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Binary Coalescences as Sources of Ultrahigh-Energy Cosmic Rays
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Binary coalescences are known sources of gravitational waves (GWs) and they encompass combinations
of black holes (BHs) and neutron stars (NSs). Here we show that when BHs are embedded in magnetic
fields (B’s) larger than approximately 10'° G, charged particles colliding around their event horizons can
easily have center-of-mass energies in the range of ultrahigh energies (>10'® eV) and become more likely
to escape. Such B-embedding and high-energy particles can take place in BH-NS binaries, or even in BH-
BH binaries with one of the BHs being charged (with charge-to-mass ratios as small as 1073, which do not
change GW waveforms) and having a residual accretion disk. Ultrahigh center-of-mass energies for particle
collisions arise for basically any rotation parameter of the BH when B > 10'° G, meaning that it should be
a common aspect in binaries, especially in BH-NS ones given the natural presence of a B onto the BH and
charged particles due to the magnetosphere of the NS. We estimate that the number of ultrahigh center-of-
mass collisions ranges from a few up to millions before the merger of binary compact systems. Thus, binary
coalescences may also be efficient sources of ultrahigh energy cosmic rays (UHECRSs) and constraints to

NS/BH parameters would be possible if UHECRs are detected along with GWs.

DOI: 10.1103/PhysRevLett.132.091401

Introduction.—In 2015, the first direct detection of
gravitational waves (GWs) from a binary black hole
(BBH) merger by the Laser Interferometer Gravitational-
Wave Observatory (LIGO) and the Virgo Collaboration,
GW150914 [1], inaugurated the field of gravitational-wave
astronomy. Shortly after, GW170817 [2], a binary neutron
star (BNS) coalescence presenting an electromagnetic
signal across all electromagnetic spectrum [3], firmly
established the field of multimessenger astronomy. Now,
GW events are “common’ and so far around 90 of them—
mostly BBH mergers [4,5], but also BNS mergers (see [0]
for a review)—have already been detected.

Third-generation GW detectors, such as the Cosmic
Explorer [7] and Einstein telescope [8] (and even 2.5 ones
such as NEMO [9]) promise to significantly lower the
uncertainties of GW observables and increase the number
of detections by means of substantial improvements in
sensitivity. We expect to detect around 10°-10° BBH
(or BH-NS) events and 10*~10° BNS events every year
with a single 3G GW detector [8]. With multimessenger
astronomy, follow-ups and simultaneous observations of
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GW events will become routine with electromagnetic,
neutrino, and high-energy particle detectors. Each one of
these messengers provides different windows onto BHs,
NSs, quasars, blazars, supernovae, and other sources, and
the complementarity of those observations is starting to
have a deep impact on physics and astronomy. That will
lead to an unprecedented richness of astrophysical data and,
with it, the opportunity will present itself to probe many
astrophysical and cosmological models, as well as many
physical mechanisms.

One of extreme relevance concerns the understanding of
the most powerful accelerators in the Universe, which give
rise to ultrahigh energy cosmic rays (UHECRs) [10-12].
Regarding the experimental picture of high-energy cosmic
rays, it is well known that they interact with the atmosphere
and produce air showers that can be detected by ground-
based water Cherenkov detectors, scintillator surface de-
tectors, or underground muon detectors. In particular,
extensive air shower arrays, such as the Pierre Auger
Observatory [13] or the Telescope Array [14], already
detect cosmic rays from ~10'6 to ~10' eV. The Southern
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Wide-Field Gamma-ray Observatory (SWGO) would, for
instance, measure in the next years the cosmic ray spectrum
up to the so-called “knee,” at 10'> eV [15]. Other experi-
ments such as H.E.S.S. [16], VERITAS [17], FERMI-LAT
[18], MAGIC [19], and LHAASO [20]—and in the future
CTA [21], among others—are also able to constrain upper
limit energies of the more energetic cosmic rays using
gamma-ray observations, since they are possible outcomes
of the cosmic ray propagation which contribute to the total
flux measured from the source [22-26].

Cosmic rays encompass the most energetic particles
detected by ground experiments, whose energies are up to
107 times those reached by the Large Hadron Collider. In
particular, UHECRs propagate in the universe with energies
beyond the so-called Greisen-Zatsepin-Kuzmin (GZK)
limit (E > 10'8 eV) [27,28]. The main open question about
these particles is related to their acceleration mechanisms.
Possibilities (below the GZK cutoff) are the Fermi mecha-
nism [29], diffuse shock acceleration [30,31], among many
others (for reviews, see, e.g., [32—40]). Concerning sources
of UHECRs, after ICECUBE’s ultrahigh energy neutrinos,
intensive work went in the direction of AGNs [41,42] (for a
review, see [43]). The main mechanisms for the production
of UHECRs in AGNs are related to shock acceleration
processes in the jets and in the magnetospheres of rotating
BHs [44-47].

It is still debatable if LIGO BHs are primordial [48-50]
or have stellar origins [6,51]. Despite being an open
problem, the stellar origin of LIGO BHs is generally
mostly accepted [6]. Here we assume that LIGO-Virgo
BHs have a stellar origin and that they could inherit
properties of the progenitor star, such as part of the original
electromagnetic fields, or even that they could be charged.
We also take as a working hypothesis that the superposition
of BH electromagnetic fields during the merger brings
immense energies to the configuration and UHECRs could
be a byproduct of particles being accelerated at the BH
stable orbits. If those charged BBHs have magnetospheres,
then they could induce electromagnetic high-energy astro-
physical phenomena. In this respect, for example, simu-
lations of two BHs in a magnetically dominated plasma
suggest that this system could generate an electromagnetic
structure similar to those inferred in, e.g., collimated jets
(for more details see [52-60]).

We investigate the spacetime energy extraction using the
Blandford-Znajek (BZ) process [61], the Banados-Silk-
West (BSW) effect [62], and the magnetic Penrose process
(MPP) [46] in the context of GW sources. The original
BSW effect proposes that the collision of two neutral
classical particles freely falling onto extremal Kerr BHs
with mass M (a/M = 1, where a = J/M is the rotation
parameter and J is the angular momentum of the BH) could
produce ultrahigh center-of-mass energies (E. ., ). The
BSW effect was also evoked in models with static, charged,

or rotational BHs with colliding neutral or charged test
particles (see, e.g., [44,45,47,63-77]; for a more general
review on the collisional Penrose process, see, e.g., [78]).
Here we model GW BHs close to the full merger limit as
either Kerr or Kerr-Newman. Colliding particles are
classical charged ones at the BH stable orbits and, for
simplicity, we assume that particle geodesics do not present
backreaction effects. Further details about the models are
provided in the Supplemental Material [79], which includes
Refs. [80,81] about it.

In addition to BBHs endowed with a small charge, an
BH-NS binary would be another physical scenario from
which UHECRs could emerge. Indeed, the NS could
provide the background magnetic field that could change
the trajectories of charged particles around a BH and
lead to the realization of the BSW effect. Given that
BH-NS binary systems are a reality in nature (as clear
from GW detections), the opportunity presents itself to also
study some consequences of particle acceleration in this
context.

GW source aspects.—The last update of the GWTCs
(plus some reported last detections) points to more than 90
detected events, mostly being BBH mergers, but some also
being BH-NS binaries or even BNSs [6]. Table I of the
Supplemental Material [79] summarizes the properties of
most mergers (which includes Refs. [82,83] about it),
associated with the highest rotation parameter (y = a/M =
J/M?) to date. The largest y of a BBH merger is around 0.9
and the majority of merged BHs have y around 0.7-0.8. For
events involving NSs, y is smaller, up to around 0.4. The
merging black hole masses are typically around several
dozen of solar masses. But there are noticeable outliers, with
final masses above 100 — 150M . In our UHECR estimates,
we will cover the mass and rotation parameters most
common to the LIGO-Virgo-KAGRA (LVK) catalogs.

Results.—The aim of this Letter is to demonstrate
that ordinary magnetic fields on the surfaces of NSs
(~10'-10"3 G) and very small charge-to-mass ratios
of black holes could efficiently accelerate particles
to ultrahigh energies via the BSW mechanism. This
results in a maximum particle energy of FE_ .~
10°[f(a/M. B.{L;, £;})/10°|(M/100M¢)[(a/M)/0.8] x
(B/10''G) eV. Here, B represents the strength of the
magnetic field on the BH, and f(a/M,B,{L;,&;}) is the
form factor of the center-of-mass energy of particles (each
one with an angular momentum L; and energy &;; {L;, &;}
is the set of all of them) accelerated by the BSW
mechanism, defined below. This mechanism accelerates
particles at the innermost stable circular orbit (ISCO) of
the BH.

In particular, the center-of-mass energy of a two-particle

system with mass m, for a source with a given g,, metric,
is [62]
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dx®/dr, with 7 the proper time) of each particle. For
charged particles with charge ¢ in an approximately
constant magnetic field, )'c’(‘i) can be calculated from the

integration of the equations of motion, namely,

0+ Tt = Lpiie 2)

mg

where F,, = 0A,/ox* — dA,/dx*, T", ; the Christoffel sym-

bols associated with g,, and A, = (Bgy,/ 2)5,‘5. The inte-
gration could be more easily done with the use of the
normalization condition g,, ¥ = —1 and the constants of
the motion [£ = —g,,(moix* + qA*) and L = —g,, (mox*+-
gAH)], associated with the symmetries of the Kerr space-
time. For further information, see the Supplemental
Material [79], which includes Refs. [84-86] about it.
The c.m. energy drives particles to leave the binary system
and modulates the maximum energy E,,,, of particles of a
given source [87]. Only particles with a Larmor radius
higher than the source radius are considered in this
context [89].

When an NS is close enough to the BH, the magnetic
field strength around the event horizon of the BH should be
a fraction of those at the surface of the NS. Assuming that
the magnetic field of the NS is approximated by a dipolar
field, which decreases « r—3, one can clearly see that
magnetic fields of 10’~10'> G happen when the distance of
the NS to the BH region where collisions take place is
smaller than around 10 times the radius of the star
However, such a distance from the center of the star is
approximately the event horizon radius, r,, of a BH
with around 100M, and a/M = 0.8 (or around two times
r, of BHs with dozens of solar masses and the same
rotational parameters). In addition, in the case of charged
BHs with a charge-to-mass ratio a = 107>, in the
Supplemental Material [79], we show that the local
magnetic fields around twice the event horizon of the
BH are ~10''-10'2 G (when electric fields are concerned,
they are ~10''-10'? statVolt/cm for the same distance to
the BH). Thus, the effective distances of the centers of mass
of the BHs or the BH and the NS would be around (2-5)r,,
for the magnetic BSW effect to possibly become relevant
(given the ISCOs involved), roughly meaning (by means of
Kepler’s third law with ~10%-20% corrections due to PN
effects [90]) that the characteristic GW frequencies would
range between 100 and 400 Hz. Although the presence of
electric fields could also efficiently accelerate charged
particles, we will not focus on this case in this work,
but rather on the effect a magnetic field could have on the
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FIG. 1. Energy of a proton (E, = Ey,) as a function of the
rotation parameter a/M for values of the magnetic field of normal
pulsars. The points correspond to the BH rotation parameters and
masses present in the LIGO-Virgo-KAGRA catalogs (summa-
rized in the Supplemental Material [79]). Each marker or colored
zone corresponds to a given value of B. We have chosen for all
figures of this Letter L, = 2.63245Mm,,, L, = 2.08944Mm,,,
and &,/m, = &,/m, = 1. The borders of a colored zone (for a
given B) are obtained from the largest and smallest BH masses.
An overlap between two colored zones arises because of E,, &« M
and the broad range of observed BH masses.

change of geodesics and their center-of-mass energies. (The
action of an electric field would just increase the energies of
charged particles and make it easier for them to escape.) In
addition, charge-to-mass ratios like the ones we take into
account are much smaller than those that would signifi-
cantly change the GW waveforms assuming no charge at
all [91-93].

Figures 1 and 2 show the estimation of the energy of
escaping protons E, = Ey,, (with mass m,, and the result
of the collision of two protons with angular momenta
Ly =2.63245Mm,, and L, = 2.08944Mm,, and energies
E/m, =& /m, = 1)[94] for the GW parameter events as
a function of the rotation parameter considering fields
ranging from 10° G to 10'> G (in multiples of 10) and
equatorial motions just for simplicity. Each marker or
colored zone corresponds to a specific B value. The borders
of each colored zone are determined by the maximum and
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FIG. 2. Energy of a proton as a function of the rotation
parameter for low values of the magnetic field. The points in
the plot have the same meaning as in Fig. 1.
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FIG. 3. Energy of a proton as a function of the GW mass and

spin for different values of the magnetic field. For each value of
B, the points correspond to the BH masses in the LIGO-Virgo-
KAGRA catalogs.

minimum BH masses from the LVK catalogs (approxi-
mated by 160M, and 10M, respectively; see Figs. 3
and 4). An overlap between two colored zones with
different B’s occurs due to E, = E,, < M and the wide
range of BH masses from GW events. As can be seen in
both figures, magnetic fields approximately larger than
~10'" G can lead to ultrahigh energy particles. Figures 3
and 4 show the energy of a proton and the Poynting flux as
a function of the BH mass (as appearing in the GW
catalogs) for magnetic fields around 10'°-10'? G and same
set (Ly,L,,&,,&,) as in Fig. 1. The Poynting flux can be
preliminarily calculated using an estimate given by
Lyutikov [12,95] as Lgy ~ 10**MB(R/Ry) erg.s™!, where
M is the final mass of the black hole, B is the strength of the
external magnetic field, and the Schwarzschild radius Ry is
equal to the orbital radius R.

It turns out that the proton energy and Poynting flux are
almost insensitive to the rotation parameter (a/M) for the
above magnetic fields and that suggests that binary coa-
lescences should be able to accelerate particles to ultrahigh
energies. From the above figures, one can also see that
larger BH masses lead to higher proton energies, although
the difference is just around an order of magnitude.

,T'._' .
- "
" R
-

5 1] s

g 10 " R
© ,. oo *° M
< - - ®

S 107! . o

— .’ *
N o’ ax WX _ 1012
= 102 ¢ L—* B=10"G
o - e« B=10'G
= & x B=101°G
o« *

20 40 60 8 100 120 140 160
M[Mo]

FIG. 4. Poynting flux as a function of the GW mass and spin for
different values of the magnetic field R is the orbital radius as the
Schwarzschild radius Rg [12]. The points here have the same
meaning as in Fig. 3.

Discussion.—The BSW effect suggests that UHECRs
could emerge from neutral BHs. However, the conditions
for this are too demanding and are very unlikely to occur in
nature [96]. The presence of magnetic fields is a natural
way to extend it as they affect the trajectories of charged
particles and are ubiquitous in astrophysics. In the case of
supermassive BHs, magnetic fields come from the accre-
tion discs (plasma) surrounding them and are also present
in the jets they produce. Radio galaxies, for example, are
powerful sources presenting jet termination shock and
large-scale lobes where particles can be accelerated up
to high energies [43,97-99]. Magnetic fields associated
with gravitational wave BHs, on the other hand, should be
mostly related to their charges. We have shown that tiny
charge-to-mass ratios of around 107> could already be
enough to produce magnetic fields around 10'°-10'> G in
the neighborhoods of event horizons of BHs, significantly
affecting the trajectories of charged particles there. As a
result, it is possible to significantly decrease the depend-
ence of the original BSW effect on the rotation parameter
(a/M) of the BH and largely increase its window of action.
Indeed, we have found that for magnetic fields larger than
10'° G, common for NSs and present for tiny charge-to-
mass ratios of BHs, the effect would appear for virtually
any possible a/M.

In the case of charged BHs, a residual accretion disk in
the binary is still necessary to provide the charged particles
that could collide and allow the BSW effect. This issue of
an accretion disk is still an open problem in the context of
GWs. The reason is that the disk would only have a fraction
of the total mass of the binary. Indeed, the mass transfer
from the companion or surrounding gas onto the BH is
often not very efficient, and a significant fraction of the
material may not make it to the accretion disk.
Additionally, the gravitational interaction between BHs
in a binary system can disrupt or disturb the accretion
process, limiting the growth of the disk.

The nondetection of UHECRs from binary coalescences
within the context of the BSW mechanism may suggest that
residual disks are not present in BBH systems. Another
possibility is that the density of charged particles in the
disks is not large enough to evidence those pairs that collide
near the event horizons of BHs and lead to high center-of-
mass energy. A third possibility is that BHs are not charged.
To gain a better understanding on these possibilities, further
investigation is needed. It is necessary to study the presence
and properties of accretion disks in BBH systems, their
mass and composition, and their potential role in the BSW
effect and GW production.

A more feasible scenario for UHECRs would be BH-NS
binaries. In this case, the magnetic field is naturally
provided by the NS, and it can reach strengths of around
107-10'> G when the NS is at a distance ranging from 10R
to almost touching the event horizon radii of the BH.
However, this situation only occurs very close to the
merger, and test particles could be supplied by the NS
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magnetosphere or even by the NS itself if it begins to
disrupt due to tidal interactions with the BH. In this case, it
seems possible to have a large enough number of particles
to render the BSW effect relevant. For the case of BH-NS
coalescences, the upper limit to the number of high-
energy events—associated with near-extreme Kerr BHs
(a/M — 1)—can be estimated as follows. From magneto-
spheric aspects of an NS [100,101] whose surface is at 6r of
the ISCO of a BH, the charge-to-current ratio (¢,) of
particles colliding inside a column of radius rigco(~M)
is 1, ~ rkcoor/(viscoR?), where R is the radius of the
NS and vjgco the local speed of particles at the ISCO.
For the typical values &r = (10>~10°) cm, R = 12 km,
M = 10M, and vigco = 0.3c, we have that the number of
events per second would be ~1/¢, = 10*~107. For BHs
with the above masses and GW frequencies in the range
100-400 Hz, the merger time can be estimated as #perger =
(0.01-2) s [102,103]. Thus, the total number of high-
energy events before the merger is ~fyerger/tr = 10%-107.
For BBH mergers with accretion disks, one should use the
cross-section o of charged particles [104,105] crossing the
ISCO. For typical plasma parameters in the context of BHs
with electron number density n, ~ 10'* cm™ and BHs
with 10M, the cross section of heavy particles [104,105]
can be estimated as o~ 107! cm?. For the speeds of
particles crossing the ISCO (vigco = 0.3¢), the upper limit
to the number of high-energy events per second would be
~n,vi5co0 = 102, Thus, the maximum number of events
before the merger would be ~107>~10?. However, accre-
tion disks of low mass BHs could have larger values of n,,
e.g., 10'7-10%° cm™ [106]. In this case, the number of
high-energy events with respect to a conservative n, would
be increased by a factor of 103-10°, meaning that up to
millions of them could happen before the merger of BBHs.
For further details, see the Supplemental Material [79].
The results of Figs. 1 and 2 concern proton energies at
the source. However, UHECRs are related to particles
detected on Earth, and thus they need to escape and
propagate from the source to the observer. Regarding the
escape, differently from the case of near-extremal Kerr BHs
[107], the presence of the magnetic fields facilitates that
(the larger B is, the more probable that becomes) [108].
When it comes to cosmic ray propagation, it would imply
energy losses. Several energy-loss mechanisms have to be
taken into account as pair production and photodisintegra-
tion. Protons and nuclei may undergo pair production when
the cosmic microwave background (CMB) photons are
involved. In the case of UHE nuclei, they can interact with
infrared, optical, and ultraviolet photons. In addition to all
the previously mentioned factors, the binary’s character-
istics, the specific details of the merger process, and the
acceleration mechanisms at the source can all have a
substantial impact on the energy spectrum of UHECRs
observed on Earth. The photo decay of nuclei and the
process of pair formation lead to a steepening of the

observed spectrum: the cutoff in the observed spectrum
above some 10" eV. In the photodesintegration process, a
nucleus of atomic mass number A loses one or more
nucleons due to the interaction with background radiation
and the most important process is the emission of one
nucleon [31]. Consequently, we lose relevant particle
information owing to energy losses and deflections by
magnetic fields. However, in the coming years with
AugerPrime, we expect the detection of more energetic
particles with greater accuracies in mass, allowing a study
of sources and acceleration processes. The AugerPrime
upgrade will increase the sensitivity to primary cosmic ray
composition above ~10'° eV. It is now the detector system
with the highest exposure for UHECR [109].

As a binary system with a BH nears merger, deviations
from the Kerr metric become relevant, requiring numerical
relativity. These deviations affect “f” and thus the quan-
tities in Figs. 1, 3, and 4. For first estimates, one can take a
BBH spacetime and it can be modeled as a superposition of
two Kerr spacetimes with boost corrections for high BH
speeds [110]. In the absence of a magnetic field, the
gravitational potential of a binary is larger than that of a
single Kerr BH, resulting in decreased c.m energies. This
decrease is roughly proportional to the relative change in
the g,, metric component. For two BHs of the same mass
separated by 20M = 10r,, the relative change in g,, at the
c.m. location (at 5r;, from the center of a BH) is |1 —
gBBH(5r,)/ g8 (5r,)| ~ 10% [110]. In the presence of
magnetic field, the c.m. energy and related observables
decrease similarly. However, that happens in a nonlinear
manner due to the complex interplay among the magnetic
field, metric and particle parameters, and precise calcu-
lations are needed. The effects on c.m. energies of evolving
event horizons and magnetic field dynamics in time-
dependent binary system spacetimes also require care-
ful study.
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