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The conjecture that ultra-high-energy cosmic rays (UHECRs) are actually strangelets is discussed. Besides the
reason that strangelets can do as cosmic rays beyond the Greisen—Zatsepin—-Kuzmin-cutoff, another argument to

support the conjecture is addressed by the study of formation of TeV-scale microscopic black holes when UHECRs

bombarding bare strange stars. It is proposed that the exotic quark surface of a bare strange star could be an
effective astro-laboratory in the investigations of the extra dimensions and of the detection of ultra-high-energy

neutrino fluxes. The flux of neutrinos (and other point-like particles) with energy larger than 2.3 x 10*° eV could

be expected to be smaller than 1072¢ cmn =2

PACS: 04.70. Dy, 12. 38. Mh, 13.85. T, 97. 60. Jd

There are two puzzles in modern physics and as-
trophysics at least: what is the nature of ultra-high-
energy cosmic rays (UHECRs)? Does strange (quark)
matter exist? These two questions might be under-
stood by offering a simple suggestion that UHECRs
are actually strange matter, which does not conflict
with the study of extra dimensions.

The UHECRs!! detected with energy as high as
3 x 1029 eV cannot be usual cosmic rays (protons, nu-
clei) due to the Greisen—Zatsepin-Kuzmin (GZK) cut-
off, and can also not be photons since photon—photon
pair production can significantly loss the energy. Up
to date, Various ideas have been appeared in litera-
ture to address the observations, including decaying
of topological defects, and violation of the Lorentz
invariance, etc.
dates, within the framework of the standard model
of particle physics, are neutrinos? and strangelets,®!
both of which are basically unaffected by the GZK-
cutoff. Madsen and Larsen!®! suggested that UHECRs
are strangelets (stable lumps of strange matter) since
strangelets can have high mass (circumventing the
GZK-cutoff) and charge (being helpful for accelera-
tion) but low charge-to-mass ratio. In addition, many
detected events (e.g., the Centauro events) of cos-
mic ray experiments were suggested to be strangelet-
originated.l4 Tt is necessary and difficult to carried
out the detailed Monte Carlo simulation of strangelet
shower development, which is certainly important to
obtain a certain conclusion. Actually the propaga-
tion of strangelets through the terrestrial atmosphere
is considered,>=71 by which some exotic cosmic ray
events may be explained. If UHECRs are strangelets,
they are very probably not neutrinos since no Greisen
neutrinos (through the interaction of UHECRs with
the cosmic microwave background) may be produced.

It is of fundamental importance to study strange
matter in physics and astrophysics.!8! Strange mat-

However, the more realistic candi-

s~ 1 if there are two extra spatial dimensions.

ter may exist if the Bodmer—Witten conjecture is cor-
rect, while the most essential thing is how to find
convincing evidence in laboratory physics and/or as-
trophysics. Previously it is a common opinion that
strange stars are crusted, but this concept was criti-
cized by Xu and Qiao,®1% who addressed that bare
strange stars (BSSs, i.e., strange stars without crusts)
chosen as the interior of pulsars have advantages. Up
to now, there is actually possible evidence for BSSs:['"]
drifting sub-pulses of radio pulsars, featureless ther-
mal spectrum of compact stars, and super-Eddington
luminosity of soft y-ray repeaters. Besides being help-
ful to identify strange stars, the bare quark surface can
be valuable in the study of the formation of TeV-scale
black holes. Such miniature black hole formation is
another astrophysical consequence of BSSs, and here
we try to demonstrate that neutrinos as the candi-
dates of UHECRSs can also be excluded at least in the
case of two extra dimensions.

A TeV-scale black hole is an addition to the old
black hole family (primordial black hole, stellar black
hole, and supermassive black hole). Recently, a great
deal of attention is paid to the possibility that our
space has more than three dimensions,11!2! espe-
cially after Arkani-Hamed et al.[1314] suggested that
the compactified extra dimensions could be as large
as ~ Ilmm. It is well known that the Plank scale
is My = /he/G ~ 1.2 x 10 GeV/c? (h if the
Plank constant, c is the speed of light, and G is the
Newtonian gravitational constant), but My may be
meaningless if the space of our universe is actually
of D = 3 + n dimensions, with n extra spatial dimen-
sions. The fundamental gravity scale M, for D spatial
dimensions is then

n h " —nn
M2~ (E> M2R™, (1)

if the n-dimensional extra space is flat and is compact
with radii of the order of R. Arkani-Hamed et al.['?]
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assume M, ~ 1TeV in order to solve the hierarchy
problem of the standard model, i.e., the problem why
there exists such a large “desert” between the elec-
troweak scale (of the order of Mgw ~ 1TeV) and the
Plank scale (Mp ~ 10 TeV). One can obtain R ~
(h/M.c)(My/M,)*™ from Eq. (1). The extra dimen-
sions should be n > 2, because of R = 2.8 x 10'® cm
for n = 1 which is in conflict with the observations.

In the string theory, the extra dimensions can be
as large as n = 7, we thus list the compact radii in the
case of M, = 1TeV for indications: R = 0.24 cm for
n=2 R=10x10"%cmforn =3, R=22x10"%cm
forn = 4, R = 53 x 107" em for n = 5, R =
45x1072cm for n = 6, and R = 7.8 x 1073 cm
for n = 7. Only black holes with mass M > M, may
be expected to form since many unknown quantum
gravity effects (e.g., the string excitations) could play
important role for M < M,. The Schwarzschild ra-
dius for a spatial D-dimensional, neutral, non-rotating
black hole with mass Mgy is['%]

h Mgy 8F(
vreM, L M, n+ 2
For TeV-scale black holes, Mgy ~ M, ~ 1TeV, one

has 7, ~ (1.54,1.49,1.50,1.54,1.58,1.63) x 10~'7cm
for n =2,3,4,5,6,7, respectively.

) 1/n+1

(2)

Ty =

It is found that R is much larger than rq.

If UHECRs with energy > 10'%eV are struc-
tureless point-like particles in the standard model,
miniature black holes may form when they bombard
BSSs.[16]

Without loss of generality, let us assume that
UHECRs are neutrinos, then we have the following
discussion.

When such a neutrino with energy FE, interacts
with a quark with mass my in a BSS, a TeV-scale
black hole may form if the centre-of-mass energy
E.y = \/2¢2myE, > M, ~ 1TeV and the interac-
tion is within a scale of ~ ry (Mpuc? ~ Een).

As the neutrino and the quark are extremely close,
with a scale of R, they may feel extra dimensions by
much strong gravitational interaction since gravitons
can propagate in bulk although most of the other par-
ticles are in brane only.

Once a TeV-scale miniature black hole forms, it
decays,[1617] radiating thermally, over a surface area
A, at the Hawking temperature Ty,

A= rn+2 . 27r(n+3)/2
EECON
hc n+1
M, 3
Tua(Men) = - Ry (3)

where k is the Boltzmann constant, unless Ty is small
enough, !¢l

Tt (Bem/?) < Toip = Tey/AL + (1 —772) /34, (4)

where Tr is the Fermi temperature of quarks, and
v = (E, + mqc?)/Eecm is the Lorentz factor of the
newborn miniature black hole after the initial colli-
sion.

The initially produced hole increases mass by ab-
sorption of another particle if Eq. (4) is satisfied, and
will continue to accrete to a mass of FE,, in a scale
(~ 0.1 mm) being much smaller than the radius of a
BSS, before it stops!'®! (i.e., with v = 1).

At this time, the miniature black hole causes even-
tually a catastrophic collapse of all of the BSS into
a stellar black hole if Ty(FE,/c?) < Tg. There-
fore, neutrino-induced collapse of BSSs requires both
TH(Ecm/CQ) < Teg and TH(EV/CZ) < Tp.

We calculated for these two requirements by choos-
ing M, = 1TeV, Ty = 0.5GeV, and mq = mg =
200MeV (mg is the current mass of strange quark).
The results are shown in Fig. 1.

8 [ ¥ T H v
[ TH(Ech/CQ) forn =2 (a)
S
> T
o —
R
] T
-é 3 S —
= T~ pn=23 Tee(Tr =5 x 10°%)
o -
5 \\\\7:/
g Tzt T T
iy -l
o 1l = T ]
g g T n= T
I
e
0.4 T
1 1 1
1013 1014 1015

Neutrino energy E, (eV)

e -
[ (b) 1
1010 \\ \\ Tu(E,/c?) for n="7 r
E - 3
5 \ \\ \ ™
D
g ok \ \ n=6
3 10 E
© 'y
= [ \TF =5 x 10°
Q, L AN
Lt \ h
[ Kz 2
107 x;n[na%ulﬂ JEre e | x::[uazsd T ST
Neutrino energy E, (eV)
Fig.1. Black hole temperature (Ty) and environment

temperature (Teg and Tw) versus neutrino energy (E.).
(a) A TeV-scale black hole can form if Tt (Fem/c?) < Teg,
through an initial collision between the neutrino and a
quark. (b) The whole BSS may collapse into a stellar
black hole if T (E, /c?) < Tk by effective accretion. In
the calculation, we take M, = 1TeV, Tp = 0.5 GeV, and
mq = ms = 200 MeV.

It is found that, for n from 2 to 7, the neutrino
energy at which Ty (Ecm/c?) < Teg is fulfilled is much
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lower than that at which Ty (E, /c?) < Ty is satisfied.

This means that it is easier for an ultra-high-
energy neutrino to trigger the formation of a TeV-scale
black hole which may eventually decay by Hawking
radiation, whereas neutrino-induced collapse of the
whole star into a stellar black hole needs much higher
E,.

Therefore, one can follow a scenario for a neutrino
with E, > (1013 ~ 1015) eV when it collides a BSS: it
either leads formation of a TeV-scale black hole which
evaporates soon, or results in a collapse of the BSS
into a stellar black hole if E,, is high enough.

However, for such a neutrino bombarding a neu-
tron star or a crusted strange star, only a TeV-scale
black hole with substantial Hawking radiation can be
created and the formation of a stellar black hole is
impossible, since the mean free length (~ pr2/m, ~
1 cm, with the outer-crust density p ~ 10'° g/cm?
the atomic mass unit m,,) of the black hole production

is much smaller than the thickness (~ 0.5km) of the
[16]

and

crusts.

It is worth noting that the extra dimensions are
supposed to be flat in the above calculations. A study
of warped extra dimensions, as in the model of Ran-
dal & Sundrum, is necessary, which may results in the
suppression of black hole growth.!9]

The exotic quark surface of a bare strange star
could thus be an effective astro-laboratory in the in-
vestigations of the extra dimensions and of the detec-
tion of ultra-high-energy neutrino fluxes.

Generally, the age of BSSs should be greater than
107~ year if BSSs are the nature of pulsars. This gives
a limit of neutrino flux smaller than 10726 ecm=2 s—!
for {E, > 2.3x10*°eV, n =2} ({E, > 5.1 x 1023 eV,
n = 3}, {E, > 13 x 102"eV, n = 4}, {E, >
3.5 x 10%%eV, n = 5}, {E, > 1.0 x 103*eV, n = 6},
{E, > 3.2 x 103" eV, n = 7}), based on Fig. 1(b).

This upper limit is in conflict with the observa-
tion of n = 2, and the UHECRs events with the en-
ergy of > 102° eV motivated Gorham et al.l'®! to ad-
dress that n = 2 is excluded. Nonetheless, because of
the advantages!®! of strangelets as UHECRs (Firstly,
higher electric charge is helpful to accelerate to much
higher energy. Secondly, more massive strangelets can
easily go beyond the GZK-cutoff), one cannot simply
ruled out n = 2.

If our universe has really two extra dimensions, the
observed events may, in fact, be a hint of UHECRs
being strangelets (rather than structureless particles,
e.g., neutrinos), since increasing possible evidence for
BSSs appears.[1]

Furthermore, if one can identify astrophysical
events, with rate of Rpgs_BH, of neutrino-induced
collapse of BSSs to black holes in the future, we could
obtain the observational constrain on the extra dimen-
sions by combining the studies of the neutrino spec-

trum (if being known) and of Rpss—pu-

It is worth noting that, if the recently discov-
ered UHECRs with energy ~ 10%°eV are actually
strangelets, no TeV-scale black hole may be found
in the future neutrino Detectors,2°! (e.g., ICECUBE,
RICE) at least the event numbers would be much
smaller than that expected previously.[?!

We note here that Kravchenko et all?'l have not
found an actually clear event of ultra-high-energy neu-
trino interacting with ice by analysing the date from
the RICE antenna array, but put only upper limits on
the flux of such neutrinos, which could be significantly
smaller than the results of Fly’s Eye and AGASA (see
Fig. 8 in Ref. [21]).

What is the astrophysical origin of strangelets with
ultra-high-energy?

One possibility of the creation is during supernova
exploration since strangelets produced at a very early
history of the Universe would have evaporated for a
long time.[??l However, few theoretical works are car-
ried out to explain the strangelet production in this
way, including the mass distribution of strangelets
ejected from a protostrange star and the full emerg-
ing spectrum in mass-energy after the strangelets pass
through the expanding shell.[??!

Strong magnetic field (~ 102G) is created
24] and a strangelet with baryon number A ~ 10°
can be accelerated to ~ 102°eV in the unipolar in-
duced electric field (~ 6 x 10'6/P2, volts, with Py
the initial rotation period in 10ms, Pjg ~ 1) if the
strangelet have chargel®! Z ~ 84!/3 and is almost to-
tally ionized.

soomn, !

The Lorentz factor of a strangelet with baryon
A ~ 10° and energy ~ 10?°eV is only v ~ 102, and
the radiative energy losses proposed?®! is thus negli-
gible because of high baryon numbers (the radiation
efficiency is proportional to (Z/A)? ~ A=2/3).

The energy per quark in such a strangelet is only
~ 10! eV, which is too low to trigger the formation
of a TeV-scale black hole.

There are some other astrophysical indications
of strange matter ejected during supernova ex-
plorations. For example, pulsar planets were
discovered®®] but their astrophysical origin is un-
known with certainty.?”] An alternative and simple
suggestion is that they are, in fact, strange (mat-
ter) objects which were ejected with a velocity being
smaller than the escaping velocity from stellar surface
and then fell back to planet orbits.

Strange objects with mass much smaller than
planet one, in a fossil disc formed after supernova ex-
ploration, may sometimes accrete on to the centre star
as accretion flow falls toward the star. If the star is
a BSS, the gravitational energy release in this process
may trigger an extremely super-Eddington burst, such
as the one observed in soft y-ray repeaters (SGRs).
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As is addressed in the literature,?829! it may be
natural to explain the burst with peak luminosity
~ 107 times of the Eddington one, and the light curves
in a framework that a comet-like object falls to a BSS.

We propose that these comet-like objects are actu-
ally strange objects. For such an object with ~ 1024 g,
its radius is ~ 10% cm if its density ~ 1g/cm?, but is
only ~ 10m if it is a strange object. As is well know,
pulsar-like stars have a typical radius ~ 10° cm, be-
cause of the strong tide effect near the star, the comet-
like objects cannot be composed of water, dust, or
other ordinary matter, but of strange matter.

In addition, the gravitational microlensing study
reports the objects with much low mass, % which may
also be composed of strange matter.
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