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Abstract

We discuss how the Penrose process, taking place in singular rotating Kerr black holes as well as in their
smooth, horizonless fuzz-ball counterparts in string theory, may provide an efficient mechanism for the
acceleration of Ultra High Energy Cosmic Rays, including strangelets, a form of Strange Quark Matter that
is under active experimental investigation with Mini-EUSO. We focus on non-BPS solutions of the ]MaRT
kind that present an ergo-region. We study geodetic motion and the (non-collisional) Penrose process in this
context. In particular we compute its efficiency that turns out not to be bounded unlike for Kerr BH’s and
briefly comment on possible implications for near-future observations.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction and motivations

Cosmic rays (CR) and in particular Ultra High Energy CR (UHECR) have played and still play
a vital role in the progress of high-energy physics. Although the flux is tremendously suppressed
at very high energies [1-3] and practically ends at the ZeV scale set by the GZK cutoff [4,5],
the question remains as for how UHECR can be accelerated up to such high energies. Among
the components of UHECR one can include the so-called strangelets, a form of Strange Quark
Matter (SQM) [24,31,25] that can be present in the dense core of a Neutron Star (NS) or in
Quark Stars (QS’s) [26] and is under active experimental search with Mini-EUSO [88]. In turn,
NS’s and QS’s and other compact magnetized objects, such as white dwarves (WD’s), have been
proposed as cosmic slings for UHECR’s in [44—46].

In the present paper, we would like to discuss how the Penrose process [6], taking place
in singular rotating Kerr black holes (BH’s) as well as in their smooth, horizonless fuzz-ball
counterparts in string theory, may provide both tidal tearing of captured astrophysical objects
and an efficient mechanism for the acceleration of UHECRs, including the elusive strangelets.
The crucial feature of rotating (Kerr) BH’s and certain fuzz-balls is the presence of an ergo-
region, where a time-like Killing vector becomes space-like. However, unlike for Kerr BH’s, the
efficiency of the non-collisional Penrose process for fuzz-balls will turn out to be practically
unbounded from above. This may help solving a long-standing issue in astro-particle physics on
the one hand and finding a testable prediction of the fuzz-ball proposal for BH’s on the other
hand.

BH’s are the epitome of quantum gravity (QG), which is still poorly understood with quan-
tum field-theory means. Luckily there is a leading contender: string theory. Based on the idea
that point-like particles be replaced by one-dimensional objects, string theory can accommodate
gravity (mediated by closed strings) together with gauge interactions (mediated by open strings)
in an fully consistent framework. General Relativity or higher dimensional extensions thereof,
coupled to gauge fields and fermions, govern the dynamics at energies much lower than the string
mass scale.

The realization that string theory in addition to fundamental strings admits stable, extended
solitons with p spatial dimensions, called p-branes, allows to represent BH’s as bound states of
strings and branes and to quantitatively address and partly solve some long-standing issues in the
physics of BH’s [7], including BH production in high-energy collisions [8]. In particular there
are classes of charged BPS' BH’s for which one can precisely count the micro-states responsible
for the macroscopic entropy, which according to Beckenstein and Hawking is proportional to
the area of the event horizon [9]. In the emerging fuzz-ball proposal [10], BH’s are described

1" A BPS state (after Bogomolny, Prasad and Sommerfield) is an extremal state that saturates a (supersymmetric) bound
between mass M, charge Q and angular momentum J.
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as ensembles of smooth horizonless geometries with the same asymptotic behaviour at infinity,
that have a non-trivial structure at the putative horizon. By replacing BH’s with fuzz-balls, dense,
tangled balls of strings some of the subtle paradoxes can be avoided or clarified since they were
generated by accepting the very presence of the singularity and of the horizon, that must be only
a consequence of taking the classical limit.

Due to a no-go theorem, that prevents the existence of non-trivial smooth horizonless solutions
in D =4 [11], we have to rely on fuzz-balls in higher dimensions [12]. In particular, D =5 and
D = 6 will be our starting point and represent a toy model for the physically interesting case.
We will mostly use JMaRT (after Jejjalla, Madden, Ross and Titchener [14]) solitonic solution
that is smooth and horizonless, yet with an ergo-region. As we will see, the asymptotic geometry,
though free from pathological Closed Time-like Curves (CTC’s), is over-rotating and cannot be
as such strictly identified with the fuzz-ball of a BH, not even in D =5 [15]. In fact JMaRT
displays an instability that suggests that this kind of charged non-BPS solutions should decay
into BPS ones with the same charges and lower angular momenta such as to satisfy the bound for
BH’s. The instability of JMaRT has been addressed by various groups, including [16].> To the
best of our knowledge however the role of the Penrose process in JMaRT or in similar smooth,
horizonless solitonic geometries has not been addressed previously.”

The paper is divided in two main parts. The first is devoted to UHECR and in particular to
strangelets and strange quark matter and the mechanisms for their acceleration so far proposed,
including the Penrose process. The second is devoted to non-singular horizonless gravitating so-
lutions of the JMaRT kind, wherein the collision-less Penrose process can take place that has
an unbounded efficiency, contrary to Kerr/rotating BH’s. Lacking any concrete experimental evi-
dence for strangelets, that are actively searched for by Mini-EUSO, and for fuzz-balls, that should
replace BH’s in string theory, the two parts are not tightly related. However, we believe it is worth
investigating the link between the two, given the possibility that their combination may offer an
explanation to the long-standing puzzle of the UHECR’s acceleration.

The plan of the paper is as follows.

In Section 2 we discuss how the Penrose process can play a role in accelerating UHECRs,
including strangelets and SQM, whose properties are sketched together with alternative acceler-
ation mechanisms proposed so far.

In Section 3 we will recall the JMaRT solution and its properties. We set the stage for the
analysis of the Penrose process with the study of geodesics motion in JMaRT geometry. Thanks
to the large amount of isometry it proves convenient to work in the Hamiltonian formulation. We
focus on the geodesics in the # = 0 hyperplane and compute the efficiency of the non-collisional
Penrose process for massive spin-less particles that in-fall in a counter-rotating way. We discuss
the results in comparison with the analogous process for Kerr BH’s, reviewed in an Appendix.

Section 4 contains our conclusions and an outlook for future investigation in this subject. In
particular we will comment on upper limits that Mini-EUSO can set on the flux of strangelets
and on the Penrose mechanism for their acceleration derived in Section 3 for non-BPS fuzz-balls.

In the Appendix, for the sake of convenience and for comparison with our analysis for non-
BPS fuzz-balls, we briefly review the rotating BH solution, originally found by Kerr, and its
properties and discuss the non-collisional Penrose process for massive particles decaying into a
massless pair (photons).

2 For a similar analysis in the BPS context see [17].
3 We thank G. Bossard and D. Turton for confirming this.
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2. Strangelets and their acceleration via Penrose process

In this Section we discuss the Penrose process and how it can provide an efficient mecha-
nism for the acceleration of UHECR’s, including SQM and strangelets [25] that are under active
investigation with Mini-EUSO [88], as we will briefly discuss in the conclusions. Strangelets
may represent a fraction of UHECR as suggested by the first ‘evidence’ of such form of SQM
provided by Price’s (balloon) event [18]. This was initially proposed as a magnetic monopole
candidate and subsequently rebutted and interpreted instead as a strangelet, having penetrated
the Earth’s atmosphere.

2.1. Strange quark matter and strangelets

The existence of SQM as a different state of hadronic matter other than ordinary nuclear matter
was proposed for the first time in 1984 [24]. SQM may compose internal layers of Neutron Stars
(NS), the most compact and dense form of ‘ordinary’ matter in the Universe [19,20]. Within
a radius of a few km a NS can package masses of the order of the Sun’s. Assuming spherical
symmetry Tolman, Oppenheimer and Volkoff set an upper limit on the mass of a NS to around
two solar masses. Very recently, stimulated by the observation of candidate NS’s violating the
bound through direct GW detection® [22], more elaborate equations of states have been proposed
that amount to slicing NS radially like an onion with different layers satisfying different EoS’s
that are glued at the interface [19,20]. It has also been suggested that SQM, consisting of up u,
down d and strange s quarks, may compose internal layers, whereby temperature can raise and
deconfinement can take place thus giving rise to quark-gluon plasma. The concept of a Quark
Star (QS) has also been put forward [26].

SQM would be composed by roughly an equal number of u, d and s quarks, with the presence
of the third quark flavour lowering the nucleon Fermi level with respect to a system with only
two quark flavours [25]. In this case SQM may constitute the true ground state of hadronic matter
and be stable. Quarks would be lumped together and not separated in nucleons, resulting in quark
matter being much denser than ordinary matter.

SQM could have been produced in the Big Bang [25], be present in the core of NS’s or in
“Strange Quark Stars” (SQS) [26] and be a candidate for baryonic dark matter [27]. Portions
of SQM could be ejected as a consequence of collisions of these stars in binary systems [28].
Such collisions can inject a small fraction of this matter (also called strangelets) in the galactic
radiation where it could be identifiable with cosmic ray detectors or mass spectrometers. Various
experiments have tried to produce or search for SQM in various environments, on the ground, on
balloons and in satellites, both of active and passive nature. A review on strangelet search and
models can be found in [29,30].

SQM should be neutral (uncharged), if an exactly equal number of u, d, and s quarks is dy-
namically favoured, however the neutrality condition may be approximate, allowing strangelets
to have a small residual electrical charge. In the light mass range, these objects could be identi-
fied as having an anomalous A/Z >> 2 ratio. A search with the PAMELA space-borne magnetic
spectrometer has yielded upper limits ~ 2- 103 p/(m? sr yr) in the mass range 2 < A < 103 [87].

In [31] it has been suggested that heavier objects could interact with the atmosphere through
an adiabatic compression mechanism similar to that of meteors. The higher density of SQM

4 See also [23] for a recent update on NS radii from multi-messenger observations.
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would result in longer and more uniform tracks than in case of meteorites, which tend to break
up and flash during atmospheric entry. Furthermore since SQM is expected to be of interstellar
origin, the speed of the track would be around 220 km/s (galactic velocity), higher than that
of meteors that have an average speed of 40 km/s (solar system velocity), although interstellar
meteors have also been observed [32].

2.2. Penrose process

After gravitational collapse of an unstable (rotating) star a (rotating) BH can form that is the
only astrophysical object that could carry out a tidal tearing of a Quark Star (QS) — thus providing
a source of SQM to be scattered throughout the Universe.’

Rotating (Kerr) BH’s are special in that in addition to a horizon that hides the curvature sin-
gularity they are surrounded by an ergo-region external to the horizon where a time-like Killing
vector becomes space-like [33]. Although curvature is finite in the ergo-region, tidal forces are
much stronger than outside the ergo-sphere and a compact object captured by the rotating BH
may be torn into pieces with different energies and angular momenta. As a result Penrose process
can take place in Kerr BH’s. This will be reviewed in some details in the Appendix for the read-
er’s convenience and for comparison with the case of BPS fuzz-balls. Here we recall the salient
feature in the non-collisional case.

According to Penrose [6] a particle with positive energy (w.r.t. to flat infinity) can enter the
ergo-region and split into two (or more) particles one of which has negative energy (as seen from
infinity) and crosses the horizon to finally fall into the singularity. The rest of the products/daugh-
ters can escape back to infinity carrying out more energy than their ‘mother’. The extra energy is
provided by the BH that loses energy and angular momentum, since the initial particle should be
counter-rotating, i.e. have opposite angular momentum w.r.t. to the BH, for the very process to
take place. The efficiency of the process is defined as the energy gained w.r.t. to the initial energy

_&r=&
_751.

As we will see momentarily, the efficiency depends on the mass, energy and spin of the initial
particle as well as of the products and of the BH and the place where the splitting takes place.
In the simple case when the initial counter-rotating object with energy equal to its rest mass
(&0 = o) decomposes into two massless products at the turning point of its geodesics in the
equatorial plane (0 = 7/2), it is simple to express 7 in terms of the ‘radial’ position r* where
the process takes place. We have reproduced the text-book analysis in the Appendix for the
interested reader and for comparison with the similar process in non-BPS fuzz balls. Though
almost obvious 7 is positive — in fact with an upper bound 1 < (1/2)(+/2 — 1) — only when r*
lies inside the ergo-region and the particle is massive and counter-rotating. The analogue process
for massless particles or waves is called super-radiance [34].

Thanks to the non-collisional Penrose mechanism Kerr/rotating BH’s can be used as cosmic
slings thus allowing one to reach the peak (GZK cutoff) of the UHECRSs mountain. Sling-shot by
other small magnetized objects such as WD’s, NS’s and QS’s and the collisional Penrose process
has been proposed in [44—46]. Contrary to the non-collisional case for Kerr BH’s the efficiency

n

5 One should however keep in mind the caveats in [25], since there is no impact with stellar protons and no disintegra-
tion of SQM in the process.
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n in the collisional case or in the case of compact stars is not bounded from above. As we will
momentarily see, this will turn out to be the case for non-BPS ‘fuzz-balls’, too.

2.3. Acceleration mechanisms for UHECR

Before concluding this section, let us briefly recall the broad features of the two classes of
acceleration mechanisms for CR’s proposed so far.

According to the first “one-shot” mechanism, CR are accelerated by an extended/intense elec-
tric field directly to the ZeV scale [35]. The original idea put forward by Swann [36] has been
elaborated on and the necessary electric field is usually related to the fast rotation of small,
highly magnetized objects such as white dwarfs [37,38], neutron stars (pulsars) [39-43], or black
holes [44,47,48]. While electric field acceleration has the advantage of being fast, it suffers from
the drawback of occurring in astrophysical sites with extremely high energy density, where many
energy-loss phenomena can take place at the same time.

According to the second “stochastic” mechanism of acceleration, instead, particles gain en-
ergy gradually through multiple interactions with moving magnetized plasmas. The idea, pio-
neered by Fermi [49,50], can be realised in a variety of astrophysical environments, including
the interplanetary medium [51,52], supernova remnants (SNRs) [53-58], the galactic disk and
halo [59-62], AGN’s [63-65], large-scale jets and lobes of giant radio-galaxies (RG) [66-68],
blazars [69-72], gamma-ray bursts (GRBs) [73,74], starburst superwinds [75,76], galactic micro-
quasar systems [77,78], and clusters of galaxies [79-81]. Contrary to the previous case, stochastic
acceleration tends to be slow. Furthermore it poses the issue of how to keep relativistic particles
confined within the Fermi ‘engine’.

3. Penrose mechanism for smooth non-BPS fuzz-balls

In this Section, we analyze the Penrose process for neutral massive scalar particles in smooth
non-BPS geometries such as JMaRT. In order to set the stage for the computation we will first
recall JMaRT soliton solution and its properties and then study the geodesics motion in this
geometry. Thanks to the large amount of isometry the problem is integrable very much as for
Kerr BH’s® as well as for some BPS fuzz-balls [82]. To exploit this property it is convenient to
work in the Hamiltonian formulation that requires the determination of the canonical momenta
P,,, conjugate to the generalised velocities X*. We will restrict our attention on the case where the
conserved KK momentum Py of the infalling particle is zero. Moreover, we focus on geodesics in
the hyperplane 6 = 0 whereby an effective dimensional reduction takes place since the radius of
one of the angular directions (¢) shrinks to zero and one has to set the corresponding conserved
(angular) momentum Py to zero. One ends up with only three variables ¢, r, v and the dynamics
looks remarkably similar to the one in Kerr BH’s.”

Despite the relatively compact and elegant form of JMaRT, explicit formulae for the ‘effective
potentials’ 5iT/ ™ and for the efficiency 7 tend to become unwieldy. We will express the results
in compact form in terms of the coefficient functions that appear as components of the inverse
metric. We refrain from displaying cumbersome formulae that cannot illuminate the understand-

6 We thank P. Fré for stressing this property.
7 The same happens for 6 = /2 after replacing ¥ with ¢ and the parameters a and ap with one another.
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ing. To illustrate the results for various values of the parameters we present different plots of

EiT/ ™ and n as well as for other relevant coefficient functions.

3.1. JMaRT solution and its properties

In string theory, the objects colloquially called black-holes (BH’s) are bound states of strings
and p-branes, i.e. p-dimensional extended solitons. This description allows reproducing the
micro-states necessary to explain the origin of BH entropy that scales with the area of the event
horizon, at least for charged BPS black-holes [9]. In the fuzz-ball proposal [10] classical BH’s
can be thought of as ensembles of smooth, horizon-less geometries with the same asymptotic
behaviour as the would-be BH, i.e. same mass, charge and angular momenta. BPS systems with
two charges give rise to small BH’s with string-size horizon. In order to have a large BH with a
finite (possibly large) area of the event horizon, one has to consider systems with at least three
charges in D =5 or four charges in D = 4. One of the grand successes of string theory is the
precise micro-state counting for charged BH’s, mostly in a BPS context. Extension to non-BPS
and un-charged BH’s has proven much harder.

For our purposes, as a toy model of the Penrose mechanism for non-BPS fuzz-balls, we will
consider a non-BPS 3-charge solution in D =5 originally found by Jejjalla, Madden, Ross and
Titchener (JMaRT). JMaRT solutions® in Type IIB superstring theory depend on five parameters
associated to charges: D1-brane Q1 and D5-brane Qs charge, the asymptotic radius R of the
Kaluza-Klein circle and two additional integer parameters m and n. For m = n+1 the solutions
turn out to be BPS. Imposing appropriate conditions on the parameters, that determine the mass
and angular momenta, JMaRT has neither singularity nor event horizon and is free from CTC’s.

The reason why we are interested in JMaRT is the presence of an ergo-region, whereby par-
ticles with negative energy can propagate. It has been argued that an ergo-region that does not
enclose a horizon and a singularity should lead to an instability: JMaRT should decay to an ex-
tremal BPS solution with the same charges. This ergo region or similar instabilities has been
studied by various groups [16,17]. We will assume that the decay process would take a long time
so much so that JIMaRT could behave as a cosmic sling thanks to Penrose process, that in turn can
also play a role in the relaxation of JMaRT to a stable BPS configuration. Having in mind SQM
and strangelets, we focus on massive neutral scalar particles rather than on waves. The analogous
process for waves is called ‘super-radiance’ and has been studied for JMaRT in [34]. Hawking
process has also been considered for JMaRT in [83].

In order to construct JMaRT one starts fromType IIB supergravity in D = 10 and consid-
ers 3-charge micro-state geometries of the D1-D5-P system [84]. The D1-branes wrap a circle
S;, along which KK-momentum is added, while the D5-branes wrap a five-torus S}l, x T*. The
original solution depends on 8 parameters that determine the mass M4py (related to M), two
independent angular momenta Jy and Jy (parameterised in terms of a1 and ay), the three charges
01, Os and @, (expressible in terms of the ‘boost’ parameters §1, 65 and J,), the radius R of
the S; and the volume V; of the four-torus 7.

Safely neglecting T#, whose volume can be taken to be very small, the six-dimensional ge-
ometry is parameterized in terms of ¢ (time), r (radial coordinate), y (for S}l,) and three angular
coordinates 6, ¢ and ¥ and reads

8 Henceforth we call it JMaRT for short.
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42— MGpdy — cpdt)? [ (dr* —dy?)
~/ H Hs ~/ Hy Hs
2492
redr
+VH H + db?
! 5|:(r2+a12) (rz—l—azz)—Mr2 :|
2 2\ .2
ax“—a1”) sp“(Hi+Hs—f)
+so°d¢* | H\ Hs + ( ) !
~/ H1 Hs
2 2\ . 2
a)“—ax”) co”(Hi+Hs—f)
+cody? | V H Hs + ( )
~ HiHs
2M592d¢[dt(azclcsc,, - 01S1S5S[,) + dy(alcpslss - azC1C55p)]
+
 Hi Hs
n M (alcgzdlﬁ +a2sg2d¢)2
 Hi Hs
2Mcezdw[dt(alcw5cp — aps81858p) +dy(azcps15s — aicicssp)l
+
 HiHs
where’
Hi:f—l—Msinhz(Si , f=r2+alzsin29+a%cos29,

3.1

(3.2)

with ¢; = cosh §;, s; = sinh §;, for short henceforth, as well as cg = cos 8, sg =sin6, cy = cos @,

Sp =sing, cy =cosyr, sy =siny.
We have not displayed the profiles of the other Type IIB supergravity fields that are present in

JMaRT since they play no role in our later analysis of the Penrose process.
The 6-dimensional metric can be written in the form

with

ds?* =—Adt* + Bdr* + Cydy? + Cpdd* + Ud6* + F dy*

+2Qy dtdy +2Qp dtdp + 2K dtdy +2Ay dydyr +2A4 dydd + 2T dyrdp  (3.3)

_A_—f“GCZM B— r2«/H1H5
N H Hs ' N (a12 +r2) (a22 +r2) —Mr?2
f—l—Msp2
U=HHs , F=———
+ HiHs
co ar’co*(—f + Hy + Hs + M) + ay’co*(f — Hy — Hs) + co*> Hy Hs
v=  HiHs
C = so* ((a1 —a2)(ar + @) (f — Hi — Hs) + a2” M) + 59° Hy Hs
v JH H;

9 Our H; are denoted by l:ii in JMaRT [14].

34)

(3.5)

(3.6)
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r a1a2ce2Ms(92 cezM(alclcScp — azs1558p)

—_ T k) Q - ’
~/ Hi Hs v ~/ Hi Hs
2
sg“M (axcic5¢, — aysisss
Q¢:0 (axcics5¢)p — a1s1s5sp) 3.7)
 HiHs
K= cpspM A _cezM(achslss—alqcssp)
VH Hs ' v ~/ Hy Hs ’
2
so“M (ajc,s155 — axcicss
A¢=9 (a1cps185 — axcicsSp) (3.8)
/ Hi Hs
The ADM mass and angular momenta are given by
M
MADMZTZCOShZ(Si , Jo =M{(ais1528p — axcicscp)
i
Jy = M(axsis25p — ajcicscy) 3.9)

where §; > 0, without loss of generality, and ¢; = coshd; and s; = sinh§;, as before. Note that
Jy and Jy get exchanged under the exchange of a; and a;.

Potential singularities appear when H; = 0 or Hs = 0 (curvature singularities) and when
detg =0, where

|det g| = r* Hy Hs cos 6% sin 6> (3.10)

that is for 72 = 0 (coordinate singularity) or for & = 0, 7 or 6 = /2 (degeneration of the po-
lar coordinates on the ‘poles’ of S%). The vanishing of G(r) = (r> + a?)(r® + a3) — Mr?, the
denominator of g, at

1
A=y 01—t - o -t - 2 - aadad G.11)

require a detailed analysis. In order shows that r = 0 is a removable coordinate singularity it
proves convenient to introduce the adimensional variable

r? — rf_ 2rdr
X = S 2 so that dx = ) ) (312)
ry—r- ry—r=
Moreover, if one could smoothly shrink a circle to zero at the origin (x = 0), the space is capped
at x =0 ie at r> = ri > r2 and the ‘true’ curvature singularity at x = —1 i.e. at r> =r2 is

excised.
Absence of singularities, horizons and closed-time-like curves imposes conditions on the pa-
rameters that can be satisfied in the low mass (parameter) regime

M < (a1 — a)* (3.13)
and fixes M and R to be given by
2.2.2 2.2.2
i ) c1escy, +SISSSp _ Mcics5155,/C1C5CHS1555)
M =ai +a; —ajap———— , R= ) 755 3.14)
C1C5CpS185)p ./alaz(c1c5cp —slsssp)
As aresult one gets
51558
r2 <ri=—a1a2 P -0 (3.15)

C1C5Cp
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Two quantization conditions (needed to have closed orbits for $ =¢ +al(si,ci)y and J =y +
B(si,ci)y as y — y + 27 R) constrain the remaining parameters in terms of two integers m and
n

j+i! j—i!
_1=m—n s _
s+ s =S

where j = \/az/a; <1 and s = ,/s1555,/c1c5¢p < 1, indeed one can take a; > az > 0 without
loss of generality, thus getting m > n+1 > 1. In terms of j, s and a; the expression for M reads

T=m-+n (3.16)

2
M(j,s)=a12<j4—j2s2—i—2+1> (3.17)

replacing j, s in terms of the integers m, n one finds

a12

2m2n?

(m? =2 — m% = n®)V[m?2 — (n+ D2m2 — (n — D2] —m? —n?}  (3.18)

M(m,n) = [m? — (n + 1)1m* — (n — 1)*]

that vanishes in the BPS case m =n + 1 whereby M — 0, §; — oo with Q; = Ms;¢; fixed.
The remaining five independent parameters correspond to Q1, Os, R, m and n that determine
the KK charge Q) and the angular momenta Jy, Jy

0105 J 0105 0105
> , o =—m , Jy =n—7—
R R R

The Penrose process can take place in JMaRT thanks to the presence of an ergoregion, that
can be identified as the region where the norm of the time-like Killing vector V; = 9, becomes
positive. Using JMaRT one finds

QOp=nm (3.19)

Mcf,—f
~/H{ Hs

where f(r,0) =r*+ a% sinf? + a% cosf? and H; = f(r,0) + Msl.z. An ergo-sphere appears at
f@r,0)=Mc,

VP = g VIV = gu = (3.20)

rg = Mc, — aj sin6” — a3 cos (3.21)

where V; becomes space-like. In the BPS limit the norm of V; is always negative: ||V;||> =

— f/~/H1 Hs and no ergo-region appears.
3.2. Geodetic motion in JMaRT

As a preliminary step to investigate the Penrose process in JMaRT, we study the geodesics
for massive or massless neutral particles. Probes of this kind only feel the presence of the curved
metric but are unaffected by the other Type IIB fields present in JMaRT.

The Lagrangian that governs geodetic motion is given by

1
L= gui"i" (3.22)
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where g,,, denotes the six-dimensional metric tensor. 10'Recall that dr and dé appear diagonally
in ds?, while dt,dy,d¢,dy form a four-dimensional block. As in Kerr BH or in BPS fuzz
balls, in order to take advantage of all the symmetries, i.e. time translation, KK shifts U (1), and
rotations U (1)¢ x U(1)y, it is better to switch to the Hamiltonian formalism. The generalized
momenta are given by

oL

Py = Py guvx’ (3.23)

where x¥ = dx" /dt and the Hamiltonian reads
|
H="Pt—L= Eg’“’PM P, (3.24)

where gM is the inverse six-dimensional metric. For JMaRT the explicit expressions for the
generalized momenta read

P = rHiHs (3.25)
(a1 +r?) (a2> +r?) — Mr?
Py =6+/H Hs (3.26)
p,— _i (f — cpzM) B yepMs, 1/}692M(a16105cp — ass1558p)
VHHs VH Hs VHi Hs
PMso>(arcicsc, — aysisssp) 3.27)
VHi Hs '
P v (f + Msp?) B icpMs) N Vrcg> M (azcpsiss — aicicssy)
Y H\ Hs VHi Hs VH Hs
dMsp>(aicpsiss — arcicssp) (3.28)
VHi Hs '
Py = $so*{s6°[(a] — a3)(f — Hi — Hs) +a3M] + Hy Hs)
VHi Hs
n isez(a2c105cp —a1s1858p) M n ysez(mcpslss —axciessp) M
VH Hs VHi Hs
| YslesamanM (3.29)
VH Hs
Py = Veo?leo’ (a3 — a})(f — Hi — Hs) +aiM] + Hy Hs)
VH Hs
icez(alclcscp —azs1855p)M n )')C@z(agcpsls5 —ajcicssp) M
VHi Hs VHi Hs
peo’so’araaM (3.30)
VH Hs '

and the Hamiltonian for JMaRT can be written as

10" The extra four directions compactified on T4 play no role in our analysis.
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H=r|_ZAP2 4 BP24+TP2+C)P2+CyP2 + FP?
+ P PyK + PPy + P PySy + PyPy Ay + PyPyAg + Py Pyl (3.31)
where the coefficient functions Z, E l7 5¢, a/,, F, §~2¢, SNZI/,, F, E, 1~\¢, 1~\¢, are the non-zero
components of the inverse metric g"”, whose explicit expressions are quite cumbersome and will

not be displayed, except for the special case of 6 = 0.
The generalized velocities can be expressed in terms of the momenta using the above functions

f=—PA+PK+ PyQy + Pply (3.32)
F=PB (3.33)
6 =PyU (3.34)
¢ =PsCy+ PiQp + PyT + Py Ay (3.35)
W = PyCy + P,Qy + PyAy + Pyl (3.36)
J=PyF+ PK+PyAy+ Pyhy (3.37)

Very much as for Kerr BH and for BPS fuzz-balls, the system is integrable in that the dynamics
in the r and 6 coordinates can be separated in principle. In practice the geodesics are non-planar
and their explicit form is not very illuminating for our purposes.

Following similar analysis in BPS fuzz-balls [82] and without losing any significant feature
of the result, one can focus on the hyper-planes 8 = 0 and 6 = 7 /2. Indeed it is consistent to set
6 =0 and Py = 0 in these two cases since

dPy oH 0

dr 90
For both choices an effective dimensional reduction takes place. For 6 = 0 all terms in d¢ drop,
being proportional to sin6?, and one can safely set Py = 0; while for 6 = /2 all terms in dyr
drop, being proportional to cos#?, and one can safely set Py = 0. The two cases are perfectly
equivalent and one can get one from the other by simply exchanging a; and a, in any relevant
formula. For definiteness we will focus on the 8 = 0 hyperplane in the following.

Moreover, we are not interested in the motion along the compact y direction. In order to
simplify the analysis, one can set Py, = 0. This is consistent since P, = 0 is conserved: Py =0.
As a consequence y is completely determined by the other velocities and conserved momenta,
so much so that we will not consider it later on.

If we fix 6 = 0 and consequently Py =0, all the terms in d¢ drop and the metric becomes

for 06=0 and O =wm/2 (3.38)

2
g _dt (cp>M = f) N dr’r’/HiHs
o=0 VH Hs (a1 +r2) (a2 +r?) — Mr?
N dy?[(a1>—a3)(H\+Hs— f) +a>*M + Hy Hs]
 HiHs

Lt <2d1ﬂM(a1c1cscp — azs1558p) B ZdeyMsp>

~/ Hi Hs v/ Hi Hs
n 2dyrdyM (acps1s5 — aicicssp) dy? (f+Ms,,2) (339)
 HiHs  HiHs '

which takes the form
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ds2_o = —Adt* + Bdr? + Cydy® + 2Qydtdy + 2K dtdy + Fdy?* + 2Aydyrdy

= guvdx"dx" (3.40)
where
2
cpy'M— f
_A=L2__7 (3.41)
 Hi Hs
2JHH
B— Vs (3.42)
(a1? +r?) (a2 +r?) — Mr?
c _ar’(—f + Hi + Hs + M) + a;>(f — Hy — Hs) + H Hs 3.43)
y JHH; '
M(aicicscp — azs1858p)
Q= (3.44)
v ~/ Hi Hs
f —i—Msp2
F=217°P (3.45)
/ Hi Hs
K= _ oMsp (3.46)
 HiHs
Ay = M(azcps155 — aicicssp) (3.47)
H\ Hs
with
f=r’4+d3 ., Hi=f+Ms?> , Hs=f+Mss (3.48)

Recall that a; and a, switch their role under a change of 6 from O to 7/2 and an exchange
Y < ¢.

The reduced Hamiltonian expressed in terms of the components of the reduced inverse metric
reads

1 - - - " - - - 2
H=3 (—P,ZA + P2B+ P,2Cy + PyzF) + P,PK + P, PySy + Py Py Ay = —“7

(3.49)

where 1 is the mass of the probe and the coefficient functions X, B , 51/,, F R ﬁw, K s 7\1# are the
non-zero components of the reduced inverse metric and w is the rest mass of the probe spin-less
particle. At & = 0 one has
~ 1 (e +7?) (a2 +r?) — Mr?
B=—= (3.50)
B r2/H1 Hs

and
A= {Jﬁ[alz(Mst (—c12052M 4 Hy + Hs + M) _f?
+f<H1 +H5—Msp2+M)>
+ 261161201C5CPM281S58P +a22(f2 —f (H1 + Hs — MsPZ)

— M (sp2(Hy + Hs) + Msi%ss? (sp? + 1)) ) + HiHs (£ + Msp?) ]|
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{(r =) (a2 (2= £ CHy+ Hs) = M21%557) + f Hy Hs )
—af (M (—012652M + Hy + Hs + M) 4 £2— F(H) + Hs +2M)) }_ (3.51)
Cy = f(f = M)WHHs {(f = M) (@ (2= f(Hy + Hs) = M25:%55%) + f H Hs
—a’f (M (—c12652M + Hy+ Hs+ M) + f2 = f(Hy + Hs + 2M))}71 (3.52)
F=JH, H5{a12[—(M (st + 1) (—612C52M + Hy + Hs + M) +f2
— 1 (Hi s (50 +2) ) )|
— 2ajazcicsep MPsysssp +a22[f2 —f (Hl + Hs+ Msp? + M)
M (H]SP2 " Hy + Hssp® + Hs + M5128523P2>] + Hy Hs (f M (sp2 + 1))}
[alzf[M (—6‘12C52M + Hy + Hs + M) +f2— F(H + Hs +2M)]
— (f = M[a? (2 = FCHy + Hs) = MPsi%557) + leHs]}_l (3.53)
= | MVH Hs@ereser f +asissspM - £)]
{alzf[M (—012052M + Hy + Hs + M) 4 f2— f(H) + Hs + ZM)]
—(f—M) [a22 (f2 — f(Hi + Hs) — M2s12s52) + fH Hs] }_1 (3.54)
K= {M\/ﬁ[alzcmp (—012C52M — f+ Hi +Hs+ M)
+ arazcics My ss (2sP2 n 1) +epsp <a22 (f — Hy — Hs — Mslsz2> +H H5)“
{alzf[M (—c12052M + Hy + Hs + M) 4 £2— F(Hy + Hs + 2M)]
— (f = M)[a? (£2 = FCHy + Hs) = M25i%s5*) + f H Hs] }_1 (3.55)
- {M\/Tﬂs(alc]csfs,a +ayepsyss(M — f))}

{012f (M (—012052M+H1 + Hs +M) + 2= f(H, + Hs +2M))

(=) (a2 (12 = pt + He) — MPs%5) + pE )| (3.56)
Since we are not interested in motion along the compact circle direction we can safely set
P, =0 (3.57)
and, for convenience of the notation,
P==-& , Py=J (3.58)
so that we get
P = (52A J2Cy — 2608y — 1 ) %(5 —ENE-E)>0 (3.59)
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where the ‘effective potentials’ read

TGy + \/j2(s~23[, +ACy) + u2A
£y = ~ (3.60)

Since X/E > 0 always, one has either £ > &, > E_ or £ < £_ < &4 where, depending on
whether the particle is co-rotating (1), i.e. JJy > 0, or counter-rotating (1), i.e. JJy <0,
one has

Elzp . M<—u
or

5}}50 for r<r, , Siif—u

As we will see momentarily, the Penrose process can only take place in the latter case.

In Figs. 1, 2, 3 we have plotted €1¢ as a function of r for some ‘reasonable’ choice of the
parameters M, ay, ap of IMaRT (determined by the choice of m, n, 81, §5 and a; or, equivalently,
R) and of the angular momentum J of the (massive u % 0 or mass-less u = 0) probe particle.
Despite their complexity, thanks to the existence of a frame-dragging term dtdy in Eq. (A.7),
these solutions expose the expected presence of regions with negative energy inside the ergo-
sphere that can be studied computationally and plotted. For comparison we also plot é’? in
Fig. 4.

As evident from the plots of £ there are two kinds of geodesics in the 8 = 0 plane: unbounded
ones for £ > p and trapped ones £ < —pu. In the former case the massive probe impinges from
infinity, reaches a turning point r* where P, = 0 and gets deflected back to infinity, possibly after
making several turns around the ‘center’ (x =0 i.e. P2 = ri < 0) of the fuzz-ball. In the latter
case, the particle cannot escape to infinity and remains forever inside the fuzz-ball. The relevant
equations can be integrated in terms of non-elementary functions and we will not attempt to
present a detailed analysis here. Instead we turn our attention on the Penrose process in JMaRT.

3.3. Penrose process in JMaRT and its efficiency

The presence of an ergo-region in JMaRT allows the Penrose process to take place, whereby
a counter-rotating particle acquires negative energy after crossing the ergo-sphere and if it splits
into two or more fragments, one of the product may escape to infinity with an energy larger than
the initial particle, while the other fragment(s) get trapped in the fuzz-ball for a ‘long’ time.

Following [21,13], mutatis mutandis we will derive the efficiency of Penrose process in
JMaRT metric.

Let us consider a spin-less probe with rest mass ug, energy & > o (positive branch) and
orbital angular momentum 7y opposite to the angular momentum of JMaRT (counter-rotating
). Very much as in Penrose original analysis, it seems reasonable and computationally conve-
nient to assume that the probe splits exactly at the turning point r = r* where P, (r*) = 0. At this
point the angular velocity reaches a maximum and the tidal tearing of the probe is more likely to
take place. This has the additional advantage of simplifying the analysis since one gets a relation
between r, & and Jy of the form

EZA — JECy — 260 T0S2y = i (3.61)
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Fig. 1. £+, E_ regions for JMaRT with “quantum numbers” shown on the left and a counter-rotating probe; x = (r2 -
r+2) / (r_._2 —r_%. Ergosphere boundary is denoted by the dashed (grey online) vertical line on the right, end of geometry
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Fig. 2. A close-up of the negative energy region for the same quantum numbers in Fig. 1. Note the infinite wall exploding
in the region close to x = 0.



1095 =]+

»
«
4

Iy
i
T
»
«
]

]
+
»
«
1

M. Bianchi et al. / Nuclear Physics B 954 (2020) 115010

Eplus

I
3
»
«
]

]
=
»
«
1

=

+
»
«
4

Ergosphere begins at
2497.53
Space ends at

IMaRT quantum numbers
M= 1.19843

Maximum Mass: 1.199

a,= 0.0000120343

ss= 0.0999251

Ergosphere boundary in dashed gray
End of geometry in light red

Real space distances

Ergosphere: 1.21637

200000 300000 500000 300000 <108

E minus

Fig. 3. Asymptotic behaviour for the same quantum numbers as in Figs. 1, 2, but with probe mass p = 0.

Jy

-1 => x| Al¥ 2
al

1.095 =|>E] A’lI¥ =
m

45 -+ Ay~
y

1 -+ Al =
s1

1 -+ 2l¥ =
n

1 -+ al¥ =
sP

1
3 =2E Bl =2

Ergosphere begins at

2497.53

Space ends at

0

JMaRT quantum numbers

M= 1.19843

Maximum Mass: 1.199

ay= 0.0000120343

ss= 0.0999251

Ergosphere boundary in dashed gray

End of geometry in light red

Real space distances

Ergosphere: 1.21637

Energy

E plus

E minus

x
500 1000~ 1500 2000 2500 3000

17
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which can be (implicitly) solved for » = r* as a function of & (positive counter-rotating branch)

and J.
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Denoting by &1, & and 71, J> the energies and (orbital) angular momenta of the two (spin-
less) fragments with rest masses p; and pp, conservation of energy and angular momentum
yield

S1+& =&
Ji+Dh=D

(3.62)

which has two solutions, symmetric under the exchange 1 <> 2. Assuming that particle 1 escapes
to infinity (positive branch of the energy) while particle 2 gets trapped in the fuzz-ball (negative
branch of the energy), one can first express J; and 7, in terms of & = 4 (u1) and & = E_(u2)
and get'!

—&1288y £ /€, + ACy) — 3,8y

Jio= - 3.63
1,2 g, (3.63)
Plugging these in the second equation and solving the system for & > yields
Eip= L Eopo® £ ui” Fua®) £ | Fuo?, i, m2?) | €3 — Ciw 02
’ 2,LL02 0 sz + CwA
(3.64)
Note the role of the “fake square”
F(o?, mi?, n2®) = po* + m* + pa* = 2u0° 11® — 201 ua® — 22% o (3.65)

that is ubiquitous in 3-body phase space. Note that F (pcoz, mz, ,u22) >0 for wo > w1 + po as
required by standard kinematics Considerations In the symmetric case (1 = w2 = u < o/2 one
finds F(uo®, 1, 1) = pg — 4ugu® = g (ug — 4u*) = 0.

Note also that A > 0 and Q¢ > 0 while C¢ > 0 for r > r, and CW <Oforr <r,.

The efficiency n of Penrose process for IMaRT is given by the energy &£ — & gained by
the ‘probe’ particle escaping to infinity with respect to energy of the incoming particle &. As
a function of the radial decay point, that we have identified with the radial turning point r*,
implicitly determined by the choice of & and Jp, viz.

=220 2
& &
! 2 2 2 Cy o’
N _ + + f 2’ 2’ 2 1 N —
e (o™ — 1™ + p2%) (o, 17, pa )[ 5 1 CyA &
(3.66)

The efficiency is negative when r* > r, as evident from the plot in Fig. 5.
For some choice of the parameters, 7 is larger than one (Figs. 6, 7). In general, contrary to
what happens for rotating BH’s, reviewed in the Appendix, there is no upper bound on 7. This

11 We are implicitly assuming that the fragments are produced with zero radial momentum and continue to move in the
6 =0 plane with Py =0 and Py = 0. This means that 7* is a turning point for the fragments, too.
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Fig. 5. Efficiency for a choice of quantum numbers as in Figs. 1, 2.

looks particularly promising for the acceleration of UHECR, including strangelets, by non-BPS
rotating fuzz-balls that should replace putative rotating BH’s of the kind found by Kerr.

The case of JMaRT should be taken as a toy model in many respects. First of all the relevant
dynamics is at least five-dimensional. Second, though non-BPS, the charges play a crucial role
in the very existence of the solution that should be thought of as some excited state of a BPS
configuration. Last but not least, achieving phenomenologically reasonable values for the mass
and angular momenta require extrapolation to very large charges that may look rather unnatural.

4. Conclusions and outlook

After summarising the results of our present analysis, we would like to draw our conclusions
and identify directions for future investigation on the subject.

We have shown that the non-collisional Penrose process can take place not only in singular
rotating (Kerr) BH’s but also in smooth horizonless geometries that are expected to represent the
micro-states of (charged) rotating BH’s. The common and crucial feature being the presence of
an ergo-region. We have considered the case of JMaRT, which is in a loose sense a non-BPS
fuzz-ball in D = 5. Actually it is over-rotating w.r.t. to classical BH’s with the same mass and
charges so it is only a gravitational soliton. Anyway, we took it as a toy model for our analysis
and computed the efficiency 1 of a non-collisional Penrose process in rotating geometries of this
kind. Contrary to the case of Kerr BH’s, reviewed in the Appendix, 7 is not bounded from above
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and depends in a highly non-trivial fashion of the parameters of the fuzz-ball as well as on the
masses of the probe and of the fragments and above all on the ‘radial’ position where the decay
occurs. As expected the efficiency is positive only if the in-falling particle is counter-rotating and
the splitting happens inside the ergo-region.

In order to make quantitative predictions on the relevance of such a mechanism for the accel-
eration of UHECR and in particular strangelets one should estimate the distribution of such or
similar objects in our galaxy / universe as well as of rotating fuzz-balls with large enough mass
and angular momentum to be useful as cosmic slings thus allowing one to reach the GZK cut-
off energy of the UHECRs. Acceleration via the collisional Penrose process or via sling-shot by
other small magnetized objects such as white dwarves, neutron stars (and quark stars) has been
proposed in [44-46]. We plan to address these and related issues in the near future [85].

For the time being, we would like to briefly comment on upper limits that Mini-EUSO can
set on the flux of strangelets and on the non-collisional Penrose mechanism for their acceleration
derived in Section 3 for non-BPS fuzz-balls and reviewed in the Appendix for Kerr BH’s.

Mini-EUSO is a telescope launched on board the International Space Station (ISS) in August
2019 with an uncrewed Soyuz capsule. It began observations in October 2019, looking toward
the Earth from a UV-transparent, nadir-facing window in the Russian Zvezda module [88]. The
main telescope employs a 25 cm diameter Fresnel optics with a Multi-Anode-photomultiplier
(MAPMT) focal surface (48 x48 pixels), with ancillary cameras operating in the Near-Infrared
and Visible regions. Mini-EUSO is observing the Earth in the UV range (300-400 nm) with a
spatial resolution of 6.11 km and a temporal resolution of 2.5 s, searching for UHECR’s with
E > 5-10¢V and studying a variety of atmospheric events such as transient luminous events
(TLE’s), bioluminescence and meteors. The spatial and temporal sampling of the detector allows
searching for strange quark matter tracks in the atmosphere, discriminating them from meteors
from the light curve (intensity and speed) [86].

To conclude, the connection between the acceleration of UHECR’s and in particular
strangelets and the collision-less Penrose process that, as we have shown, can take place in
non-singular horizonless gravitating solutions of the JMaRT kind with unbounded efficiency re-
mains somewhat loose. We will continue investigating and hopefully tighten the links between
the two, thanks to the experimental bounds that Mini-EUSO will soon set, on the one hand, and
the theoretical progress in the understanding of BH’s micro-states within the fuzz-ball proposal
in string theory.
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Appendix A. Penrose process for rotating Kerr BH’s

For comparison with the more laborious case of non-BPS fuzz-balls, represented by JMaRT
solutions, let us review how Penrose process can take place in the Kerr metric.

The Kerr black hole is axially symmetric and is characterized by two parameters: mass M and
angular momentum J = Ma, with a < M. Setting G = 1, the line element in Boyer-Lindquist
coordinates reads

A —a%sin?6 2Mrsin® 0 r2+a%)’ — a2 Asin®6
ds? == 22— 0a 0 D rdg + (+a) ; sin? g
p p p
2
+ %drz + p2d6? (A1)

where x = +/r2 +a?sinf cos¢, y = ~/r2 +a?sinfsin¢, z =rcosf and
A=r>—2Mr+a® , ,o2 =r?+a’cos’0 (A.2)

In this coordinate system, surfaces with constant # and r are deformed two-spheres. The metric
for a = 0 coincides with Schwarzchild metric. In contrast to the latter, however, there is an off-
diagonal term

2Mr sin® 6

819 = —a——>— (A3)

that is responsible for the ‘gravitational’ dragging of inertial frames caused by the rotation of the
source. In practice a particle dropped ‘straight’ in from infinity, i.e. with 7 = Py = 01is ‘dragged’
just by the influence of gravity so that it acquires an angular velocity w in the same sense as that
of the source. For the Kerr metric, w has the same sign as a = J/M. This effect weakens with
the distance as 1/r3.

Kerr metric presents a singularity, a horizon and an ergo-sphere.

The singularity is a ring located in the equatorial plane 6 = /2, at r =0 i.e. z =0 and
x2 + y2 =a’.

The singularity is cloaked by a horizon where g, = 00, i.e. A =0 that corresponds to the
radius

ro=M-++vVM?—a? (A4)

The ‘ergo-sphere’ can be identified as the surface where the norm of the time-like Killing vector
V; = 9, vanishes. It is also called the ‘static limit’, since inside it no particle can remain at fixed
r, 0, ¢. From (A.1) one finds

A —a?sin?6
VAP = g Vi VY = gu=———"""—0 for A=a’sin®6 (AS5)
0
that means'?
re(0) =M ++/ M? —a?cos26 (A.6)

The ergo-sphere lies outside the horizon except at the poles, 6 = 0, w, where they touch each
other. In the ergo-region, inside the ergo-sphere, all particles, including photons, must rotate

12 For later use, note that r, = 2M for 6 = /2.
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with the hole since g’ > 0. The presence of the ergo-region allows Penrose process to take place
as we will see momentarily.

Focussing for simplicity on geodesics in the equatorial plane 6 = 7 /2 allows to write the
restricted metric in the compact form

ds’>=—Adt*> + C d¢* +2Q dtde + B dr? (A7)
where
oM oM a?\~ s, 2M 2Ma
A=1-— | B=(1-"—+= , C=r’+d*+=d* , Q=-
r r r r r
(A.8)
Computing the conjugate momenta P, = g,,x" and setting!?
P=-& , Ppb=7J , P=P (A.9)
one finds
ye tp, b L [-c&? —20e7 +A7?] __ (A.10)
2B 2 AC+Q? 2 ’

where 1 is the mass of the probe particle. The geodesic is null for u = 0. Resolving for the radial
momentum P in terms of £ and J one finds

B
2__ = 2 _ 2 2 2
= [cg F2QET — AT 41 (Ac+sz)]
BC

where the ‘effective potentials’ read
QI £V(Q2+AC)(T?—Cu?)
B C

Since BC/AC + Q2 > 0 outside the horizon either € > Er>E_orE <& <&, &y determine
allowed negative-energy regions. For co-rotating particles (Ja > 0) f,’r is always positive, while

Ex (A.12)

for counter-rotating particles (Ja < 0) éﬁi becomes negative inside the ergo-sphere (v, =2M).

As mentioned above, if a positive energy counter-rotating particle enters the ergo-sphere it
acquires negative energy and ‘decays’ into two or more products, one of which has negative
energy and falls into the horizon, then the particle that escapes may have more energy than the
initial particle. In this way Kerr BH loses mass and angular momentum.

Following [21,13], we now review the efficiency of the Penrose process in Kerr BH.

For simplicity we will assume that the in-falling massive particle has £ = p (‘rest mass’),
that the products are massless scalars (no spin) ©1 = u2 = 0 and that the decay takes place at
the turning point r = r* (with rg < r* <r, =2M) where P, = 0. Since energy and angular
momentum are conserved, we have

S +E=E , T+h=T (A.13)

13 We denote the angular momentum of the probe by 7 in order to avoid confusion with the angular momentum of the
Kerr BH, denoted by J = Ma.
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For massless particles J; = «&;, while J = BE for the massive one with « and B depending on
the turning point r* where the decay/splitting takes place. The second equation then simplifies
drastically to

o1& +axér = BE (A.14)
Solving the ‘linear’ system one has
glzﬂg , gzzug (A.15)
o] — o) @y — U]

Taking the positive branch for £ = £, and £; = & 4+ and the negative branch for & =&, _ <0,
one gets &1 > £ The efficiency of the process can be estimated in the following way. Since
AE =& — & = —&, is the gained energy, the efficiency of Penrose process as a function of r* is
given by

5]—5_—52_/3—051_1 2M

E T & T a—am 2 r*

n(r*) =

—1 5%(\/5—1) (A.16)

since ryg <r* <2M =r.(0 = 7 /2) for the very process to take place. In fact the maximum is
reached when r* =rg = M + vV M? — a? and a = M (extremal Kerr BH).

References

[1] R.U. Abbeasi, et al., HiRes Collaboration, First observation of the Greisen-Zatsepin-Kuzmin suppression, Phys. Rev.
Lett. 100 (2008) 101101, https://doi.org/10.1103/PhysRevLett.100.101101, arXiv:astro-ph/0703099.

[2] J. Abraham, et al., Pierre Auger Collaboration, Observation of the suppression of the flux of cosmic rays above 4 x
1019 ev, Phys. Rev. Lett. 101 (2008) 061101, https://doi.org/10.1103/PhysRevLett.101.061101, arXiv:0806.4302
[astro-ph].

[3] J. Abraham, et al., Pierre Auger Collaboration, Measurement of the energy spectrum of cosmic rays above 1018 ev
using the Pierre Auger Observatory, Phys. Lett. B 685 (2010) 239, https://doi.org/10.1016/j.physletb.2010.02.013,
arXiv:1002.1975 [astro-ph.HE].

[4] K. Greisen, End to the cosmic ray spectrum?, Phys. Rev. Lett. 16 (1966) 748, https://doi.org/10.1103/PhysRevLett.
16.748.

[5] G.T. Zatsepin, V.A. Kuzmin, Upper limit of the spectrum of cosmic rays, JETP Lett. 4 (1966) 78, Pis’'ma Zh. Eksp.
Teor. Fiz. 4 (1966) 114.

[6] R. Penrose, R.M. Floyd, Nature 229 (1971) 177.

[7] J.M. Maldacena, L. Susskind, Nucl. Phys. B 475 (1996) 679, https://doi.org/10.1016/0550-3213(96)00323-9, arXiv:
hep-th/9604042;
G.T. Horowitz, J. Polchinski, Phys. Rev. D 55 (1997) 6189, https://doi.org/10.1103/PhysRevD.55.6189, arXiv:hep-
th/9612146;
L. Susskind, Phys. Rev. Lett. 71 (1993) 2367, https://doi.org/10.1103/PhysRevLett.71.2367, arXiv:hep-th/9307168;
T. Damour, G. Veneziano, Nucl. Phys. B 568 (2000) 93, https://doi.org/10.1016/S0550-3213(99)00596-9, arXiv:
hep-th/9907030;
S.D. Mathur, D. Turton, J. High Energy Phys. 1401 (2014) 034, https://doi.org/10.1007/JHEPO1(2014)034, arXiv:
1208.2005 [hep-th].

[8] D.M. Eardley, S.B. Giddings, Phys. Rev. D 66 (2002) 044011, arXiv:gr-qc/0201034;
E. Kohlprath, G. Veneziano, J. High Energy Phys. 0206 (2002) 057, arXiv:gr-qc/0203093;
G. Veneziano, J. High Energy Phys. 11 (2004) 001, arXiv:hep-th/0410166;
M. Bianchi, L. Lopez, J. High Energy Phys. 1007 (2010) 065, https://doi.org/10.1007/JHEP07(2010)065, arXiv:
1002.3058 [hep-th];
G. Dvali, C. Gomez, R.S. Isermann, D. Liist, S. Stieberger, Nucl. Phys. B 893 (2015) 187, https://doi.org/10.1016/
j.nuclphysb.2015.02.004, arXiv:1409.7405 [hep-th];
A. Addazi, M. Bianchi, G. Veneziano, J. High Energy Phys. 1702 (2017) 111, arXiv:1611.03643 [hep-th].


https://doi.org/10.1103/PhysRevLett.100.101101
https://doi.org/10.1103/PhysRevLett.101.061101
https://doi.org/10.1016/j.physletb.2010.02.013
https://doi.org/10.1103/PhysRevLett.16.748
https://doi.org/10.1103/PhysRevLett.16.748
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib73FA3B57F923F608B49AD5CBDA3A4E33s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib73FA3B57F923F608B49AD5CBDA3A4E33s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibCA3EFC9708AD360AA69818EB6F10B4A6s1
https://doi.org/10.1016/0550-3213(96)00323-9
https://doi.org/10.1103/PhysRevD.55.6189
https://doi.org/10.1103/PhysRevLett.71.2367
https://doi.org/10.1016/S0550-3213(99)00596-9
https://doi.org/10.1007/JHEP01(2014)034
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibF948A35B3515F42BD0F74F0A14F3B6F3s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibF948A35B3515F42BD0F74F0A14F3B6F3s2
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibF948A35B3515F42BD0F74F0A14F3B6F3s3
https://doi.org/10.1007/JHEP07(2010)065
https://doi.org/10.1016/j.nuclphysb.2015.02.004
https://doi.org/10.1016/j.nuclphysb.2015.02.004
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibF948A35B3515F42BD0F74F0A14F3B6F3s6

M. Bianchi et al. / Nuclear Physics B 954 (2020) 115010 25

[9] A. Strominger, C. Vafa, Phys. Lett. B 379 (1996) 99, https://doi.org/10.1016/0370-2693(96)00345-0, arXiv:hep-th/

9601029;
J.M. Maldacena, A. Strominger, E. Witten, J. High Energy Phys. 9712 (1997) 002, https://doi.org/10.1088/1126-
6708/1997/12/002, arXiv:hep-th/9711053.

[10] O. Lunin, S.D. Mathur, Nucl. Phys. B 610 (2001) 49, https://doi.org/10.1016/S0550-3213(01)00321-2, arXiv:hep-
th/0105136;
O. Lunin, S.D. Mathur, Nucl. Phys. B 623 (2002) 342, https://doi.org/10.1016/S0550-3213(01)00620-4, arXiv:
hep-th/0109154;
O. Lunin, S.D. Mathur, Phys. Rev. Lett. 88 (2002) 211303, https://doi.org/10.1103/PhysRevLett.88.211303, arXiv:
hep-th/0202072;
S.D. Mathur, Fortschr. Phys. 53 (2005) 793, https://doi.org/10.1002/prop.200410203, arXiv:hep-th/0502050;
B.D. Chowdhury, A. Virmani, arXiv:1001.1444 [hep-th].

[11] G.W. Gibbons, N.P. Warner, Class. Quantum Gravity 31 (2014) 025016, https://doi.org/10.1088/0264-9381/31/2/
025016, arXiv:1305.0957 [hep-th];
M. Bianchi, J.F. Morales, L. Pieri, J. High Energy Phys. 1606 (2016) 003, https://doi.org/10.1007/THEP06(2016)
003, arXiv:1603.05169 [hep-th];
M. Bianchi, J.F. Morales, L. Pieri, N. Zinnato, J. High Energy Phys. 1705 (2017) 147, https://doi.org/10.1007/
JHEPO05(2017)147, arXiv:1701.05520 [hep-th].

[12] I. Bena, S. Giusto, E.J. Martinec, R. Russo, M. Shigemori, D. Turton, N.P. Warner, Phys. Rev. Lett. 117 (20) (2016)
201601, https://doi.org/10.1103/PhysRevLett.117.201601, arXiv:1607.03908 [hep-th];
I. Bena, S. Giusto, E.J. Martinec, R. Russo, M. Shigemori, D. Turton, N.P. Warner, J. High Energy Phys. 1802
(2018) 014, https://doi.org/10.1007/THEP02(2018)014, arXiv:1711.10474 [hep-th].

[13] B. Shutz, A First Course in General Relativity, second edition, Cambridge University Press, ISBN 9780521887052,
May 2009.

[14] V. Jejjala, O. Madden, S.F. Ross, G. Titchener, Phys. Rev. D 71 (2005) 124030, https://doi.org/10.1103/PhysRevD.
71.124030, arXiv:hep-th/0504181.

[15] I. Bena, A. Puhm, B. Vercnocke, J. High Energy Phys. 1212 (2012) 014, https://doi.org/10.1007/JHEP12(2012)014,
arXiv:1208.3468 [hep-th];
S. Banerjee, B.D. Chowdhury, B. Vercnocke, A. Virmani, J. High Energy Phys. 1405 (2014) 011, https://doi.org/10.
1007/JHEP05(2014)011, arXiv:1402.4212 [hep-th];
G. Bossard, S. Katmadas, J. High Energy Phys. 1504 (2015) 067, https://doi.org/10.1007/THEP04(2015)067, arXiv:
1412.5217 [hep-th];
B. Chakrabarty, D. Turton, A. Virmani, J. High Energy Phys. 1511 (2015) 063, https://doi.org/10.1007/
JHEP11(2015)063, arXiv:1508.01231 [hep-th];
I. Bena, G. Bossard, S. Katmadas, D. Turton, J. High Energy Phys. 1602 (2016) 073, https://doi.org/10.1007/
JHEP02(2016)073, arXiv:1511.03669 [hep-th];
B. Chakrabarty, J.V. Rocha, A. Virmani, J. High Energy Phys. 1608 (2016) 027, https://doi.org/10.1007/
JHEP08(2016)027, arXiv:1603.06799 [hep-th];
G. Bossard, S. Katmadas, D. Turton, J. High Energy Phys. 1802 (2018) 008, https://doi.org/10.1007/THEP02(2018)
008, arXiv:1711.04784 [hep-th].

[16] V. Cardoso, O.J.C. Dias, J.L. Hovdebo, R.C. Myers, Phys. Rev. D 73 (2006) 064031, https://doi.org/10.1103/
PhysRevD.73.064031, arXiv:hep-th/0512277;
B.D. Chowdhury, B. Vercnocke, J. High Energy Phys. 1202 (2012) 116, https://doi.org/10.1007/JHEP02(2012)116,
arXiv:1110.5641 [hep-th];
E. Maggio, V. Cardoso, S.R. Dolan, P. Pani, arXiv:1807.08840 [gr-qc].

[17] EC. Eperon, H.S. Reall, J.E. Santos, J. High Energy Phys. 1610 (2016) 031, https://doi.org/10.1007/JHEP10(2016)
031, arXiv:1607.06828 [hep-th];
D. Marolf, B. Michel, A. Puhm, J. High Energy Phys. 1705 (2017) 021, https://doi.org/10.1007/JHEP05(2017)021,
arXiv:1612.05235 [hep-th].

[18] P. Buford Price, E.K. Shirk, W.Z. Osborne, L.S. Pinsky, Evidence for the detection of a moving magnetic monopole,
Phys. Rev. Lett. 35 (8) (1975) 487-489.

[19] See for instance Steven Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory
of Relativity, ISBN 10: 0471925675/ISBN 13: 9780471925675, John Wiley & Sons, Inc., 1972.

[20] EJ. Dyson, Neutron Stars and Pulsars, Lezioni Fermiane, Accademia dei Lincei, 1970.

[21] S. Chandrasekhar, The Mathematical Theory of Black Holes, Oxford University Press, 1998.


https://doi.org/10.1016/0370-2693(96)00345-0
https://doi.org/10.1088/1126-6708/1997/12/002
https://doi.org/10.1088/1126-6708/1997/12/002
https://doi.org/10.1016/S0550-3213(01)00321-2
https://doi.org/10.1016/S0550-3213(01)00620-4
https://doi.org/10.1103/PhysRevLett.88.211303
https://doi.org/10.1002/prop.200410203
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibEC552409AB668200B8040CEE80B88734s5
https://doi.org/10.1088/0264-9381/31/2/025016
https://doi.org/10.1088/0264-9381/31/2/025016
https://doi.org/10.1007/JHEP06(2016)003
https://doi.org/10.1007/JHEP06(2016)003
https://doi.org/10.1007/JHEP05(2017)147
https://doi.org/10.1007/JHEP05(2017)147
https://doi.org/10.1103/PhysRevLett.117.201601
https://doi.org/10.1007/JHEP02(2018)014
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib2133EFA43C84F2DBE46EFD524213089Ds1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib2133EFA43C84F2DBE46EFD524213089Ds1
https://doi.org/10.1103/PhysRevD.71.124030
https://doi.org/10.1103/PhysRevD.71.124030
https://doi.org/10.1007/JHEP12(2012)014
https://doi.org/10.1007/JHEP05(2014)011
https://doi.org/10.1007/JHEP05(2014)011
https://doi.org/10.1007/JHEP04(2015)067
https://doi.org/10.1007/JHEP11(2015)063
https://doi.org/10.1007/JHEP11(2015)063
https://doi.org/10.1007/JHEP02(2016)073
https://doi.org/10.1007/JHEP02(2016)073
https://doi.org/10.1007/JHEP08(2016)027
https://doi.org/10.1007/JHEP08(2016)027
https://doi.org/10.1007/JHEP02(2018)008
https://doi.org/10.1007/JHEP02(2018)008
https://doi.org/10.1103/PhysRevD.73.064031
https://doi.org/10.1103/PhysRevD.73.064031
https://doi.org/10.1007/JHEP02(2012)116
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib9DC1BD3914F2F0E4438D306BD2A3D35Es3
https://doi.org/10.1007/JHEP10(2016)031
https://doi.org/10.1007/JHEP10(2016)031
https://doi.org/10.1007/JHEP05(2017)021
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib97AED2AFBDC910A44C41AF4565D7C989s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib97AED2AFBDC910A44C41AF4565D7C989s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib6953B976BB39CBD751C431B5154A02B0s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib6953B976BB39CBD751C431B5154A02B0s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib000B5AF413059930A90D21B8576FF9BBs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibDE03C6DE427184AFE57262DE14D084D7s1

26 M. Bianchi et al. / Nuclear Physics B 954 (2020) 115010

[22] B.P. Abbott, et al., LIGO Scientific and Virgo Collaborations, Phys. Rev. Lett. 119 (16) (2017) 161101, https://
doi.org/10.1103/PhysRevLett.119.161101, arXiv:1710.05832 [gr-qc];

B.P. Abbott, et al., LIGO Scientific and Virgo Fermi-GBM and INTEGRAL Collaborations, Astrophys. J. 848 (2)
(2017) L13, https://doi.org/10.3847/2041-8213/2a920c, arXiv:1710.05834 [astro-ph.HE].

[23] C.D. Capano, et al., Nat. Astron. (2020), https://doi.org/10.1038/s41550-020-1014-6, arXiv:1908.10352 [astro-ph.
HE].

[24] Edward Witten, Cosmic separation of phases, Phys. Rev. D 30 (Jul 1984) 272-285.

[25] Shmuel Balberg, Comment on “Strangelets as cosmic rays beyond the Greisen-Zatsepin-Kuzmin cutoff”, Phys. Rev.
Lett. 92 (11) (Mar 2004) 119001.

[26] D.D. Ivanenko, D.F. Kurdgelaidze, Hypothesis concerning quark stars, Astrophysics 1 (1965) 251.

[27] S. Tulin, Self-interacting dark matter, in: American Institute of Physics Conference Series, in: American Institute of
Physics Conference Series, vol. 1604, June 2014, pp. 121-127.

[28] G. Wiktorowicz, A. Drago, G. Pagliara, S.B. Popov, Strange quark stars in binaries: formation rates, mergers, and
explosive phenomena, Astrophys. J. 846 (September 2017) 163.

[29] Evan Finch, Strangelets: who is looking and how?, J. Phys. G, Nucl. Part. Phys. 32 (12) (nov 2006) S251-S258.

[30] J. Pace VanDevender, Aaron P. VanDevender, T. Sloan, Criss Swaim, Peter Wilson, Robert G. Schmitt, Rinat Za-
kirov, Josh Blum, James L. Cross, Niall McGinley, Detection of magnetized quark-nuggets, a candidate for dark
matter, Sci. Rep. 7 (1) (2017) 8758.

[31] A. De Rdjula, S.L. Glashow, Nuclearites—a novel form of cosmic radiation, Nature 312 (5996) (1984) 734-737.

[32] W. Jack Baggaley, Advanced meteor orbit radar observations of interstellar meteoroids, J. Geophys. Res. Space
Phys. 105 (A5) (2000) 10353-10361.

[33] David L. Wiltshire, Matt Visser, Susan M. Scott (Eds.), The Kerr Spacetime: Rotating Black Holes in General
Relativity, Cambridge University Press, 2009.

[34] R. Brito, V. Cardoso, P. Pani, Lect. Notes Phys. 906 (2015) 1, https://doi.org/10.1007/978-3-319-19000-6, arXiv:
1501.06570 [gr-qcl;

R. Vicente, V. Cardoso, J.C. Lopes, Phys. Rev. D 97 (8) (2018) 084032, https://doi.org/10.1103/PhysRevD.97.
084032, arXiv:1803.08060 [gr-qc].

[35] A.M. Hillas, The origin of ultrahigh-energy cosmic rays, Annu. Rev. Astron. Astrophys. 22 (1984) 425, https://
doi.org/10.1146/annurev.aa.22.090184.002233.

[36] W.E.G. Swann, A mechanism of acquirement of cosmic ray energies by electrons, Phys. Rev. 43 (1933) 217, https://
doi.org/10.1103/PhysRev.43.217.

[37] O.C. de Jager, Evidence for particle acceleration in a magnetized white dwarf from radio and gamma-ray observa-
tions, Astrophys. J. Suppl. 90 (1994) 775, https://doi.org/10.1086/191902.

[38] N.R. Ikhsanov, P.L. Biermann, High-energy emission of fast rotating white dwarfs, Astron. Astrophys. 445 (2006)
305, https://doi.org/10.1051/0004-6361:20053179, arXiv:astro-ph/0509070.

[39] J.E. Gunn, J.P. Ostriker, Acceleration of high-energy cosmic rays by pulsars, Phys. Rev. Lett. 22 (1969) 728, https://
doi.org/10.1103/PhysRevLett.22.728.

[40] P. Blasi, R.I. Epstein, A.V. Olinto, Ultrahigh-energy cosmic rays from young neutron star winds, Astrophys. J. 533
(2000) L123, https://doi.org/10.1086/312626, arXiv:astro-ph/9912240.

[41] J. Arons, Magnetars in the metagalaxy: an origin for ultrahigh-energy cosmic rays in the nearby universe, Astrophys.
J. 589 (2003) 871, https://doi.org/10.1086/374776, arXiv:astro-ph/0208444.

[42] K. Fang, K. Kotera, A.V. Olinto, Newly-born pulsars as sources of ultrahigh energy cosmic rays, Astrophys. J. 750
(2012) 118, https://doi.org/10.1088/0004-637X/750/2/118, arXiv:1201.5197 [astro-ph.HE].

[43] K. Fang, K. Kotera, A.V. Olinto, Ultrahigh energy cosmic ray nuclei from extragalactic pulsars and the effect of
their Galactic counterparts, J. Cosmol. Astropart. Phys. 1303 (2013) 010, https://doi.org/10.1088/1475-7516/2013/
03/010, arXiv:1302.4482 [astro-ph.HE].

[44] R.D. Blandford, R.L. Znajek, Electromagnetic extractions of energy from Kerr black holes, Mon. Not. R. Astron.
Soc. 179 (1977) 433.

[45] E. Berti, R. Brito, V. Cardoso, Phys. Rev. Lett. 114 (25) (2015) 251103, https://doi.org/10.1103/PhysRevLett.114.
251103, arXiv:1410.8534 [gr-qc].

[46] M. Banados, J. Silk, S.M. West, Phys. Rev. Lett. 103 (2009) 111102, https://doi.org/10.1103/PhysRevLett.103.
111102, arXiv:0909.0169 [hep-ph].

[47] R.L. Znajek, The electric and magnetic conductivity of a Kerr hole, Mon. Not. R. Astron. Soc. 185 (1978) 833.

[48] R.V.E. Lovelace, Dynamo model of double radio sources, Nature 262 (1976) 649.

[49] E. Fermi, On the origin of the cosmic radiation, Phys. Rev. 75 (1949) 1169, https://doi.org/10.1103/PhysRev.75.
1169.


https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.1038/s41550-020-1014-6
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib36673415B4EDB94974EC5E0464171F93s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib48ABFF5249B34B969872D50D799995EAs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib48ABFF5249B34B969872D50D799995EAs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib5255FDA4412AEF0C6D34B67593FA24E3s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib61197D624CA60FDFBB5A340E63DCAC96s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib61197D624CA60FDFBB5A340E63DCAC96s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibFB5C86E2B148B81ED51B0B15A9668600s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibFB5C86E2B148B81ED51B0B15A9668600s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib9136DE59EDDA45EF5385581F52889CCBs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib4B14B83AEAC35C35CF25F1063E15DCDCs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib4B14B83AEAC35C35CF25F1063E15DCDCs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib4B14B83AEAC35C35CF25F1063E15DCDCs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib249DF0894BB27AAA19CAA440367B06DDs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib04623D44FD3FD92825C41CEC2B5A1BFAs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib04623D44FD3FD92825C41CEC2B5A1BFAs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibFEBCEEA1589C2339C733B5C4033E2787s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibFEBCEEA1589C2339C733B5C4033E2787s1
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1103/PhysRevD.97.084032
https://doi.org/10.1103/PhysRevD.97.084032
https://doi.org/10.1146/annurev.aa.22.090184.002233
https://doi.org/10.1146/annurev.aa.22.090184.002233
https://doi.org/10.1103/PhysRev.43.217
https://doi.org/10.1103/PhysRev.43.217
https://doi.org/10.1086/191902
https://doi.org/10.1051/0004-6361:20053179
https://doi.org/10.1103/PhysRevLett.22.728
https://doi.org/10.1103/PhysRevLett.22.728
https://doi.org/10.1086/312626
https://doi.org/10.1086/374776
https://doi.org/10.1088/0004-637X/750/2/118
https://doi.org/10.1088/1475-7516/2013/03/010
https://doi.org/10.1088/1475-7516/2013/03/010
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib2EF558315FFA7870540D61705D66D3B0s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib2EF558315FFA7870540D61705D66D3B0s1
https://doi.org/10.1103/PhysRevLett.114.251103
https://doi.org/10.1103/PhysRevLett.114.251103
https://doi.org/10.1103/PhysRevLett.103.111102
https://doi.org/10.1103/PhysRevLett.103.111102
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibD31B9179EDCBDD36C77AAE9F9ACD83D0s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib21C8AA62C758B879C133038FF8A52E07s1
https://doi.org/10.1103/PhysRev.75.1169
https://doi.org/10.1103/PhysRev.75.1169

M. Bianchi et al. / Nuclear Physics B 954 (2020) 115010 27

[50] E. Fermi, Galactic magnetic fields and the origin of cosmic radiation, Astrophys. J. 119 (1954) 1, https://doi.org/10.
1086/145789.

[51] J.R. Jokipii, Propagation of cosmic rays in the solar wind, Rev. Geophys. 9 (1971) 27, https://doi.org/10.1029/
RG009i001p00027.

[52] K.P. Wenzel, Charged particle acceleration processes in the interplanetary medium, Adv. Space Res. 9 (1989) 179,
https://doi.org/10.1016/0273-1177(89)90112-9.

[53] I.S. Scott, R.A. Chevalier, Cosmic-ray production in the Cassiopeia A supernova remnant, Astrophys. J. 197 (L5)
(1975), https://doi.org/10.1086/181763.

[54] R.A. Chevalier, J.W. Robertson, J.S. Scott, Cosmic ray acceleration and the radio evolution of Cassiopeia A, Astro-
phys. J. 207 (1979) 450, https://doi.org/10.1086/154514.

[55] R.A. Chevalier, W.R. Oegerle, J.S. Scott, Further studies of particle acceleration in Cassiopeia A, Astrophys. J. 222
(1978) 527, https://doi.org/10.1086/156165.

[56] R. Cowsik, S. Sarkar, The evolution of supernova remnants as radio sources, Mon. Not. R. Astron. Soc. 207 (1984)
745, https://doi.org/10.1093/mnras/207.4.745, Erratum: Mon. Not. R. Astron. Soc. 209 (1984) 719, https://doi.org/
10.1093/mnras/209.4.719.

[57] D.FE. Torres, G.E. Romero, T.M. Dame, J.A. Combi, Y.M. Butt, Supernova remnants and gamma-ray sources, Phys.
Rep. 382 (2003) 303, https://doi.org/10.1016/S0370-1573(03)00201-1, arXiv:astro-ph/0209565.

[58] P. Blasi, Cosmic ray acceleration in supernova remnants, https://doi.org/10.1142/9789814329033_0061, arXiv:
1012.5005 [astro-ph.HE].

[59] J.R. Jokipii, G. Morfill, On the origin of high-energy cosmic rays, Astrophys. J. 290 (1985) L1, https://doi.org/10.
1086/184430.

[60] J.R. Jokipii, G. Morfill, Ultra-high-energy cosmic rays in a Galactic wind and its termination shock, Astrophys. J.
312 (1987) 170, https://doi.org/10.1086/164857.

[61] C. Bustard, E.G. Zweibel, C. Cotter, Cosmic ray acceleration by a versatile family of galactic wind termination
shocks, Astrophys. J. 835 (1) (2017) 72, https://doi.org/10.3847/1538-4357/835/1/72, arXiv:1610.06565 [astro-ph.
HE].

[62] L. Merten, C. Bustard, E.G. Zweibel, J. Becker Tjus, The propagation of cosmic rays from the Galactic wind
termination shock: back to the galaxy?, Astrophys. J. 859 (1) (2018) 63, https://doi.org/10.3847/1538-4357/aabfdd,
arXiv:1803.08376 [astro-ph.HE].

[63] R.J. Protheroe, D. Kazanas, On the origin of relativistic particles and gamma-rays in quasars, Astrophys. J. 265
(1983) 620, https://doi.org/10.1086/160707.

[64] D. Kazanas, D.C. Ellison, The central engine of quasars and AGNs: hadronic interactions of shock accelerated
relativistic protons, Astrophys. J. 304 (1986) 178, https://doi.org/10.1086/164152.

[65] R.J. Protheroe, A.P. Szabo, High-energy cosmic rays from active galactic nuclei, Phys. Rev. Lett. 69 (1992) 2885,
https://doi.org/10.1103/PhysRevLett.69.2885.

[66] PL. Biermann, P.A. Strittmatter, Synchrotron emission from shock waves in active galactic nuclei, Astrophys. J.
322 (1987) 643, https://doi.org/10.1086/165759.

[67] J.P. Rachen, P.L. Biermann, Extragalactic ultrahigh-energy cosmic rays I: contribution from hot spots in FR-II radio
galaxies, Astron. Astrophys. 272 (1993) 161, arXiv:astro-ph/9301010.

[68] G.E. Romero, J.A. Combi, L.A. Anchordoqui, S.E. Perez Bergliaffa, A possible source of extragalactic cosmic rays
with arrival energies beyond the GZK cutoff, Astropart. Phys. 5 (1996) 279, https://doi.org/10.1016/0927-6505(96)
00029-1, arXiv:gr-qc/9511031.

[69] R.D. Blandford, A. Konigl, Relativistic jets as compact radio sources, Astrophys. J. 232 (1979) 34, https://doi.org/
10.1086/157262.

[70] K. Mannheim, The proton blazar, Astron. Astrophys. 269 (1993) 67, arXiv:astro-ph/9302006.

[71] C.D. Dermer, S. Razzaque, J.D. Finke, A. Atoyan, Ultrahigh energy cosmic rays from black hole jets of radio
galaxies, New J. Phys. 11 (2009) 065016, https://doi.org/10.1088/1367-2630/11/6/065016, arXiv:0811.1160 [astro-
phl.

[72] D. Caprioli, “Espresso” acceleration of ultra-high-energy cosmic rays, Astrophys. J. 811 (2) (2015) L38, https://
doi.org/10.1088/2041-8205/811/2/L.38, arXiv:1505.06739 [astro-ph.HE].

[73] E. Waxman, Cosmological gamma-ray bursts and the highest energy cosmic rays, Phys. Rev. Lett. 75 (1995) 386,
https://doi.org/10.1103/PhysRevLett.75.386, arXiv:astro-ph/9505082.

[74] M. Vietri, On the acceleration of ultrahigh-energy cosmic rays in gamma-ray bursts, Astrophys. J. 453 (1995) 883,
https://doi.org/10.1086/176448, arXiv:astro-ph/9506081.

[75] L.A. Anchordoqui, G.E. Romero, J.A. Combi, Heavy nuclei at the end of the cosmic ray spectrum?, Phys. Rev. D
60 (1999) 103001, https://doi.org/10.1103/PhysRevD.60.103001, arXiv:astro-ph/9903145.


https://doi.org/10.1086/145789
https://doi.org/10.1086/145789
https://doi.org/10.1029/RG009i001p00027
https://doi.org/10.1029/RG009i001p00027
https://doi.org/10.1016/0273-1177(89)90112-9
https://doi.org/10.1086/181763
https://doi.org/10.1086/154514
https://doi.org/10.1086/156165
https://doi.org/10.1093/mnras/207.4.745
https://doi.org/10.1093/mnras/209.4.719
https://doi.org/10.1093/mnras/209.4.719
https://doi.org/10.1016/S0370-1573(03)00201-1
https://doi.org/10.1142/9789814329033_0061
https://doi.org/10.1086/184430
https://doi.org/10.1086/184430
https://doi.org/10.1086/164857
https://doi.org/10.3847/1538-4357/835/1/72
https://doi.org/10.3847/1538-4357/aabfdd
https://doi.org/10.1086/160707
https://doi.org/10.1086/164152
https://doi.org/10.1103/PhysRevLett.69.2885
https://doi.org/10.1086/165759
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib1A29B6C9ECA9A31D2C0FC2AF183B31EFs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib1A29B6C9ECA9A31D2C0FC2AF183B31EFs1
https://doi.org/10.1016/0927-6505(96)00029-1
https://doi.org/10.1016/0927-6505(96)00029-1
https://doi.org/10.1086/157262
https://doi.org/10.1086/157262
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib4FA04A9D9CA376A8339D1382FBA930F0s1
https://doi.org/10.1088/1367-2630/11/6/065016
https://doi.org/10.1088/2041-8205/811/2/L38
https://doi.org/10.1088/2041-8205/811/2/L38
https://doi.org/10.1103/PhysRevLett.75.386
https://doi.org/10.1086/176448
https://doi.org/10.1103/PhysRevD.60.103001

28 M. Bianchi et al. / Nuclear Physics B 954 (2020) 115010

[76] L.A. Anchordoqui, Acceleration of ultrahigh-energy cosmic rays in starburst superwinds, Phys. Rev. D 97 (6) (2018)
063010, https://doi.org/10.1103/PhysRevD.97.063010, arXiv:1801.07170 [astro-ph.HE].

[77] A. Levinson, E. Waxman, Probing microquasars with TeV neutrinos, Phys. Rev. Lett. 87 (2001) 171101, https://
doi.org/10.1103/PhysRevLett.87.171101, arXiv:hep-ph/0106102.

[78] F.A. Aharonian, L.A. Anchordoqui, D. Khangulyan, T. Montaruli, Microquasar LS 5039: a TeV gamma-ray emitter
and a potential TeV neutrino source, J. Phys. Conf. Ser. 39 (2006) 408, https://doi.org/10.1088/1742-6596/39/1/106,
arXiv:astro-ph/0508658.

[79] C.A. Norman, D.B. Melrose, A. Achterberg, The origin of cosmic rays above 10185 eV, Astrophys. J. 454 (1995)
60, https://doi.org/10.1086/176465.

[80] H. Kang, J.P. Rachen, P.L. Biermann, Contributions to the cosmic ray flux above the ankle: clusters of galaxies,
Mon. Not. R. Astron. Soc. 286 (1997) 257, https://doi.org/10.1093/mnras/286.2.257, arXiv:astro-ph/9608071.

[81] D. Ryu, H. Kang, E. Hallman, T.W. Jones, Cosmological shock waves and their role in the large scale structure of
the universe, Astrophys. J. 593 (2003) 599, https://doi.org/10.1086/376723, arXiv:astro-ph/0305164.

[82] M. Bianchi, D. Consoli, J.F. Morales, J. High Energy Phys. 1806 (2018) 157, https://doi.org/10.1007/THEP06(2018)
157, arXiv:1711.10287 [hep-th];

M. Bianchi, D. Consoli, A. Grillo, J.F. Morales, arXiv:1811.02397 [hep-th].

[83] B.D. Chowdhury, S.D. Mathur, Class. Quantum Gravity 26 (2009) 035006, https://doi.org/10.1088/0264-9381/26/
3/035000, arXiv:0810.2951 [hep-th].

[84] S. Giusto, R. Russo, D. Turton, J. High Energy Phys. 1111 (2011) 062, https://doi.org/10.1007/JHEP11(2011)062,
arXiv:1108.6331 [hep-th].

[85] M. Bianchi, M. Casolino, G. Rizzo, in preparation.

[86] G. Abdellaoui, S. Abe, A. Acheli, J.H. Adams, S. Ahmad, A. Ahriche, J.-N. Albert, D. Allard, G. Alonso, L.
Anchordoqui, V. Andreev, A. Anzalone, W. Aouimeur, Y. Arai, N. Arsene, K. Asano, R. Attallah, H. Attoui, M. Ave
Pernas, S. Bacholle, M. Bakiri, P. Baragatti, P. Barrillon, S. Bartocci, T. Batsch, J. Bayer, R. Bechini, T. Belenguer, R.
Bellotti, A. Belov, K. Belov, B. Benadda, K. Benmessai, A.A. Berlind, M. Bertaina, P.L. Biermann, S. Biktemerova,
F. Bisconti, N. Blanc, J. Becki, S. Blin-Bondil, P. Bobik, M. Bogomilov, M. Bonamente, R. Boudaoud, E. Bozzo,
M.S. Briggs, A. Bruno, K.S. Caballero, F. Cafagna, D. Campana, J.-N. Capdevielle, F. Capel, A. Caramete, L.
Caramete, P. Carlson, R. Caruso, M. Casolino, C. Cassardo, A. Castellina, G. Castellini, C. Catalano, O. Catalano, A.
Cellino, M. Chikawa, G. Chiritoi, M.J. Christl, V. Connaughton, L. Conti, G. Cordero, H.J. Crawford, R. Cremonini,
S. Csorna, S. Dagoret-Campagne, C. De Donato, C. de la Taille, C. De Santis, L. del Peral, M. Di Martino, T.
Djemil, S.A. Djenas, F. Dulucq, M. Dupieux, I. Dutan, A. Ebersoldt, T. Ebisuzaki, R. Engel, J. Eser, K. Fang, F.
Fenu, S. Fernandez-Gonzilez, J. Fernandez-Soriano, S. Ferrarese, D. Finco, M. Flamini, C. Fornaro, M. Fouka, A.
Franceschi, S. Franchini, C. Fuglesang, J. Fujimoto, M. Fukushima, P. Galeotti, E. Garcia-Ortega, G. Garipov, E.
Gascoén, J. Geary, G. Gelmini, J. Genci, G. Giraudo, M. Gonchar, C. Gonzélez Alvarado, P. Gorodetzky, F. Guarino,
R. Guehaz, A. Guzman, Y. Hachisu, M. Haiduc, B. Harlov, A. Haungs, J. Hernandez Carretero, W. Hidber, K.
Higashide, D. Ikeda, H. Ikeda, N. Inoue, S. Inoue, F. Isgro, Y. Itow, T. Jammer, E. Joven, E.G. Judd, A. Jung,
J. Jochum, F. Kajino, T. Kajino, S. Kalli, I. Kaneko, D. Kang, F. Kanouni, Y. Karadzhov, J. Karczmarczyk, M.
Karus, K. Katahira, K. Kawai, Y. Kawasaki, A. Kedadra, H. Khales, B.A. Khrenov, Jeong-Sook Kim, Soon-Wook
Kim, Sug-Whan Kim, M. Kleifges, P.A. Klimov, D. Kolev, I. Kreykenbohm, K. Kudela, Y. Kurihara, A. Kusenko,
E. Kuznetsov, M. Lacombe, C. Lachaud, H. Lahmar, F. Lakhdari, O. Larsson, J. Lee, J. Licandro, H. Lim, L.
Lépez Campano, M.C. Maccarone, S. Mackovjak, M. Mahdi, D. Maravilla, L. Marcelli, J.L.. Marcos, A. Marini,
K. Martens, Y. Martin, O. Martinez, G. Masciantonio, K. Mase, R. Matev, J.N. Matthews, N. Mebarki, G. Medina-
Tanco, L. Mehrad, M.A. Mendoza, A. Merino, T. Mernik, J. Meseguer, S. Messaoud, O. Micu, J. Mimouni, H.
Miyamoto, Y. Miyazaki, Y. Mizumoto, G. Modestino, A. Monaco, D. Monnier-Ragaigne, J.A. Morales de los Rios,
C. Moretto, V.S. Morozenko, B. Mot, T. Murakami, B. Nadji, M. Nagano, M. Nagata, S. Nagataki, T. Nakamura, T.
Napolitano, A. Nardelli, D. Naumov, R. Nava, A. Neronov, K. Nomoto, T. Nonaka, T. Ogawa, S. Ogio, H. Ohmori,
A.V. Olinto, P. Orleariski, G. Osteria, W. Painter, M.I. Panasyuk, B. Panico, E. Parizot, I.H. Park, H.-W. Park, B.
Pastircak, T. Patzak, T. Paul, C. Pennypacker, M. Perdichizzi, I. Pérez-Grande, F. Perfetto, T. Peter, P. Picozza, T.
Pierog, S. Pindado, L.W. Piotrowski, S. Piraino, L. Placidi, Z. Plebaniak, S. Pliego, A. Pollini, E.M. Popescu, P.
Prat, G. Prévot, H. Prieto, M. Putis, J. Rabanal, A.A. Radu, M. Rahmani, P. Reardon, M. Reyes, M. Rezazadeh,
M. Ricci, M.D. Rodriguez Frias, F. Ronga, M. Roth, H. Rothkaehl, G. Roudil, I. Rusinov, M. Rybczyriski, M.D.
Sabau, G. Sdez Cano, H. Sagawa, Z. Sahnoune, A. Saito, N. Sakaki, M. Sakata, H. Salazar, J.C. Sanchez, J.L.
Sanchez, A. Santangelo, L. Santiago Criiz, A. Sanz-Andrés, M. Sanz Palomino, O. Saprykin, F. Sarazin, H. Sato,
M. Sato, T. Schanz, H. Schieler, V. Scotti, A. Segreto, S. Selmane, D. Semikoz, M. Serra, S. Sharakin, T. Shibata,
H.M. Shimizu, K. Shinozaki, T. Shirahama, G. Siemieniec-Ozigbto, J. Sledd, K. Stominiska, A. Sobey, I. Stan,
T. Sugiyama, D. Supanitsky, M. Suzuki, B. Szabelska, J. Szabelski, H. Tahi, F. Tajima, N. Tajima, T. Tajima, Y.


https://doi.org/10.1103/PhysRevD.97.063010
https://doi.org/10.1103/PhysRevLett.87.171101
https://doi.org/10.1103/PhysRevLett.87.171101
https://doi.org/10.1088/1742-6596/39/1/106
https://doi.org/10.1086/176465
https://doi.org/10.1093/mnras/286.2.257
https://doi.org/10.1086/376723
https://doi.org/10.1007/JHEP06(2018)157
https://doi.org/10.1007/JHEP06(2018)157
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib927A77DD894BAAD9FF9F411DCB58CF72s2
https://doi.org/10.1088/0264-9381/26/3/035006
https://doi.org/10.1088/0264-9381/26/3/035006
https://doi.org/10.1007/JHEP11(2011)062
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1

M. Bianchi et al. / Nuclear Physics B 954 (2020) 115010 29

Takahashi, H. Takami, M. Takeda, Y. Takizawa, M.C. Talai, C. Tenzer, O. Tibolla, L. Tkachev, H. Tokuno, T.
Tomida, N. Tone, S. Toscano, M. Traiche, R. Tsenov, Y. Tsunesada, K. Tsuno, T. Tymieniecka, Y. Uchihori, M.
Unger, O. Vaduvescu, J.F. Valdés-Galicia, P. Vallania, G. Vankova, C. Vigorito, L. Villasefior, B. Vlcek, P. von
Ballmoos, M. Vrabel, S. Wada, J. Watanabe, S. Watanabe, J. Watts Jr., M. Weber, R. Weigand Mufioz, A. Weindl,
T.J. Weiler, T. Wibig, L. Wiencke, M. Wille, J. Wilms, Z. Wiodarczyk, T. Yamamoto, Y. Yamamoto, J. Yang, H.
Yano, I.V. Yashin, D. Yonetoku, S. Yoshida, R. Young, I.S. Zgura, M.Yu. Zotov, A. Zuccaro Marchi, Meteor studies
in the framework of the jem-euso program, Planet. Space Sci. 143 (SI: Meteoroids 2016) (2017) 245-255.

[87] O. Adriani, G.C. Barbarino, G.A. Bazilevskaya, R. Bellotti, M. Boezio, E.A. Bogomolov, M. Bongi, V. Bonvicini,
S. Bottai, A. Bruno, F. Cafagna, D. Campana, P. Carlson, M. Casolino, G. Castellini, C. De Donato, C. De Santis, N.
De Simone, V. Di Felice, V. Formato, A.M. Galper, A.V. Karelin, S.V. Koldashov, S. Koldobskiy, S.Y. Krutkov, A.N.
Kvashnin, A. Leonov, V. Malakhov, L. Marcelli, M. Martucci, A.G. Mayorov, W. Menn, M. Mergg, V.V. Mikhailov,
E. Mocchiutti, A. Monaco, N. Mori, R. Munini, G. Osteria, F. Palma, B. Panico, P. Papini, M. Pearce, P. Picozza,
M. Ricci, S.B. Ricciarini, R. Sarkar, V. Scotti, M. Simon, R. Sparvoli, P. Spillantini, Y.I. Stozhkov, A. Vacchi, E.
Vannuccini, G. Vasilyev, S.A. Voronov, Y.T. Yurkin, G. Zampa, N. Zampa, New upper limit on strange quark matter
abundance in cosmic rays with the pamela space experiment, Phys. Rev. Lett. 115 (Sep 2015) 111101.

[88] Francesca Capel, Alexander Belov, Marco Casolino, Pavel Klimov, JEM-EUSO Collaboration, Mini-EUSO: a high
resolution detector for the study of terrestrial and cosmic UV emission from the International Space Station, Adv.
Space Res. 62 (10) (Nov 2018) 2954-2965.


http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibB311E02659EDEB0D9C891E55E254F76Es1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bib669FFC150D1F875819183ADDFC842CABs1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibD00EF7C478B7B5A93DD259DFDDABFE19s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibD00EF7C478B7B5A93DD259DFDDABFE19s1
http://refhub.elsevier.com/S0550-3213(20)30096-1/bibD00EF7C478B7B5A93DD259DFDDABFE19s1

	Accelerating strangelets via Penrose process in non-BPS fuzz-balls
	1 Introduction and motivations
	2 Strangelets and their acceleration via Penrose process
	2.1 Strange quark matter and strangelets
	2.2 Penrose process
	2.3 Acceleration mechanisms for UHECR

	3 Penrose mechanism for smooth non-BPS fuzz-balls
	3.1 JMaRT solution and its properties
	3.2 Geodetic motion in JMaRT
	3.3 Penrose process in JMaRT and its efficiency

	4 Conclusions and outlook
	Acknowledgements
	Appendix A Penrose process for rotating Kerr BH’s
	References


