precise determination of the initial
EPBH spin at the onset of the observed burst. However,
the allowed regions exhibit a degeneracy between the
hemispheres, resulting in a symmetric region under the
transformation cos θ → − cos θ, and exhibits a convexlike
structure for the larger burst durations, τ ¼ 10 s; 100 s.
This structure arises due to the enhanced emission of
photons at the EPBH poles, resulting in similar gamma-
ray event rates for EPBHs with lower spin parameters in the
polar region as compared to higher-spin BHs at different
polar angles pointing towards Earth. For the smaller burst
time of τ ¼ 1 s, such a structure is absent since the number
of events in the poles differ from those at the equator at less
than ∼1%, due to the short duration of the burst.
Given the precision of the photon-only measurement in

determining ain⋆ , one might wonder about the impact of
uncertainties in other parameters, such as the EPBH-Earth
distance, dL. We tested a range of distance measure-
ment uncertainties, ranging from σα ¼ 10% to 100%, and
observed that even at the upper limit, the allowed regions
were affected by only approximately 10%.
In contrast, the neutrino measurement yields a broader

region for all burst durations primarily due to the lower
number of neutrino events, which is approximately 10−3

smaller than that of photons. However, we observe that
for the shortest burst duration (τ ¼ 1 s), neutrinos alone
can exclude an initially close-to-maximally rotating EPBH
(ain⋆ ¼ 0.999) for values of cos θ ≲ 1 at more than 95%C.L.
For the same burst duration, neutrinos could exclude ain⋆ ≳
0.75 for an EPBH with its northern pole pointing towards
Earth. This is because, in the considered benchmark
scenario, there are more antineutrino events than neutrino
events. Conversely, for cos θ ¼ −1, the behavior is the
opposite, with neutrino events being approximately 14%

FIG. 7. Sensitivity to the EPBH’s initial parameters at the onset of a burst having three durations of τ ¼ 1 s (left), τ ¼ 10 s (center),
and τ ¼ 100 s (right). The allowed regions are at the 95% C.L. from photons (yellow), neutrinos (green), and their combination (purple).
We assumed a distance of dL ¼ 10−4 pc with a 10% uncertainty, an initial ain⋆ ¼ 0.5 and the Earth placed at a polar angle of θ ¼ 45° with
respect to the EPBH axis of rotation.
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larger than those for the benchmark, while antineutrinos are
reduced by about 5%.
Longer observation times significantly contribute to

better determination of the initial EPBH parameters, as
both the number of observed neutrinos and photons
increase with the burst duration. For a burst duration of
τ ¼ 10 s, it becomes apparent that the asymmetry in
neutrino-antineutrino emission begins to impact the com-
bined sensitivity, leading to a reduction in the degeneracy
associated with determining the EPBH hemisphere that is
oriented towards Earth. Notably, the previously degenerate
solution at θ ¼ 135° is now disfavored with a Δχ2 ¼ 5.78.
Moreover, the neutrino measurement alone excludes values
of ain⋆ ≳ 0.6 for cos θ ≲ −0.5 at a 95% confidence level,
while for cos θ ≳ 0.5, the exclusion occurs exclusively for
highly rotating EPBHs, with ain⋆ ≳ 0.8 at the same con-
fidence level. Such a sensitivity is attained through the
enhanced emission of fermions for higher rotating BHs,
consequently leading to an increased net particle flux.
The exclusion of the solution in the second quadrant

(θ ¼ 135°) at level exceeding 95% is ultimately achieved
for the longer burst duration of τ ¼ 100 s. Furthermore, the
neutrino measurement independently excludes a significant
portion of the parameter space, particularly for values
cos θ ≲ −0.1 and ain⋆ ≳ 0.1. For ain⋆ ≲ 0.1, we observe that
the sensitivity becomes nearly independent of cos θ. This is
because these EPBHs start to resemble a Schwarzschild
BH, which is spherically symmetric and does not exhibit
neutrino emission asymmetry. In this case, the sensitivity
primarily arises from the difference in events due to the
enhanced emission for Kerr BHs. A similar behavior occurs
for ain⋆ ≳ 0.8, where the increased emission of neutrinos
and antineutrinos results in a significantly larger number
of events than expected for the chosen benchmark. For
instance, at ain⋆ ¼ 0.9 and θ ¼ 45°, the Nνμ ¼ 840.97, and
Nν̄μ ¼ 975.45, making this value disfavored by approx-
imatelyΔχ2 ≈ 4σ. Thus, by combining photon and neutrino
measurements, the degeneracy present in the photon
measurement is effectively resolved, leading to a more
precise determination of the EPBH’s initial characteristics.
It is then natural to question how close the EPBH must

be for neutrinos to effectively break the degeneracy in
determining the angle θ. To gain insights into this matter,
we present in Fig. 8 the profiled Δχ2 between the two
degenerate solutions, θ and π − θ, as a function of the
EPBH-Earth distance for fixed values of the initial spin
parameter and a burst duration of τ ¼ 100 s, assuming
θ ¼ 45°. We observe that, for an initially close-to-
maximally rotating black hole, the neutrino emission
asymmetry is capable of breaking the degeneracy at a 3σ
confidence level when the EPBH-Earth distance is approx-
imately 2 × 10−4 pc. As expected, for lower spinning
EPBHs, the required distances are smaller due to the
decreased asymmetry in emission. For ain⋆ ¼ 0.5, the

necessary distance is roughly 1.1 × 10−4 pc, while for
ain⋆ ¼ 0.1, the distance is approximately 2.3 × 10−5 pc.
To provide a sense of scale, we have indicated in Fig. 8
the distance to the Sun of the outer planets as vertical
dashed lines. From this, we observe that to determine the
orientation of the EPBH with respect to Earth, a close-to-
maximally rotating EPBH would need to be closer than
Pluto’s aphelion. In contrast, an EPBH with an initial
ain⋆ ¼ 0.1 would need to be much closer, approximately as
close as Jupiter is to the Sun, in order to measure the
neutrino-antineutrino emission asymmetry and enable the
determination of the EPBH hemisphere facing Earth.

1. Future neutrino sensitivity

Our previous estimates for determining the EPBH’s
initial characteristics using neutrino asymmetric emission
were based on IceCube’s current capabilities, particularly
its effective area. However, it is important to note that
IceCube is set to undergo an upgrade, which is anticipated
to increase its effective area by approximately five times,
leading to a substantial enhancement in the detection of
high-energy neutrinos [120]. Furthermore, the development
of new techniques, such as deep learning, holds promise for
refining the measurement of cascades. This advancement
has already demonstrated improved angular resolution for

FIG. 8. Chi-squared difference between the two degenerate
angles θ and π − θ solutions in the photon measurement, after
combination with the neutrino measurement, as function of the
distance to the EPBH for various initial spin parameter values,
ain⋆ ¼ 0.999 (blue), ain⋆ ¼ 0.5 (orange), and ain⋆ ¼ 0.1 (green).
The dashed vertical lines indicate the distances of the outer
planets to the Sun and a light-day distance for reference.

IDENTIFYING SPIN PROPERTIES OF EVAPORATING BLACK … PHYS. REV. D 108, 083014 (2023)

083014-13



neutrino observations, as evidenced by recent findings from
the Galactic Center [121]. As a result, we can reasonably
expect that these innovations will significantly bolster the
statistics for nearby EPBH events, especially if they aid in
measuring additional neutrino flavors.
In addition to IceCube’s upgrade, a plethora of new

experiments, including KM3Net [122], P-ONE [123],
Trident [124], and Baikal-GVD [125], are either currently
being built or in the planning stages. These experiments are
also expected to measure neutrinos in the TeV scale, and in
the event of an EPBH burst occurring near Earth, they will
undoubtedly contribute to a substantial increase in the data.
Furthermore, the distribution of these new facilities across
different locations on Earth introduces the possibility of a
independent neutrino measurement of the Earth-EPBH
distance if a nearby event is observed. Although we do
not quantitatively assess the extent to which all these
neutrino telescopes would improve the measurement of
the initial EPBH characteristics at the onset of its burst, we
can anticipate a substantial improvement in the measure-
ment of the initial characteristics of an EPBH, should one
be observed in the vicinity of Earth.

V. CONCLUSIONS

The detection of an evaporating black hole near Earth
would represent an extraordinary triumph for theoretical
physics, validating our understanding of quantum fields in
curved spacetimes and providing insights into the existing
d.o.f.s in nature. Moreover, the detection of an evaporating
black hole with an initial nonzero spin would hint the
existence of physics beyond the Standard Model.
Neutrino emission from Kerr black holes exhibits unique

behavior, primarily due to the fact that only left-handed
neutrinos and right-handed antineutrinos interact weakly.
Since particles with positive helicity are preferentially
emitted along the rotation axis of a Kerr black hole, while
those with negative helicity are predominantly emitted in
the opposite direction, neutrinos present an asymmetric
emission: neutrinos are preferentially emitted in the
southern hemisphere, whereas antineutrinos are mostly
emitted in the northern hemisphere. In this work, we have
proposed to exploit this neutrino emission asymmetry as a
powerful tool to determine the initial properties of an
EPBH. After considering the distribution of neutrinos and
photons, we have also derived, for the first time, the angular
distribution of secondary neutrinos and photons. We have
analyzed the time evolution of EPBHs and calculated the
full net neutrino flux integrated over the observed burst
duration. Our analysis assumed that the EPBH mass and
spin follow the standard time evolution, considering the
d.o.f.s in the SM. An interesting aspect to consider is that
this time evolution may be influenced by additional BSM
d.o.f.s, particularly if they manifest as scalars. This
could potentially result in a distinct integrated neutrino-
antineutrino emission asymmetry. Consequently, we might

expect to observe specific correlations between the detected
neutrino and antineutrino events, contingent on the specific
BSM scenario at play. This will be investigated in detail in
future work.
We have computed the expected events in the IceCube

observatory, finding that, for an initially close-to-
maximally rotating EPBH, the number of antineutrino
events would be larger than the neutrino events by a factor
of ∼1.2 (∼0.9), if Earth is located at an angle of θ ¼ 15°
(120°) with respect to the rotation axis for a distance of
10−4 pc. Furthermore, through simultaneous measurements
of photons and neutrinos emitted from an EPBH, we have
explored the possibility of not only determining the initial
black hole angular momentum but also the orientation of its
axis of rotation with respect to Earth. While gamma-ray
events are expected to significantly outnumber neutrino
events, the symmetry in the angular eigenfunctions of
photon emission under the transformation θ → π − θ
makes it challenging to determine the black hole hemi-
sphere facing Earth. However, the net neutrino-antineutrino
flux displays a definite dependence on the polar angle,
aiding in breaking the degeneracy present in the photon
measurement.
Taking optimistic assumptions regarding backgrounds

and discrimination between neutrinos and antineutrinos in
IceCube, we found that, depending on the burst duration, a
neutrino measurement could lift the degeneracy in deter-
mining the polar angle quadrant. To exclude one of the
degenerate angle solutions in the photon measurement at
more than 95% C.L., we deduced that the EPBH should
be within a distance of approximately 1.78 × 10−4 pc for
initial spin parameters of ain⋆ ¼ 0.5 or 3.6 × 10−5 pc for
ain⋆ ¼ 0.1. These distances are smaller than the Neptune-
Sun or Saturn-Sun distances, respectively. Consequently,
perhaps an EPBH exists within our Solar System,
approaching its final stages of life, presenting us with a
unique opportunity to directly observe Hawking radiation
through a multimessenger approach and investigate its
properties before the final burst.
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APPENDIX A: FERMIONS IN A KERR
SPACETIME

Let us briefly describe the separation of variables in the
Dirac equation for massive fermions on a Kerr background
[92–95]. The Dirac equation for a fermion with mass μ is

�
iγαD̂α − μ

�
Ψ ¼ 0; ðA1Þ

where D̂α ¼ ∂α − Γα, Γα being the spin connection matri-
ces and γμ are the Dirac matrices in the curved spacetime
satisfying the algebra

fγμ; γνg ¼ 2gμνI4×4; ðA2Þ

with gμν the inverse metric tensor associated to the Kerr
metric. An appropriate choice for these matrices for the
Kerr spacetime in the Boyer-Lindquist coordinates is

γt ¼ r2 þ a2

ρ
ffiffiffiffi
Δ

p γ̃0 þ a sin θ
ρ

γ̃2; γr ¼
ffiffiffiffi
Δ

p

ρ
γ̃3;

γϕ ¼ a

ρ
ffiffiffiffi
Δ

p γ̃0 þ 1

ρ sin θ
γ̃2; γθ ¼ 1ffiffiffi

ρ
p γ̃1; ðA3Þ

where ρ2 ¼ r2 þ a2 cos θ, and γ̃a are the usual Dirac
matrices in a flat spacetime. We choose here the standard
chiral representation for γ̃a,

γ̃0 ¼
�
0 I

I 0

�
; γ̃i ¼

�
0 σi

−σi 0

�
: ðA4Þ

Here σi are the Pauli matrices, and I is the 2 × 2 identity
matrix. The chirality matrix γ5 is defined in a standard
manner,

γ5 ¼ iγ̃0γ̃1γ̃2γ̃3 ¼
�−1 0

0 1

�
: ðA5Þ

The spin-connection matrices are

Γα ¼
1

4
ωαbcγ̃

bγ̃c; ðA6Þ

with ωαbc being the spin connection. Explicitly, the spin
connection matrices are

Γt ¼
GM
2

�
ϱ−2σ3 0

0 −ðϱ�Þ−2σ3

�
; ðA7aÞ

Γr ¼ −
1

2

a sin θffiffiffiffi
Δ

p
�
ϱ−1σ2 0

0 −ðϱ�Þ−1σ2

�
; ðA7bÞ

Γθ ¼ −
1

2

ffiffiffiffi
Δ

p � ðiϱÞ−1σ2 0

0 −ðiϱ�Þ−1σ2

�
; ðA7cÞ

Γϕ ¼ 1

2

ffiffiffiffi
Δ

p
sin θ

� ðiϱÞ−1σ1 0

0 −ðiϱ�Þ−1σ1

�

þ 1

2
ϑ

�
ϑσ3 0

0 −ϑ�σ3

�
; ðA7dÞ

where ϱ ¼ rþ ia cos θ and ϑ ¼ i cos θ − aϱ−2ðϱþGMÞ×
sin2 θ. The contraction of the spin connection with the
Dirac matrices γαΓα, corresponding to the term that appears
in the Dirac equation, is explicitly given by

γαΓα ¼
1

2

�
0 s�θσ1 þ s�rσ3

−sθσ1 − s�rσ3 0

�
; ðA8Þ

where

sr ¼
ρffiffiffiffi
Δ

p 1

ϱ
ffiffiffiffi
Δ

p ∂

∂r

�
ϱ
ffiffiffiffi
Δ

p �
; sθ ¼ ρ

1

ϱ sin θ
∂

∂θ
ðϱ sin θÞ:

Following Ref. [95], we propose an ansatz to separate the
Dirac equation,

Ψ ¼ Δ−1
4e−iωtþimϕ

�
ϱ−1=2η−ðr; θÞ

ðϱ�Þ−1=2ηþðr; θÞ

�
; ðA9Þ

with the spinors η�

η−ðr; θÞ ¼ −

 
R2ðrÞ−1

2

SlmðθÞ
R1ðrÞþ1

2

SlmðθÞ

!
; ðA10aÞ

ηþðr; θÞ ¼
 
R1ðrÞ−1

2

SlmðθÞ
R2ðrÞþ1

2

SlmðθÞ

!
: ðA10bÞ

Here, R1;2ðrÞ, �1
2

SlmðθÞ are the radial and angular functions
associated to massive fermions. Substituting in the Dirac
equation, one finds the Eqs. (2) and (3).

APPENDIX B: CHANDRASHEKAR-DETWEILER
POTENTIALS

In a series of works, Chandrashekar and Detweiler
proposed a method to transform the general Teukolsky
equations into Schrödinger-like equations [106–108].
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They found explicit forms for the potentials depending on the spin of the particle. We have the potentials for scalars
and vectors

V0ðrÞ ¼
Δ
ρ4

�
λ0 þ

Δþ 2rðr −GMÞ
ρ2

−
3r2Δ
ρ4

�
; ðB1aÞ

V1ðrÞ ¼
Δ
ρ4



λ1 þ 2 − α2

Δ
ρ4

� iαρ2
d
dr

�
Δ
ρ4

��
; ðB1bÞ

where λs are the angular eigenvalues, as defined in the text, and α2 ¼ a2 þ am=ω. For vectors, there are two different values
of the potential, depending on the sign of the last term. We have chosen in our numerical code the minus sign.
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[76] M. Calzà and J. a. G. Rosa, J. High Energy Phys. 12 (2022)

090.

[77] A. Arbey and J. Auffinger, Eur. Phys. J. C 79, 693 (2019).
[78] A. Arbey and J. Auffinger, Eur. Phys. J. C 81, 910 (2021).
[79] W. Unruh, Phys. Rev. Lett. 31, 1265 (1973).
[80] A. Vilenkin, Phys. Rev. Lett. 41, 1575 (1978).
[81] D. A. Leahy and W. G. Unruh, Phys. Rev. D 19, 3509

(1979).
[82] A. Vilenkin, Phys. Rev. D 20, 1807 (1979).
[83] A. Vilenkin, Phys. Rev. D 22, 3067 (1980).
[84] NASA, Earthrise (1968), https://www.nasa.gov/image-

feature/apollo-8-earthrise.
[85] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev. D

99, 032004 (2019).
[86] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev.

Lett. 124, 051103 (2020).
[87] R. H. Boyer and R.W. Lindquist, J. Math. Phys. (N.Y.) 8,

265 (1967).
[88] S. A. Teukolsky, Astrophys. J. 185, 635 (1973).
[89] W. H. Press and S. A. Teukolsky, Astrophys. J. 185, 649

(1973).
[90] S. A. Teukolsky and W. H. Press, Astrophys. J. 193, 443

(1974).
[91] C. Lunardini and Y. F. Perez-Gonzalez, J. Cosmol. As-

tropart. Phys. 08 (2020) 014.
[92] S. Chandrasekhar, Proc. R. Soc. A 349, 571 (1976).
[93] D. N. Page, Phys. Rev. D 14, 1509 (1976).
[94] S. Dolan and J. Gair, Classical Quantum Gravity 26,

175020 (2009).
[95] S. R. Dolan and D. Dempsey, Classical Quantum Gravity

32, 184001 (2015).
[96] D. N. Page, Phys. Rev. D 16, 2402 (1977).
[97] D. Batic, H. Schmid, and M. Winklmeier, J. Math. Phys.

(N.Y.) 46, 012504 (2005).
[98] D. Batic and H. Schmid, Revista colombiana de matema-

ticas 42, 183 (2008).
[99] V. P. Neznamov and I. I. Safronov, Int. J. Mod. Phys. D 25,

1650091 (2016).
[100] M. Casals, S. R. Dolan, P. Kanti, and E. Winstanley,

J. High Energy Phys. 03 (2007) 019.
[101] M. Casals, S. R. Dolan, B. C. Nolan, A. C. Ottewill, and E.

Winstanley, Phys. Rev. D 87, 064027 (2013).
[102] E. Winstanley, Springer Proc. Phys. 170, 291 (2016).
[103] W. G. Unruh, Phys. Rev. D 14, 870 (1976).
[104] B. Kayser, Phys. Rev. D 26, 1662 (1982).
[105] B. Kayser and R. E. Shrock, Phys. Lett. 112B, 137

(1982).
[106] S. Chandrasekhar and S. L. Detweiler, Proc. R. Soc. A 345,

145 (1975).
[107] S. Chandrasekhar and S. L. Detweiler, Proc. R. Soc. A 350,

165 (1976).
[108] S. Chandrasekhar and S. L. Detweiler, Proc. R. Soc. A 352,

325 (1977).
[109] E. W. Leaver, Proc. R. Soc. A 402, 285 (1985).
[110] E. Berti, V. Cardoso, and M. Casals, Phys. Rev. D 73,

024013 (2006); 73, 109902(E) (2006).
[111] G. Duffy, C. Harris, P. Kanti, and E. Winstanley, J. High

Energy Phys. 09 (2005) 049.
[112] M. Casals, P. Kanti, and E. Winstanley, J. High Energy

Phys. 02 (2006) 051.
[113] M. Eingorn, L. Fernando, B. Vlahovic, C. Ilie, B.

Wojtsekhowski, G. M. Urciuoli, F. D. Persio, F. Meddi,

IDENTIFYING SPIN PROPERTIES OF EVAPORATING BLACK … PHYS. REV. D 108, 083014 (2023)

083014-17

https://doi.org/10.1103/PhysRevD.106.035019
https://doi.org/10.1103/PhysRevD.107.095002
https://doi.org/10.1103/PhysRevD.107.095002
https://doi.org/10.1088/1475-7516/2023/02/062
https://doi.org/10.1103/PhysRevD.108.023014
https://arXiv.org/abs/2304.09194
https://doi.org/10.1103/PhysRevD.108.043523
https://doi.org/10.1103/PhysRevD.108.043523
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1088/1361-6471/abc534
https://doi.org/10.3389/fspas.2021.681084
https://doi.org/10.1103/PhysRevD.105.103508
https://doi.org/10.1016/j.ppnp.2023.104040
https://arXiv.org/abs/1307.4898
https://doi.org/10.22323/1.358.0804
https://doi.org/10.22323/1.358.0804
https://doi.org/10.1016/j.astropartphys.2014.10.007
https://doi.org/10.22323/1.301.0691
https://doi.org/10.22323/1.301.0691
https://arXiv.org/abs/1310.0073
https://arXiv.org/abs/1310.0073
https://doi.org/10.1088/1475-7516/2020/04/026
https://doi.org/10.1088/1475-7516/2020/04/026
https://doi.org/10.3847/1538-4357/aaac7b
https://doi.org/10.1103/PhysRevD.52.3239
https://doi.org/10.1103/PhysRevD.52.3239
https://doi.org/10.22323/1.358.0863
https://doi.org/10.22323/1.358.0863
https://doi.org/10.1088/1475-7516/2021/12/051
https://doi.org/10.1088/1475-7516/2021/12/051
https://doi.org/10.1016/j.astropartphys.2016.03.007
https://doi.org/10.21468/SciPostPhys.12.5.150
https://doi.org/10.1007/JHEP01(2023)063
https://doi.org/10.1007/JHEP01(2023)063
https://arXiv.org/abs/2307.06467
https://arXiv.org/abs/2307.06467
https://doi.org/10.1103/PhysRevD.13.198
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevLett.78.3249
https://doi.org/10.1103/PhysRevLett.78.3249
https://doi.org/10.1103/PhysRevD.58.044012
https://doi.org/10.1103/PhysRevD.58.044012
https://arXiv.org/abs/2110.13602
https://arXiv.org/abs/2110.13602
https://doi.org/10.1007/JHEP12(2022)090
https://doi.org/10.1007/JHEP12(2022)090
https://doi.org/10.1140/epjc/s10052-019-7161-1
https://doi.org/10.1140/epjc/s10052-021-09702-8
https://doi.org/10.1103/PhysRevLett.31.1265
https://doi.org/10.1103/PhysRevLett.41.1575
https://doi.org/10.1103/PhysRevD.19.3509
https://doi.org/10.1103/PhysRevD.19.3509
https://doi.org/10.1103/PhysRevD.20.1807
https://doi.org/10.1103/PhysRevD.22.3067
https://www.nasa.gov/image-feature/apollo-8-earthrise
https://www.nasa.gov/image-feature/apollo-8-earthrise
https://www.nasa.gov/image-feature/apollo-8-earthrise
https://www.nasa.gov/image-feature/apollo-8-earthrise
https://doi.org/10.1103/PhysRevD.99.032004
https://doi.org/10.1103/PhysRevD.99.032004
https://doi.org/10.1103/PhysRevLett.124.051103
https://doi.org/10.1103/PhysRevLett.124.051103
https://doi.org/10.1063/1.1705193
https://doi.org/10.1063/1.1705193
https://doi.org/10.1086/152444
https://doi.org/10.1086/152445
https://doi.org/10.1086/152445
https://doi.org/10.1086/153180
https://doi.org/10.1086/153180
https://doi.org/10.1088/1475-7516/2020/08/014
https://doi.org/10.1088/1475-7516/2020/08/014
https://doi.org/10.1098/rspa.1976.0090
https://doi.org/10.1103/PhysRevD.14.1509
https://doi.org/10.1088/0264-9381/26/17/175020
https://doi.org/10.1088/0264-9381/26/17/175020
https://doi.org/10.1088/0264-9381/32/18/184001
https://doi.org/10.1088/0264-9381/32/18/184001
https://doi.org/10.1103/PhysRevD.16.2402
https://doi.org/10.1063/1.1818720
https://doi.org/10.1063/1.1818720
https://doi.org/10.15446/recolma
https://doi.org/10.15446/recolma
https://doi.org/10.1142/S0218271816500917
https://doi.org/10.1142/S0218271816500917
https://doi.org/10.1088/1126-6708/2007/03/019
https://doi.org/10.1103/PhysRevD.87.064027
https://doi.org/10.1007/978-3-319-20046-0
https://doi.org/10.1103/PhysRevD.14.870
https://doi.org/10.1103/PhysRevD.26.1662
https://doi.org/10.1016/0370-2693(82)90314-8
https://doi.org/10.1016/0370-2693(82)90314-8
https://doi.org/10.1098/rspa.1975.0130
https://doi.org/10.1098/rspa.1975.0130
https://doi.org/10.1098/rspa.1976.0101
https://doi.org/10.1098/rspa.1976.0101
https://doi.org/10.1098/rspa.1977.0002
https://doi.org/10.1098/rspa.1977.0002
https://doi.org/10.1098/rspa.1985.0119
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.109902
https://doi.org/10.1088/1126-6708/2005/09/049
https://doi.org/10.1088/1126-6708/2005/09/049
https://doi.org/10.1088/1126-6708/2006/02/051
https://doi.org/10.1088/1126-6708/2006/02/051


and V. Nelyubin, J. Astron. Telesc. Instrum. Syst. 4,
011006 (2018).

[114] G. O. Depaola, C. N. Kozameh, and M. H. Tiglio, Astro-
part. Phys. 10, 175 (1999).

[115] A. Morselli et al., Nucl. Phys. B, Proc. Suppl. 239–240,
193 (2013).

[116] D. Bernard (HARPO Collaboration), Nucl. Instrum. Meth-
ods Phys. Res., Sect. A 729, 765 (2013).

[117] P. Gros and D. Bernard, Astropart. Phys. 88, 30 (2017).
[118] C. Bierlich et al., SciPost Codebases 8, 1 (2022).
[119] B. Carr and F. Kuhnel, Annu. Rev. Nucl. Part. Sci. 70, 355

(2020).

[120] B. Clark (IceCube-Gen2 Collaboration), J. Instrum. 16,
C10007 (2021).

[121] R. Abbasi et al. (IceCube Collaboration), Science 380,
6652 (2023).

[122] S. Adrian-Martinez et al. (KM3Net Collaboration),
J. Phys. G 43, 084001 (2016).

[123] M. Agostini et al. (P-ONE Collaboration), Nat. Astron. 4,
913 (2020).

[124] Z. P. Ye et al., arXiv:2207.04519.
[125] V. A. Allakhverdyan et al. (Baikal-GVD Collaboration),

Phys. Rev. D 107, 042005 (2023).

YUBER F. PEREZ-GONZALEZ PHYS. REV. D 108, 083014 (2023)

083014-18

https://doi.org/10.1117/1.JATIS.4.1.011006
https://doi.org/10.1117/1.JATIS.4.1.011006
https://doi.org/10.1016/S0927-6505(98)00054-1
https://doi.org/10.1016/S0927-6505(98)00054-1
https://doi.org/10.1016/j.nuclphysbps.2013.05.030
https://doi.org/10.1016/j.nuclphysbps.2013.05.030
https://doi.org/10.1016/j.nima.2013.07.047
https://doi.org/10.1016/j.nima.2013.07.047
https://doi.org/10.1016/j.astropartphys.2016.12.006
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.1146/annurev-nucl-050520-125911
https://doi.org/10.1146/annurev-nucl-050520-125911
https://doi.org/10.1088/1748-0221/16/10/C10007
https://doi.org/10.1088/1748-0221/16/10/C10007
https://doi.org/10.1126/science.adc9818
https://doi.org/10.1126/science.adc9818
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1038/s41550-020-1182-4
https://doi.org/10.1038/s41550-020-1182-4
https://arXiv.org/abs/2207.04519
https://doi.org/10.1103/PhysRevD.107.042005

