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We analyze macroscopic effects of TeV-scale black holes, such as could possibly be produced at the
LHC, in what is regarded as an extremely hypothetical scenario in which they are stable and, if trapped
inside Earth, begin to accrete matter. We examine a wide variety of TeV-scale gravity scenarios, basing the
resulting accretion models on first-principles, basic, and well-tested physical laws. These scenarios fall
into two classes, depending on whether accretion could have any macroscopic effect on the Earth at times
shorter than the Sun’s natural lifetime. We argue that cases with such an effect at shorter times than the
solar lifetime are ruled out, since in these scenarios black holes produced by cosmic rays impinging on
much denser white dwarfs and neutron stars would then catalyze their decay on time scales incompatible
with their known lifetimes. We also comment on relevant lifetimes for astronomical objects that capture
primordial black holes. In short, this study finds no basis for concerns that TeV-scale black holes from the
LHC could pose a risk to Earth on time scales shorter than the Earth’s natural lifetime. Indeed, con-
servative arguments based on detailed calculations and the best-available scientific knowledge, including
solid astronomical data, conclude, from multiple perspectives, that there is no risk of any significance

whatsoever from such black holes.
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L. INTRODUCTION

One of the most spectacular manifestations of nature
realizing certain extra-dimensional scenarios [1-4] could
be the production of microscopic black holes at the LHC
[5,6]." These are expected to undergo prompt, quasither-
mal, Hawking [9] decay to large multiplicities of elemen-
tary particles, leading to very characteristic final states. It
has been suggested [10,11], however, that black hole decay
via Hawking radiation may not be a universal feature, and
could, for example, depend on the details of the Planck-
scale degrees of freedom. While this suggestion is not
based on any complete microphysical picture, and further-
more appears contradictory to basic quantum-mechanical
principles?, it does raise a possible question about stability
of microscopic black holes that might be produced at the
LHC, in TeV-scale gravity scenarios. This in turn has led
some to express concern about the fate of their evolution:
could their accretion pose any threat to the Earth? This is
the question addressed in this paper.

The structure of this work, and a succinct summary of
our findings, are outlined here. We begin our work by re-
viewing what are widely regarded as quite convincing ar-
guments for the robustness of the exceedingly rapid decay
of microscopic black holes. We then discuss the arguments
asserting that macroscopic consequences of new and un-
known particles can be ruled out by the lack of evidence for
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their effects from production by cosmic rays hitting the
surface of the Earth or other astronomical bodies. We argue
here that charged black holes will lose enough energy to
stop when traversing the Earth or the Sun, via standard
electromagnetic processes. Since black holes would be
typically produced by the collision of quark pairs, whether
in cosmic-ray interactions or at the LHC, they would often
be initially charged. To the extent that no mechanism leads
to their neutralization, the cosmic-ray based argument for
their being harmless is therefore robust. Their neutraliza-
tion through the Schwinger mechanism proceeds accord-
ing to quantum principles like those underlying Hawking
radiation. There is therefore no concrete framework where
neutralization occurs without Hawking decay taking place
as well, leading to a likely contradiction in assuming that
stable black holes must be neutral. We nonetheless make
the hypothesis that this odd situation could occur, and
analyze the possible effects of such neutral and stable black
holes, beginning with a review of some essential features
of gravity and black holes in D > 4 dimensions, including
both large- and warped-extra-dimensions models.

Next, we develop the formalism to describe the evolu-
tion of such black holes trapped inside the Earth or inside
dense objects such as white dwarfs and neutron stars. We
introduce and discuss accretion scenarios that apply within
nuclear, atomic, and macroscopic matter, evaluating the
time scales corresponding to various phases in the evolu-
tion of a growing black hole. We establish upper and lower
limits to the rate at which accretion can take place, building
on very basic principles such as conservation laws and
classical and quantum dynamics. This is possible since,
in order for accretion to become macroscopic, it is neces-
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sary that a black hole exerts its influence over distance
scales much larger than its event horizon. Such black holes
are very small, and their accretion power, if limited to
absorbing particles that have impact parameters of the
order of the Schwarzschild radius, is typically insufficient
to cause macroscopic growth. At large distances the physi-
cal processes become independent of the short-distance
properties of the black hole, which only acts through its
attractive potential, and as a mass sink. In this long-
distance domain, classical or quantum dynamics are well
tested, making the study of accretion possible, indepen-
dently of our detailed knowledge or ignorance about the
physics inside the black hole.

We investigate two concrete scenarios, for various con-
figurations of the extra dimensions: growth of hypothetical
LHC-produced stable black holes within the Earth, and
growth of such black holes produced by cosmic rays
impinging on dense stars, such as white dwarfs or neutron
stars. In both cases, we make conservative assumptions,
namely, fastest possible growth in Earth, and slowest pos-
sible growth in a dense star. The first scenario shows that, if
the radius of crossover from higher-dimensional gravity to
four-dimensional gravity is less than about 200 A, the
natural lifetime of the solar system is too short to allow
significant growth of stable black holes that may be cap-
tured inside the Earth. In contrast, in a scenario where the
crossover radius exceeds the 200 A scale, accretion times
could be shorter than the solar time scale. In this case,
however, examination of the latter dense-star scenario then
produces an argument that, given observational data setting
the lifetimes of such objects at 10° yr or more, such stable
black holes cannot in fact exist for a crossover radius
greater than = 15 A,

These arguments thus conclude with the exclusion of
any relevant consequences for Earth due to the evolution of
black holes possibly produced by the LHC.

While the main line of the argument is relatively
straightforward, being based on well-established macro-
scopic properties of matter, several issues require an in-
depth study in order to provide a robust basis to our con-
clusions. When studying accretion, for example, we need
to consider the possibility of effects such as the Eddington
limit, where radiation emitted during the infall of matter
would slow down the accretion via radiative pressure,
constraining the accretion rate of a black hole and thus
possibly slowing down its growth inside Earth or a dense
star. The estimates of the number of black holes produced
by cosmic rays need to rely on a solid understanding of the
latter’s spectra and composition. Here we therefore con-
sider the worse-case scenarios where, contrary to mounting
experimental evidence, the cosmic primaries are domi-
nantly heavy nuclei rather than protons. The loss of accep-
tance for the highest-energy cosmic-ray flux hitting dense
stars, due to the intense surface magnetic fields, is also an
important element that we analyze. Finally, the slow-down

PHYSICAL REVIEW D 78, 035009 (2008)

and stopping of relativistic black holes inside dense stars
requires a detailed study of energy loss in gravitational
scattering and absorption processes.

We note that our bounds are conservative. In particular,
at each point where we have encountered an uncertainty,
we have replaced it by a conservative or “worst case”
assumption. For this reason, our bounds can likely be
improved through further work removing such uncertain-
ties. Furthermore, we do not exclude that there could be
other independent arguments, based, for example, on as-
trophysical or cosmological production of microscopic
black holes, leading to the exclusion of stable black holes,
or of their macroscopic effects.

In outline, the next section summarizes existing argu-
ments (and their extension) against risk from TeV-scale
black holes, namely, the robustness of quantum black hole
decay, and constraints from cosmic rays impinging on
objects in the solar system. Section III then summarizes
aspects of TeV-scale gravity scenarios and the correspond-
ing black holes. Section IV discusses black hole accretion
in Earth. Section V gives an in-depth analysis of the ques-
tion of stopping of neutral black holes, via gravitational
interactions. Section VI describes production of black
holes by cosmic rays impinging on white dwarfs. Sec-
tion VII describes the resulting accretion of a white dwarf,
and thus derives constraints on hypothetical TeV-scale
scenarios that otherwise might have been of concern. Sec-
tion VIII describes similar constraints arising from black
hole production on, and accretion of, neutron stars. A
summary and conclusions appear in Sec. IX.

Many of the technical details are treated in a series of
Appendices. Appendix A summarizes macroscopic Bondi
accretion, which is the canonical framework to deal with
the flow of matter into a black hole. For its use in our
context, Bondi accretion is generalized here to higher-
dimensional gravitational fields. Appendix B discusses
the effects of radiation emitted during accretion and exam-
ines the radiative transport conditions relevant to the ques-
tion of an Eddington limit for the growth of microscopic
black holes. In Appendix C we derive the main equations
governing the particle scattering and capture in the field of
a D-dimensional black hole, and Appendix D proves few
facts required by the study of stopping by white dwarfs.
Appendix E reviews the formalism for the calculation of
black hole production at the LHC and in the collisions of
cosmic rays, including the case of high-energy neutrinos.
Here we discuss the impact of different assumptions about
the composition of the high-energy cosmic rays, we evalu-
ate the production rates under the various assumptions, and
we establish the most conservative lower limits on such
rates. We also discuss the production properties of black
holes produced by cosmic rays, to serve as initial condi-
tions for their slow-down in dense stars. In Appendix F we
calculate the probability that black holes produced at the
LHC are trapped in the Earth’s gravitational field. We
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argue that, independently of our general conclusion that
trapped black holes would not accrete macroscopically, the
velocity spectrum of black holes produced during the LHC
lifetime in allowed extra-dimensional scenarios is such
that they would typically escape the Earth’s attraction.
Appendix G discusses the impact of magnetic fields on
the penetration of cosmic rays down to the surface of dense
stars. Appendix H addresses the production of black holes
by cosmic rays hitting ‘“‘background” objects, such as
neutron-star companions, the interstellar medium, or even
dark matter. Here we discuss the conditions for the com-
panion of a neutron star in x-ray binary systems to effi-
ciently act as a beam-dump for cosmic rays, leading to the
production of black holes and their capture in the neutron
star, unimpeded by the presence of magnetic fields. A final
appendix contains useful conversion factors and physical
constants that are used throughout the paper.

I1. ASSESSMENT OF PREEXISTING ARGUMENTS

We begin by assessing the strengths and weaknesses of
previously existing arguments regarding risk from black
hole production.

A. Instability of microscopic black holes

One of the most profound steps so far towards the yet-
incomplete unification of quantum-mechanical and gravi-
tational principles was Hawking’s discovery [9] that black
holes evaporate. This provided an important missing link in
the preexisting laws of black hole thermodynamics, by
explicitly calculating the temperature that characterizes a
radiating black hole.

While Hawking’s result has become nearly universally
accepted, it is certainly true that elements of the original
derivation of black hole radiance rely on assumptions that
are apparently not valid. Notable among these is the use of
modes of ultra-Planckian frequencies at intermediate steps
in the derivation. This naturally raises the question of the
robustness of the result.

Belief in the robustness of Hawking’s prediction of
nearly thermal evaporation has been boosted by arguments
for the result which have now been produced from several
different directions. These derivations have the virtue of
either facing head-on the issue of the trans-Planckian
modes, or being independent of them, and the basic effect
has survived a number of important consistency checks.

One early approach relying on the trace anomaly and
avoiding explicit reference to trans-Planckian modes was
pioneered by Christensen and Fulling [13]. In this ap-
proach, the stress tensor describing the Hawking radiation
is found by combining the known trace anomaly in two
dimensions, and the constraint that the stress tensor be
conserved. This approach has been used to give explicit
models of evaporating black holes [14] and has also re-
cently been generalized to higher dimensions in [15] and a
number of follow-up works.
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Another approach is to modify the short-distance phys-
ics to remove the offending trans-Planckian modes. One
summary of such a prescription appears in [16], where it is
argued that despite a different origin for the modes, this
approach supports the statement that Hawking radiation
persists. This approach is also related to analog gravity
models.’ These are models based on condensed matter sys-
tems, where a horizon for sound waves occurs, and exhibits
a precise analog of the Hawking effect. For example, the
abstract of a recent overview talk [18] on the subject of
Hawking radiation states “‘analog models of gravity have
given us a clue that despite the shaky derivation, the effect
is almost certainly right.” These models illustrate various
detailed features of the corresponding radiation in the ana-
log systems.

One of the puzzles of Hawking radiation stems from the
fact that it appears to lead to loss of quantum coherence,
when followed to the end state of evaporation [19], and this
has led to the “black hole information paradox.”* Many
workers feel that the resolution will be that there are sub-
tle corrections to Hawking’s thermal spectrum that lead
to unitary evolution. Thus while very few question that
black holes Hawking evaporate, it is clear that there are
detailed aspects of the evaporation process that we do not
understand.

Indeed, the basic result, that black holes evaporate, ap-
pears quite robust from a very general perspective. Nature
is quantum mechanical, and basic quantum-mechanical
principles dictate that any allowed decay will occur. Thus,
stable (or nearly stable) objects must be ‘““protected” by
conservation laws, examples being baryon number, lepton
number, etc. There is no such conserved charge carried by
ablack hole that is not carried by ordinary matter, if a black
hole can be produced in collisions of partons at the LHC.
Thus by basic quantum principles such a heavy black hole
should decay into light, ordinary matter, and the only
question is the time scale. Since such a black hole can
have mass at most around 10 times the higher-dimensional
Planck mass, M, ~ 1 TeV, the only relevant dimensionful
parameter is the corresponding time scale, t, ~ 1/Mp ~
10?75, and there are no other small dimensionless pa-
rameters to suppress decay. Thus, on very general grounds
such black holes are expected to be extremely short-lived,
as is indeed predicted by the more detailed calculations of
Hawking and successors.

Despite these very strong arguments for black hole
decay, the possibility of manufacturing microscopic black
holes on Earth suggests that one conduct an independent
check of their benign nature. For that reason, this paper
will test the hypothesis that the statements of this subsec-
tion are false by investigating possible consequences of

3For a review, see [17].
“For reviews, see [20-22].
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hypothetical black holes that do not undergo Hawking
decay.

B. Cosmic-ray collisions on Earth

Cosmic rays hit Earth with energies known to exceed
10%° eV, corresponding to center-of-mass (CM) energies
exceeding 100 TeV. Thus, anything that can be made with
Earth-based accelerators up to this energy is already being
made by nature. This argument can be used to effectively
rule out the existence of particles predicted by some specu-
lative scenarios or to exclude possible macroscopic con-
sequences of high-energy collisions, as discussed, for
example, in [23,24].

This argument requires, however, more attention if the
large momentum imparted to the produced particles by the
cosmic-ray kinematics has an impact on how they evolve
after production. Consider the cosmic-ray collision pro-
ducing the black hole (or any other particle), at the parton
level. E is the energy of the parton inside the cosmic-ray
nucleon and E, < m, the energy of the parton inside the
atmospheric nucleon, where m,, is the nucleon mass. To
produce a particle of mass M, we need E;, = M?/2E,, and
therefore the minimum energy of the produced black hole
in the Earth rest frame is given by E; > M? / 2m1,, or, for
the maximum value of M = 14 TeV allowed at the LHC,

E, ~ ppy > 10® GeV, 2.1)
where pgy is the momentum of the resulting black hole.
Any argument that such black holes, should they be stable,
would undergo macroscopic accretion, must be based on
the proof that, while traversing the Earth, they slow down
enough to get trapped by the Earth’s gravitational field.
Most such TeV-scale black holes should initially have color
or electric charge, since the incident partons (quarks, glu-
ons) are charged. In the usual picture, where Hawking
radiation is present, these rapidly discharge through the
Schwinger mechanism [25] of particle-antiparticle pair
creation in an intense (chromo-)electric field, or through
breaking/absorbing a QCD string. The time scale for the
neutralization is proportional to the black hole Schwarzs-
child radius R. While there is no known example of a
consistent microphysics such that Schwinger discharge oc-
curs and Hawking radiation does not, one can point out one
difference between them. Specifically, the Schwinger ef-
fect can be described in terms of pair production in the
gauge field outside the horizon, but Hawking radiation is a
trans-horizon effect. In the unlikely event that our under-
standing of the horizon misses some critical element for-
bidding black hole decay (an assumption that, in our view,
appears to contradict the basic quantum principles outlined
above), one might imagine that Schwinger discharge nev-
ertheless takes place. (One could parametrize such a sce-
nario by imposing rather artificial boundary conditions at
the horizon.)
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Thus, we will consider collisions on Earth in two con-
texts—those which produce hypothetical stable charged
black holes, and those which produce hypothetical stable
black holes that rapidly neutralize.

Passage of a high-energy charged particle through mat-
ter leads to well-understood energy loss [26,27]. This is
due to long-range electromagnetic effects that have noth-
ing to do with the microphysics associated to the particle
itself. Therefore, a muon, or a black hole with the electric
charge and the mass of a muon, would be subject to the
same energy loss through radiative processes as they move
through matter. Since at high energy the radiative proper-
ties are mostly determined by the value of the Lorentz y
factor of the charged particle, we describe the energy-loss
properties of a singly charged black hole by rescaling the
energy loss of muons to the equivalent y value. For rela-
tivistic velocities, below the threshold for e*e™ pair pro-
duction in the field of nuclei, the energy loss is described
by the Bethe-Bloch equation. The energy loss in this
regime depends on the velocity, with a slow growth pro-
portional to logy. The stopping power for black holes
is therefore similar to that of muons, of the order of
2 MeV cm?/g up to y ~ 103 [26,27]. For the average
composition of Earth, this means an energy loss of about
11 MeV/cm. Above y ~ 10° (which is the case at the time
of production for black holes of mass larger than 1 TeV)
pair production, bremstrahlung, and nuclear dissociation
appear. These grow approximately linearly with energy (or
v), with an energy loss of the order of 60 MeV/cm at y ~
10, for the average Earth density. With Earth-like den-
sities, the distance scale necessary to slow down from the
production energy E ~ M?/m,, to y ~ 10? is thus of order
M/(6 keV) cm, or, for M ~ 14 TeV, more than 10* km,
larger than the radius of the Earth. The subsequent slow-
down below y ~ 103 takes place with the constant energy
loss of 1 GeV/m, corresponding to = 10* km. The stop-
ping distance grows with M, and a more careful estimate
shows the Earth provides enough stopping power for black
holes with unit electric charge up to a mass of the order
of 7 TeV. For larger masses, one can appeal to the stop-
ping power of the Sun. With a core density of about
150 gr/cm?, over a radius of the order of 0.2 solar radii,
namely 1.4 X 10° km, the Sun column density can stop
black holes of mass well in excess of 100 TeV. Notice also
that our estimates are based on a black hole with unit
electric charge. Any minor addition to Q = 1, due, for
example, to accretion of a net charge, would further in-
crease the stopping power. The continued health of the
Sun on multi-billion-year time scales—during which
many such black holes would have been produced and
stopped—thus apparently immediately rules out any risk
from charged TeV-scale black holes.

The above arguments apply to any elementary charged
particle. In particular, they apply to possible magnetic
monopoles. The stopping power for monopoles moving
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through matter is about 100 times larger than that of a
charged particle [28], since their magnetic charge is at least
1/« times greater than the electron electric charge. This
means that the Earth itself can stop magnetic monopoles
of masses much larger than those that can be produced at
the LHC.

Let us next turn to the hypothesis that such black holes
are stable but rapidly neutralize via Schwinger production
or another mechanism. In this case, the only interactions of
a black hole with matter are through its gravitational field.
We will give a more careful treatment of such interactions
below, but a rough cross section is the geometric size, o ~
1/TeV?2. Again using the average density of Earth, we find
of order 1 scattering event expected in its transit for this
cross section. The maximum momentum loss in a collision
with a parton of energy E, is of size ~y’E »- This is
achieved when particles are scattered with significant mo-
mentum transfer in the black hole frame, for example, in a
head-on elastic collision, where the target particle is sig-
nificantly deflected. Since y ~ M /E,,, this would corre-
spond to a loss of a fraction of order 1 of the initial
momentum (2.1). However, this is clearly not neces-
sarily typical: due to the short-distance character of the
D-dimensional gravitational potential, the impact parame-
ter range for hard elastic scattering is restricted, and typi-
cally we shall either have a small-angle scattering, or the
target particle can be captured by the black hole, leading to
a large inelasticity and to a reduced velocity loss. We shall
discuss these issues in more detail in Sec. V. The more
careful analysis presented there also indicates that the
stopping power of the Sun is likewise insufficient.

To summarize, hypothetical stable charged black holes
should stop in the Earth for masses up to about 7 TeV, and
in the Sun if heavier. The multi-billion-year longevity of
Earth and Sun apparently provides a good safety guarantee.
We have no concrete example of a consistent microphysics
such that black holes neutralize via Schwinger discharge
but do not Hawking radiate, but our present state of knowl-
edge of quantum black hole processes does not strictly
rule out such a possibility. Thus, we will seek alternative
bounds on such a scenario, which will also serve the
purpose of improving the stringency of the bounds for
charged black holes.

III. ESSENTIALS OF
HIGHER-DIMENSIONAL GRAVITY

In this section we quickly review some features of
higher-dimensional scenarios realizing TeV-scale gravity
and of the black holes that exist in these scenarios. A brief
overview discussing more aspects of these scenarios and
black hole production in them is [7].

A. TeV-scale gravity scenarios

The basic idea of TeV-scale gravity is that either via
large extra dimensions [1,2] or large warping [3], the true
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Planck scale is lowered to the vicinity of a TeV. To sum-
marize, let the D-dimensional action be

! p, —1 P
S7Go fd xy/ g2R+/d xJ—gL, (3.1

where G, is the D-dimensional gravitational constant, R
is the Ricci scalar, and L is the matter Lagrangian. We
consider a general compact metric g,,,(y), possibly to-
gether with warp factor A(y),

S =

ds®> = ezA()’)dx“dxM + gn ) dy™dy". (3.2)

Here the noncompact coordinates are x*, and the standard
model fields are typically taken to lie on a brane spanning
these dimensions. Then the relation between the higher-
dimensional Planck mass,’

2m)P—*

MD—2 —
b 87Gp

(3.3)

and the four-dimensional Planck mass, defined via the
four-dimensional gravitational action

M2
Sy = 74 ]d4xv—g4(x)R4, (3.4)
is
M3 B dP~4y R
wy ~ M e o =M g e
(3.5)

This equation defines the “warped volume” V.

Current lower bounds [26] on M, are around 1 TeV. In
order for Mp to be in the TeV vicinity, one must have a
large warped volume. This can be achieved by large vol-
ume and moderate warping, by large warping, or by some
combination of the two. A simplified version of the rela-
tionship (3.5), assuming the scale of all extra dimensions is
set by a radius Rp, is

2
M = (MpRp)P e, (3.6)
My,
where AA is a measure of the relative difference in warping
between the region of maximal warp factor and the region
in which standard model physics resides.

One can solve for the characteristic D-dependent size of

the extra dimensions,

—2AA 2 _
M2\1/(D-4)
6—4) . (3.7)

Rp = M,;l(

Mp,
Of course, larger warping and fixed Mp means that Rp is
smaller for a given D. In particular, for unwarped scenarios

>In this paper, we use the conventions of the “Extra dimen-
sions”” minireview by Giudice and Wells, in the Particle Data
Book [26].
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R5 is macroscopic and thus ruled out, but with sufficient
warping one finds viable scenarios, such as that of [3].

For Mp = 1TeV and with no warping, we find the
following radii:

Ry, =4.8X10"%cm, for D = 6, (3.8)
R, =36X10"7cm, forD =17, 3.9
Rp =97 X 10"%cm, for D =38, (3.10)
R, =28Xx10""em, forD =09, (3.11)
Ry =27X%10""%cm, for D = 10, (3.12)
Rp=49X10"Bcm, for D =11. (3.13)

For higher M, and/or in the presence of warping, these
numbers should be multiplied by a factor

(MD )(Z—D)/(D—4)672AA/(D74).
TeV

(3.14)
B. Higher-dimensional black holes
1. Schwarzschild solution
We next turn to properties of black holes in these sce-
narios. We begin with the D-dimensional Schwarzschild
solution with mass M, which takes the form

D-3
ds* = —[1 - (R(M)> :Ia’t2 P S dr?
r 1 — (R(ﬁVI))D73

+ r2dQ>. (3.15)

Here the Schwarzschild radius R(M) is

1 (kpM\1/(D=3)
R(M) = —( D ) , (3.16)
Mp\ Mp
where the constant kj, is defined as
2(2 D—4

@m) (3.17)

P D=0

and where (), _, is the volume of the unit D — 2 sphere,
2(D=1D/2

- TIp - /2]

One can likewise write down the higher-dimensional ver-
sion of the Kerr solution [29].

Qp_y (3.18)

2. Black holes in standard compactifications

Nonrotating black holes with radius much less than the
curvature scales and the sizes of the extra dimensions are
well approximated by the Schwarzschild solution (3.15).
When the Schwarzschild radius reaches a size compara-
ble to that of an extra dimension, one expects an in-
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verse Gregory-Laflamme[30] transition to the lower-
dimensional black hole, extended over the extra di-
mension. In this case the solution will be given by the
lower-dimensional version of the solution (3.15), with
trivial dependence on the compact coordinates.

For the purposes of computing forces due to a black
hole, we will need its gravitational potential. In the weak-
field regime this is given by

¢ = —(goo + 1/2 (3.19)
leading to the force on a mass m:
]ED Mm
Fg(r) = _W D2 (3.20)
where
~ D—3 (2m)P*
=D —3kp/2 = ——F ——. 3.21
fp= (D= 3hkp/2= 5 " (3.21)

The attractive gravitational force matches between the
lower and higher-dimensional expressions in the region
r ~ Rp. Specifically, by equating the D-dimensional force
law to that of 4D, we find that the forces match at a
crossover radius

Rc = 8mkp) /PR, (3.22)

whose values are of size 5 — 6Rj, in cases of interest.

3. Black holes in warped compactifications

As an example of a broad class of warped compactifi-
cation scenarios, consider a metric of the form

ds? = dy?> + e»/Rodx? + R} ds3, (3.23)

where ¢2/Rpdx? describes the D = 4 part of the metric.
Here R, is both the characteristic curvature radius associ-
ated with the warping and the radius of the remaining extra
dimensions, compactified on some compact manifold X,
whose metric ds% we have taken to have radius O(1). The
coordinate y is taken to have range (0, L). The form (3.23)
is representative of many known examples of warped
compactifications, such as the truncated AdSs solutions
of [3] and the warped flux compactifications of [4,31],
although more generally one expects, for example, the
metric of X to vary with y.

For these compactifications, a black hole whose radius
satisfies R << Rp is well described as the D-dimensional
Schwarzschild solution (3.15). On the other hand, a suffi-
ciently large black hole is expected to be described by
a four-dimensional Schwarzschild solution, represented
by (3.23) with dx? replaced by the four-dimensional
Schwarzschild metric. Between these extremes the solu-
tions are not known.

However, approximate forms for the linearized gravita-
tional potential, appropriate to describing the weak-field
regime of a concentrated mass such as a black hole, have
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been derived in [32]. In the region Rp < r < L, one finds
the linearized perturbation of dx3 given by

]€DM e~ Jpr/Rp=(D=1)y/Rp

Mp? RprP™*

b (3.24)

Here jp = jp-3)2,1 is the first zero of the relevant Bessel

function and kj, is a constant. Thus, the radial gravitational
force at y = 0 is

FD,w:

A M _jDr/RD ]
koM e (JD (3.25)

N D—4
ME=2 RprP~*\Rp r )

An important question is at what specific radius R does
the gravitational force from (3.24) match onto that for four
dimensions. This can be found by equating Fp, to
—G4M /r*. This yields the relation

Reo 1 M3 Rc
R_ = —{ln[—M2 R-M D*4] + 2ln<R—)
D JD D( C D) D

+ 1n(87ﬂ€[,[ jp+ (D — 4)2—2’])}. (3.26)

From this, we see that if R is significantly smaller than the
radius given by the unwarped version of (3.6), this corre-
spondingly increases the size of the region between R, and
R where warping is significant.

4. A general perspective

We close this section by outlining a broader perspective
on TeV-scale gravity and black holes. Note that a general
feature of the above discussion is that below the value R,
the potential (3.19) crosses over from the four-dimensional
form to one that grows more rapidly as r decreases. The flat
and warped cases give both power law and exponential
growth laws. Moreover, the gravitational potential is pro-
portional to the mass. In order to have a TeV-scale model,
note that the potential corresponding to a TeV-scale mass
should reach the value ¢ ~ 1 by the time r reaches the
value r ~ 1/TeV. We assume that while the gravitational
potential is modified at short distances, the dynamics of
other forces is four-dimensional, as in brane-world models,
in order to agree with experiment.

Moreover, as we will see, many features of the accretion
process only depend on the long-range potential, since it is
at such long scales that gravity begins to compete with
other effects. From this general perspective, a very general
definition of a black hole is as an object with such a long-
range gravitational potential, and which is allowed to
accumulate mass at ¢ ~ 1.

One could postulate more general forms for the poten-
tial, but clearly the cases we have described are represen-
tative of a very wide class of potentials that become strong
at the TeV scale.
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IV. BLACK HOLE ACCRETION IN EARTH

A. Accretion basics

Our interest is in accretion of black holes trapped inside
astronomical bodies such as planets, stars, neutron stars,
etc. One parameter governing this accretion is the effective
capture radius r.(M) of the black hole, for a given mass.
This is the radius out to which the gravitational field of the
black hole succeeds in attracting matter that will eventually
be absorbed. The other parameter is the flux of mass
towards the black hole, F. Specifically, the black hole
mass grows as

aMm

~— = mrF.

- .1

This formula neglects reradiation of incident energy, which
is discussed in Appendix B, and, if present, can lower the
growth rate. The flux can arise either from the motion of
the black hole relative to the body, or from the motion of
the constituents of the body relative to the black hole. In the
case where the dominant effect is the velocity v of the
black hole, we have

F = pv, “4.2)

where p is the mass density near the capture radius. This
produces an evolution equation

— = mpvuri(M).

0 pvre(M)

The capture radius r, is frequently different from the

Schwarzschild radius R and depends on the size and state

of motion of the black hole, as well as on properties of the

surrounding medium. For example, free particles with

velocity v with respect to a black hole have capture radii

r. = R/v. (4.4)

(4.3)

Black holes whose production is accessible at the LHC
have an initial radius of the order TeV~!. As they absorb
matter, their physical and capture radii grow.® In atomic
matter, there are three possible domains where the proper-
ties of black hole interactions with matter vary. The first
phase is that where r. is smaller than the nucleon size,
ry ~ 1 fm. A second phase is that where ry <r. <a
(where a ~ 1 A is the atomic radius). The third phase is
r. > a. Similar phases are present for growth inside a white
dwarf, but in the case of growth inside nuclear matter of a
neutron star, the two latter phases are replaced by a single
phase with r, = ry. The details of the evolution during
these phases will vary, depending on where r, is relative to
Rp and R, the distances characterizing crossover from the
D-dimensional force law to that of four dimensions.

®They also may have significant initial angular momentum.
However, as they absorb matter, with negligible average angular
momentum, they become increasingly well approximated as
nonspinning black holes.
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This section will discuss evolution, first at the atomic
level, and then, for larger-scale black holes, from macro-
scopic matter. The latter is described by Bondi evolution;
we also briefly discuss, and argue against, the presence of
an Eddington limit, which would be relevant if emitted
radiation were sufficient to slow accretion. Our goal will be
to estimate, under the most pessimistic assumptions,
namely, of fastest possible growth, the time scale required
for accretion of black holes to macroscopic size. In sub-
sequent sections, we will also perform similar calculations
for accretion of white dwarfs and of neutron stars.

B. Subatomic accretion in Earth
1. Competition with electromagnetic binding

As is described in Appendix F, most LHC-produced
black holes would be produced with large velocity as
compared to the Earth’s escape velocity, vy = 11 km/s,
due to imbalanced kinematics of the initial-state partons,
initial and final state radiation, etc. However, those that
are downward directed will accrete matter and slow down
while passing through the Earth. Appendix F estimates this
effect based on closely related calculations for black holes
created by cosmic rays in Sec. V. For present purposes, we
will simply make the most conservative assumption that
some of these black holes do become gravitationally bound
to Earth. Given the escape velocity and that the minimum
mass of such a black hole would be O(TeV), typical ki-
netic and gravitational potential energies would thus be =
O(keV). This means that on the occasions where a black
hole and nucleus bind, the black hole’s energy overcomes
the (atomic) binding energy of the nucleus to the surround-
ing material, and the combined system continues to fall.
Thus the black hole’s motion should initially be dictated by
the net gravitational field of the Earth.

In a collision of the black hole with a nucleus, binding
depends on the size of the impact parameter b; we will
largely neglect separate capture of electrons since their
capture rates are much smaller due to their smaller masses
and higher velocities. The black hole’s effects are signifi-
cant at impact parameters where its gravity competes with
the electromagnetic binding forces of the surrounding
medium. The latter are estimated by noting that if a nucleus
is displaced from its equilibrium position by a small dis-
placement d, one will find a restoring force of the form

Fp(d) = —Kd 4.5)

for some constant K. This is justified, for example, by
considering the force acting on an ion’ of charge Z' as it
is displaced by a distance d from the center of charge of its
electron cloud:

"Here we account for the fact that the inner electrons are
typically strongly bound to the nucleus, and so move with it.
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(4.6)

where we assumed the electron charge to be uniformly
distributed in the atomic volume. The black hole will exert
a competing gravitational force which is maximum at the
point of closest approach. For a D-dimensional force law
(3.20), and with the nucleus displaced by d towards the
black hole, it is

IEDMm

Fo(d) = = g s

4.7

where the nuclear mass is given in terms of the mass
number and proton mass as m = Am,,. The nucleus can
become bound to the black hole if this force dominates Fg
for all d over the range (0, b). This amounts to the condi-
tion that, for all d,

(4.8)

Maximizing the right-hand side (RHS) with respect to d,
we find the binding condition:

I’CVDMm
(D —2)P~2KMB2

b<(D- 1)[ ]WH)

= Kgm»

4.9)

which defines the electromagnetic capture radius Rgy;. To
simplify subsequent expressions, we rewrite this as

1 (BpM\I/(D-D)
Ry = — , 4.10
EM MD( M, ) (4.10)
where we define
D — )P~ kpyM?
,BD—( )" kpMpm @.11)

- (D-2P2 K

The ratio of electromagnetic to Schwarzschild radii is
given by
Ren  BYP™V (Mp\2/0-3)0-1)
R k;)/ DO-3)\ M
Since K is governed by atomic scales, S8p >> 1, and Ry
exceeds R for subatomic R.

For low relative velocities, nuclei entering this radius
can become bound to the black hole. Note that this will not
be the case for sufficiently high relative velocity v, as the
free-particle capture radius R/v is smaller than Ry, for
large v. However, we will consider sufficiently small ve-
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locities that Ry < R/v, where competition with electro-
magnetic binding described by Fy dominates.

While subsequent total absorption of a captured nucleus
1S not guaranteed,8 the most conservative assumptions for
the purposes of discussing accretion on Earth are those that
lead to the fastest accretion. We will thus assume that all of
the mass of the nucleus is absorbed. In the absence of other
effects, this black hole would also have the charge of the
nucleus. This charge may discharge through the Schwinger
mechanism, or be retained, depending on assumptions. If it
is retained, the next time that the black hole encounters a
nucleus within Rgy,, this charge is insufficient to prevent
absorption, but with sufficient charge build-up repulsion
could become an important effect. A positively charged
black hole will also have an enhanced absorption rate for
electrons, which works toward neutralization. So, while
charge effects could possibly somewhat slow the absorp-
tion rate, we will make the conservative assumption that
they do not and that sufficient neutralization is automatic.

To determine actual capture sizes, one needs the parame-
ter K. There are different ways of estimating a typical K.
One approach is to estimate the dipole force when one
separates an ion in a crystal from the electron cloud of the
bonding orbitals, as suggested earlier by Eq. (4.6). Assum-
ing there that all but the outermost electrons move coher-
ently with the nucleus yields the value

14 eV
_ OB

where a is the atomic radius, ~1 A. Another method is to
use the relation to the Debye frequency wp,

K ~

(4.13)

SRR

(4.14)

K sz
m  x

where y is an O(1) constant that depends on the material.
Corresponding Debye temperatures, Tp = wp, fall in the
range 300-600 K for typical materials forming the Earth’s
interior (TF¢ = 460 K, T5 = 625 K, Tp® =320 K). In
this case, one finds a typical K of size:

12 eV m TD 2
K=—
xA? \40 GeV/\400 K

T \2
=120 % 107 ﬂ(—”) M2,
Y 400K/ °

(4.15)

consistent with (4.13). Here we have introduced the TeV

mass scale,
My =1 TeV, (4.16)

which frequently provides a useful normalization scale. In
Earth one also has semisolid or semifluid layers, but these

8In particular, (chromo-)electrostatic effects apparently slow
accretion early in this phase.
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have characteristic values of K/m, given by pairing poten-
tials of similar size to those of solids.

Since K/m is directly related to Tp, we will in fact
parametrize results in terms of this temperature. For
example,

27M; 400 K\2
= = 1.30y X 1057(—) ) 4.17
Bs X327TT12) X T, 4.17)

With this prelude, we are now prepared to discuss the
subatomic phase of accretion.

2. Subatomic growth laws

As we have described, in principle there can be three
regimes depending on the size of the capture radius relative
to nuclear and atomic scales. The capture radius in atomic
matter is given by Rgy; let us estimate this for the mini-
mum size black hole, with M ~ M. For D = 11, we find
from (4.10), (4.11), and (4.14) that

Rem(M = Mp, D = 11) ~ 3x"/10 X 107" cm, (4.18)

with larger values for smaller D. Thus the subnuclear
growth phase is nearly negligible, and we will (conserva-
tively) set the corresponding time to zero.

We therefore turn directly to evolution from Rgy ~ ry
up to the atomic radius, a ~ 1 A. Combining the general
evolution equation (4.3) with the expression (4.10) for the
electromagnetic radius, the growth law for a black hole
moving with velocity v takes the form

aMm
== = wpuR%,,. 4.19
di PUREyM ( )
This expression integrates to give a distance
Mp\3 D —1 MN\(D-3)/(D-1)
d= do(—D> (B D ) (4.20)
My) (D =3)Bp\ Mp

for growth to a mass M, where we introduce the character-
istic distance, given via TeV units (4.16)
v
do = —.
mp

421

Using the average density for Earth, p; = 5.5 gr/cm?, one
finds dy = 3 X 10'! cm = 95, which is much bigger than
the Earth’s radius. The distance (4.20) is governed by the
upper limit of the mass, and the lower limit has thus been
dropped. The expression (4.20) can also be written in terms
of the final Rgy;, using (4.10), as

Mp\D-2(D — 2\P—2 1| K
a=a(i) (5=) o
My) \D—1) -3k, mM2
X (RgpMo)P 3.

(4.22)

From Egs. (3.8)—(3.13) we see that this evolution applies
to all values of Rgyy < a if D = 7. For D = 8, instead, the
radius R of the extra dimensions is smaller than a, and
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therefore as Rpy; grows larger than R the dimension
governing the force law changes, and one should then set
D = 4 in Eq. (4.22). We therefore must treat these cases
separately.

In performing the following estimates, using the formula
(4.22), we will assume that the black hole uniformly travels
at the escape velocity vy. Were its velocity higher, it would
not be gravitationally bound to Earth. This is clearly a con-
servative assumption, as the black hole will slow down as it
accretes; if needed one could model this slow-down by
integrating the evolution of the mass and potential energy
over the lifetime of the black hole. (We expect that the
bounds of this paper might be tightened by a more com-
plete treatment of this slow-down.) We will also assume a
uniform density py for Earth. Of course, if the black hole
spent most of its time near the center of the Earth, one
should use a higher central density. But, correspondingly,
the black hole velocity would be lower, scaling linearly
with the distance from the Earth’s center. Since the Earth’s
density in the deep core is at most a factor of 2-3 higher
than its average value, the estimates using the average
density and the escape velocity should tend to (conserva-
tively) overestimate the accretion rate.

3. Time scales for ry < Rgy S ainD = 6,7

The relevant time scales for growth to atomic sizes for
D=6, 7 can be found by setting Rgy~ 1A in in
Eq. (4.22), assuming constant velocity v, and substituting
the values of the other parameters. This results in the
following time scales:

1/ T 2(Mp\*
0

1/ Tp \2/Mp\s
t~3.0X 1011;<ﬁ) (VD) s, D=7 (4.24)
0

These times are quite short, compared to geologic time
scales, and this phase for D =6, 7 will therefore be
regarded as negligible.

4. Time scales for ry < Rgyy S Rpin D = 8

For D = 8, the black hole would first evolve from
Regym ~ 1y up to Rgy ~ Rp via the evolution law (4.19).
The relative time scales can be obtained by equating Rgy
in Eq. (4.22) with the expression of R, given by Eq. (3.7),
and assuming the uniform velocity v, resulting in:

1/ T, \2fMy\3/2
t~54x%1 6—(—’3) <—°) . D=8 (42
34X 100 Nawo k) r,) O* 8 (425

1/ T, \2fMy\7/5
t~2.0X%10*—(-—2 )(—0) . D=9, (4.26
)((400K m,) " (4.26)
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1 Tp \2(My\4/3
1~2.2X 102—(—D> (—0) yr, D =10,

x \400 K/ \Mp,
4.27)
1/ Tp \2f My\o/7
t~4.8—( b )(—0) yr, D=11.  (4.28)
x \400 K/ \Mp

The corresponding times are short compared to e.g. the
solar lifetime and become shorter in higher dimensions,
since the values of Ry, in these cases become smaller and
smaller, approaching ry and reducing the available evolu-
tion range. As we show next, this, however, means that
there will be more range for the 4-dimensional evolution,
which is typically slower because of the weaker gravita-
tional coupling in 4 dimensions.

5. Time scales for R, < Rpy <ain D =8

Once Rpy reaches O(Rp), the distance at which the
black hole’s gravity competes with electromagnetic bind-
ing forces is in the region where the black hole’s field
transitions to the lower-dimensional form. For concrete-
ness, let us first neglect warping and assume that all radii
are the same so that this is a transition to the four-
dimensional regime. One reaches this regime at the cross-
over radius given by (3.22).

The distance required to reach a given Rpy > R is
then, from the distance (4.22) and using the formula
(4.17) for By,

4 =327 (%)2(h (4.29)

2
RenviMp).
(57 MO)( extMo)

We are interested in the corresponding time scale to
reach Rgy = 1 A, where evolution begins to cross over
to ““macroscopic.” Introducing the numerical values for
our parameters, along with the escape velocity vy and

taking Rgy = 1 A, we then find a time of the order of
10" yr

1 T 2 1 T 2
t=99x10'" —( D ) =3.1X 1011_(_D> ,
x\400 K Y\a00 K/ 7"

(4.30)

for evolution to the ““macroscopic’ crossover.

In the case of D =8, R is close to 1 A. One may
therefore fear that, should the effective R- be an under-
estimate by a factor of 2-3, there will be no room for this
phase of evolution. However, notice that, aside from the
factor (D — 1)/(D — 3), the distance (4.20) is the charac-
teristic distance for one e-fold growth of the mass. Since
the higher-dimensional evolution law must match onto the
four-dimensional one in this region (as can be seen explic-
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itly), and since the growth of the radius over a single e-fold
in the mass is small (¢!/®~Y or ¢!/3 in four dimensions),
the e-fold time for Rgy ~ 1 A sets a lower bound on the
evolution time.

C. Macroscopic accretion, Ry = a
1. Bondi accretion basics

Once the electromagnetic capture radius of the black
hole, Rgy;, grows beyond the atomic radius a , accretion
becomes a macroscopic process, with multiple atoms fall-
ing in, and with the gravitational range of the black hole
exceeding the mean free path. In this regime, two effects
counter the free fall of matter: the cohesion forces that keep
atoms together and matter’s finite compressibility. We shall
not attempt to provide a simple model to describe the effect
of cohesion forces on a macroscopic scale, due to the
varied composition of matter inside the Earth, with crys-
talline, semisolid, and liquid phases at various depths.
Moreover, it is possible that once the accretion rate reaches
a certain threshold, radiation emitted from the accreting
matter can melt the surrounding material. (This reradiation
effect is discussed in Appendix B, where it is found not to
be important until Ry > 1 A.) Since our aim is to be
conservative and consider the fastest conceivable evolu-
tion, we shall neglect the slow-down due to cohesion
forces, and treat the inside of the Earth as a nonviscous
fluid, free to fall into the black hole, subject only to the
general laws of hydrodynamics, such as the continuity
equation and energy conservation. The compressibility of
the medium, which limits the amount of matter that can be
funneled towards the black hole, is accounted for by mac-
roscopic hydrodynamic properties of the medium, such as
its sound speed.

The description of accretion under these conditions was
developed by Bondi, Hoyle, and Lyttleton [33]. We review
the derivation of the resulting evolution equation and ex-
tend it to incorporate the D-dimensional force law in
Appendix A; it is

d—M = 77-AD CSR%’p;

4.31
7 (4.31)

where we define the Bondi radius in terms of the black hole
radius R,

D — 3)71/(0-3)
R = [(42)] R, 4.32)
4cs

Ap 1s a numerical constant depending on D and on the
polytropic index I', given in (A.20), which can range
between 3 < Ap < 18, and p and ¢, are the density and
sound speed within the matter asymptotically far from the
black hole.

PHYSICAL REVIEW D 78, 035009 (2008)

2. Matching microscopic and macroscopic regimes

Before estimating corresponding time scales, let us first
compare the sub- and superatomic regimes of growth at the
transition point, Rgy ~ a.

Using Eq. (4.14) and the relation between Debye fre-
quency and sound velocity ¢, = wpa = Tpa,’ we can
rewrite the expression for Rgy; given in Eq. (4.10) as

M \1/(D-1)
Rpyv = aA , 4.33
EM = d <Ma,D> (4.33)
where

D—1 x1/@-D
A=—|(D-2)(D—-3)= 4.34
-0 -] @

2 M D-3
M, , = SE@M)" (4.35)
> kD

From Egs. (4.32) and (3.16), we also find:

D — 371/(D=-3 ¢ M \1/(D-3)
Ry = . 4.36
5 “[ 4 ] (Ma,D) (430

The evolution equations for the two regimes can therefore
be equivalently rewritten as
M )2/ (D=1)

dM
Ay A2 2(
( dt )EM TPVEMA M, p

(4.37)

<dM) — [D — 3]2/(0*3) 2< M )2/(D*3)
ar )y~ Pl 4 TPET\M, '
(4.38)

As before, we use vgy ~ vg; notice that ¢ inside the Earth
has a comparable value. So, up to an overall factor of order
1, M, p turns out to be the mass value at which the two
evolution rates are the same, and the capture radii for
the subatomic and the Bondi accretion regimes coincide.
The subatomic growth is faster when M <M, ,, while
Bondi’s growth is faster when M > M, . This means
that for the purpose of being conservative, it is justified
to use the former accretion model below M, p, and the
latter above M, p.

3. Time evolution with Bondi accretion

We can split the numerical analysis for the Bondi accre-
tion into the case of Rp < a (D = 8), where all the evolu-
tion for Rgy > a is four dimensional, and the case with
Rp > a (D = 7), where we need to consider both phases.

The D-dimensional Bondi evolution equation (4.31) is
straightforward to integrate. Since we are interested in

“Using Tp =400 K and a =1 A, we obtain ¢, = Tpa ~
5.2 km s~ !, which is consistent with the sound velocities of
typical Earth materials, e.g. ¢f*~5km s~! at atmospheric
pressure; sound velocities in the liquid forms of a metal are
just 20%-30% smaller.
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times for evolution to given radii, it is most useful to
convert it to an equation for the Bondi radius Rp, using
(4.32). This gives the following times, for evolution from
an initial Bondi radius Ry ; to a final Bondi radius Rp:

4C MD D-2 _
t=dy———> (£ MyR:)P~5, D>5,
"(D = 5)Apkp <M0) (MoR)
(4.39)
4-Cv MS 3
t=d, -~ (—] In(Ry/Ry;), D=5, 4.40
0 hoks <M0> n(Rp/Ryg;) (4.40)

dey (MN2f 1 1
t= dy 5 (—4)< - ) D=4 (441)
Xaks \My) \MoRy; ~ MoR,

Recall that d, was defined in (4.21). A transition from
the D- to 4-dimensional Bondi behavior will occur when
Rp is in the range of Rp . It is easy to check that this
transition is continuous, namely, the values of the D- and
4-dimensional Bondi radii coincide, when Rz = R.. At
this radius, the mass is given by

o[ MA\(D-3)/(D-4)
My = 167rc [4mky(D — 3)]V/ 4><M%) M

D-
(4.42)

The evolution time to the slightly smaller radius Rz = R
is found from (4.39),

P d 4 (MD)(DZ)/(D4)(M4)2(D5)/(D4)
0D = 5)Apkp \ M, M, '

(4.43)

4. Macroscopic time scales: D = 8

We start with the case Rp < a, so that evolution for
Rp >a is purely four-dimensional Bondi accretion.
When the black hole enters the macroscopic regime, Rp =
a, Eq. (4.32) implies that its mass is of order 10! gr,
therefore it is still small in geologic terms. Thus by this
time it should have settled deep within the Earth. The
quantity c,d,, relevant to the Bondi evolution formulae,
can be estimated from the approximately linear relation,
known as Birch’s law [34], between sound speed and
density. This has been tested experimentally for Fe
[35,36] up to the densities of 12gr/cm?® found in the
Earth’s core, giving

doc, =~ 1.33 X 10745, (4.44)

which is then density independent. (One also finds values
comparable to this using, e.g., sound speeds and densities
for materials such as iron at low pressure.) Equation (4.41)
then gives the following time to double the radius from
Ry = a to Rz = 2a (and the mass from M = 10'! gr to
M =2 X 10" gr):
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8 1 M2

1
t=""dyc,—— —2~12X102—yr. (4.45)
4 Ay

As shown in Appendix A, the value of A, is in the range 4—
18; for I' = 5/3 (namely the adiabatic index of a non-
relativistic electron gas), A, = 4. Notice that the parameter
dependence of (4.45) is identical to that of Eq. (4.29), once
we use ¢, = Tpa. This is also reflected in the similarity of
the time scales, Egs. (4.30) and (4.45).

As a side note, we remind the reader of discussions of
the possibility that primordial black holes remain from the
early universe; in the standard quantum scenario only those
with masses = 10'> gr would have not yet evaporated.
With the present formalism, we can provide a bound on
the lifetime of Earth, should a minimum-mass primordial
black hole be captured within its gravitational field. Using
the parameters in this section, and the evolution law (4.41),
we find a bound on the accretion time ¢ = 47 Myr, with
shorter times for higher-mass black holes. These, and
corresponding accretion times we will find for white
dwarfs and neutron stars, may allow one to set limits on
galactic densities of primordial black holes.

5. Macroscopic time scales, D = 6,7

In the cases D=6, 7, Rp>a and so we have
D-dimensional Bondi evolution up to Rz ~ Rp, and then
four-dimensional Bondi evolution from Rz = R. up to
infinity. To be conservative, we model the phase with Rp <
Rg < R¢ by assuming D-dimensional evolution with a
constant Bondi radius, with Rg = R, until the black
hole mass grows to the point that the respective Ry exceeds
Rc. For D = 7 the mass at Ry = a is of order 10* gr; for
D = 6 it is much smaller. For our approximate estimates,
we again use the value of c,d, given in (4.44).

The times for the evolution up to R, are thus given by
(4.43), leading to

1 (Mp\2
r=55X 104A_<VD) yr, D=6, (4.46)
6 0
1 (Mp\5/3
t=8.6X 10%—(#) yr, D=7. (4.47)
7 0

The following phase, between R and R, then has a
time scale given by

d 167
= dyc

" lam(D = 3)kp]VP I,
(MD>(D—2)/(D—4) <M4)2(D—5)/(D—4)
X (=2 —= :
M, M,

t

(4.48)

The subsequent evolution to large sizes has a time scale
determined by the initial radius, Ry = R in (4.41), and
results in an expression identical to (4.48), with Ap re-
placed by A4. The time scales for these two phases are
given by
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1 (Mp\2
z=9.7><104—(—D) yr, D=6, (4.49)
)‘6,4 0
1 (Mp\5/3
z=1.28><101°—(—D) yr, D=7.  (4.50)
7.4 \M

The D = 6 time is short as compared to geologic time
scales. Using A; = 4 (independent of I') and A4 = 4 (for
I' = 5/3) we obtain in D = 7 a combined time scale of
approximately (6.4, 20, 40, 65, 94) billion years for M, =
1,...,5 TeV. Since, as we discuss in Appendix E, a con-
servative threshold for black hole formation is M, =
3Mp, these values correspond to minimum black hole
masses M,;, = (3,6,9, 12, 15) TeV.

D. Warped evolution

In order to parametrize more general evolutions, we
consider the case of a warped scenario, as described in
Sec. III B 3. In this case, we have D-dimensional evolution
up to capture radius Rp, then a warped evolution up to
R, then four-dimensional evolution from then on. These
scales are related by an expression of the form (3.26).
Combining this with the maximum value of the warping,
found from (3.6) by taking Rp to be the minimum possible
value, Mp!, we find that

Re/Rp = 102, 4.51)

so there is still not wide disparity between these scales.

As the preceding discussion has illustrated, a key ques-
tion is the location of R with respect to the atomic scale a.
Macroscopic evolution in the four-dimensional regime is
dominated by the time scale from the lower end point at
Rz = R, and if R < 200 A, this, via (4.41), yields a safe
time scale in excess of 3 X 10° yr. The warped growth
below R should also yield a similar time scale, as in the
preceding discussion.

On the other hand, accelerated growth is possible for R
significantly larger than 200 A. We particularly saw this in
the case D = 6. Warped evolution presents another ex-
treme (but finely tuned) scenario. Specifically, consider
the case D =5 with radius just below the experimen-
tal bound, say R- = 0.2 mm. In this case, one finds five-
dimensional evolution through subnuclear, subatomic, and
Bondi phases. If, in line with our discussion of scales, we
take Rp =~ 0.02 mm, the evolution time up to this ra-
dius follows from (4.40). This yields an estimate tps5 =
5 X 1073s. At this point, the black hole has a mass M B.5
around 0.1 gr. Next, one evolves through the warped re-
gime. The precise form of the evolution in this regime is
not completely understood. The form of the linearized
potential [32] suggests that the radius grows as the loga-
rithm of the energy, but Ref. [32] also points out that the
corresponding solutions are possibly unstable and instead
spread out more widely on the visible brane. Refer-
ence [37] worked out details of a possible picture of the
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resulting solution, which would be the gravitational dual of
a plasma ball of QCD. Whatever the precise evolution law
is, it is quite slow, since at the end of this phase the mass
is of size Mg, =~ 2 X 10" gr while the radius has only
changed from R, to R.. Conservatively, one can take the
fastest time scale for evolution, namely, that with a con-
stant capture radius Rz = R. Finally, the time for the
four-dimensional evolution from Rz = R to the mass of
the Earth has a time scale given by (4.41). Both of these
phases yield time scales

f~3%10° yr. (4.52)

While this time scale as well as that of the D = 6 case only
represent lower bounds on the accretion time, since we
have made various conservative assumptions such as that
of accretion from a fluid, these times are too short to
provide comfortable constraints.

E. An Eddington limit?

If evolution is sufficiently rapid, as is particularly ex-
hibited by the D = 6 case and the extreme D = 5 warped
case, and in four dimensions, one is naturally led to ques-
tion whether there is an Eddington limit. This would occur
if radiation from the rapidly accreting matter produced
sufficient pressure to inhibit accretion.

In particular, one can parametrize the total luminosity of
the outgoing radiation in terms of the rate of mass accretion
by an efficiency parameter 7,

_dam

dt’

If this radiation is in photons, it will exert a force on the

infalling atomic matter of Earth which can be approxi-
mated as given by the Thomson cross section o:

(4.53)

Mo

dmr?’
The question is whether this can balance the force of
gravity pulling the matter inwards.

We examine this question in more detail in Appendix B.
In short, we do not find evidence for such an Eddington
limit; this is connected to the known result (see e.g. [38])
that spherical accretion onto a black hole is inefficient at
producing a large luminosity.'® Nonetheless, we note that
if a mechanism to produce such an Eddington limit were
found, this would lengthen the shorter accretion time scales
considerably. In particularly, as we review in Appendix B,
four-dimensional Eddington evolution produces exponen-
tial growth of the mass with time, with time constant

F; (4.54)

o
d7mmG

fegd = M , (4.55)

In certain low-collisionality astrophysical contexts, different
from conditions dealt with here, magnetic fields alter this story;
see e.g. [39].
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where m is the average atomic mass per electron, m =
2m,,. This produces an e-fold time scale of size fgqq =
2.3 X 108 yr.

F. Summary of growth on Earth

This section has modeled growth laws on Earth, using
conservative assumptions.

The resulting growth times for D = 8 are bounded
below by the many-billion-year time scales given in
Egs. (4.30) and (4.45); these arise from the subatomic
and superatomic regimes, respectively, and are times that
are long as compared to the expected natural lifetime of the
Sun. At these times, the black holes masses are still in the
range of 10!! gr, and have a growth rate of the order of
300 kW, which gives a bound on possible power output that
is totally negligible in the geologic context.

The case of D = 7 also gives times longer than the Sun’s
lifetime, with an overall time scale for the evolution,
Eq. (4.50), ranging from 6 to over 80 X 10° yr. At such
time scales, the growth rate reaches approximately 10 GW,
about 1077 the solar flux on Earth, and much smaller than
the ~40 TW heat flow from the interior of the planet; this
bounds any possible thermal impact to be negligible. The
case D = 6, with time scale (4.49), even though very long
by human standards, is much shorter than the natural life-
time of the solar system. As we saw, certain warped sce-
narios are also similarly potentially problematic. There-
fore, in order to constrain these scenarios we turn to their
consequences for other astronomical bodies, particularly
white dwarfs and neutron stars.

V. STOPPING OF COSMIC RAY-PRODUCED
BLACK HOLES

Collisions with center-of-mass energies comparable in
energy to LHC occur frequently in the universe. The best
known and directly measured process is the collision of
high-energy cosmic rays (CRs) with the nucleons in the
Earth’s atmosphere. For the collision of a CR of mass Am,,
to exceed the nucleon-nucleon center-of-mass (CM) en-
ergy of Ejyc = 14 TeV, the CR energy should be at
least Epn(A) = AE}/2m, ~ (10'7A) eV, well below
the maximum value of measured CR energies. A simple
estimate of the number of nucleon-nucleon interactions
above LHC energies can be obtained from an approximate
flux relation, derived from the current data [40-42]:

dd

i 10°(E/GeV) > m2s 'sr 1GeV ™!, 5.1

which provides a lower bound to the measured CR spectra
in the interesting region Ecg > 10'7 eV, up to the GZK
cutoff [43,44] of Egzx ~5 % 10!° eV. Confining our-
selves to the part of the spectrum below the GZK cutoff,
we obtain the following integrated flux:
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do
NWF>Ewo=a [ SRaE
E>Emin(A) dE

L6 X10°

1 yr 'km ™ 2sr7

(5.2)
where /s is the CM energy of a nucleon-nucleon collision.
This corresponds to about 1/A X 10?2 collisions above the
LHC energy at the surface of the Earth during the course of
its existence. This number greatly exceeds the total number
of collisions in the course of the LHC operations at its
highest intensity (about 10° s~! over a 10® s period), even
assuming a cosmic ray flux dominated by Fe nuclei.

If black holes can be produced at the LHC, they will
therefore be copiously produced in such CR-induced col-
lisions with astronomical bodies. Thus, stability of such
bodies on astronomically long time scales offers the pros-
pect of ruling out rapid accretion scenarios. In order to
provide such bounds, one needs to check that a CR-
produced black hole will slow sufficiently to be trapped
in such an object, so that it begins accreting. After that, one
needs to check the relevant accretion time scale. This sec-
tion will focus on the former question. We will find that
while, as briefly described in Sec. I B, we cannot guaran-
tee that Earth is an efficient target for trapping hypothetical
CR-produced black holes in all scenarios, white dwarfs and
neutron stars do provide very useful targets.

A. Production kinematics

Let E be the energy of a cosmic ray nucleon hitting
an astronomical target. Black hole production would arise
from collisions of two partons, with center-of-mass mo-
mentum fractions x; and x, for incident parton and target
parton, respectively. The mass M of the resulting black
hole is given by

M? = 2x1x,y°Em, (5.3)

where y = 1 is an efficiency factor, parametrizing inelas-
ticity (energy loss) due to radiation in the collision process,
and m,, is the proton mass. The bulk of the production is
atx; ~ x, ~x = M/(y\2Em,,). After being produced, the
black hole in the fixed-target frame will carry energy

x\VE ~ M[E/2m p»» and thus has a Lorentz y factor

X E
y =~ \/1 . 5.4
X \’ 2m,,
Since xq, x,, y = 1, Eq. (5.3) gives
y = > M/2m,,. (5.5

2x,m,y

The black hole will therefore be highly relativistic. These
boosts range up to typical values of size y ~ 3M/m,,; for
example, in the extreme case of interest for the LHC,
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M = 14 TeV, Fig. 7 shows significant production at y <
4.5 X 10*

If the black hole is very weakly interacting, it could
travel across the object unimpeded, thus preventing limits
from being set. We therefore concentrate first on this issue.

B. Stopping: neutral black holes

In line with our discussion of Sec. IT A, we will explore
the assumption that black holes interact only via their
gravitational field. Collisions can slow such a black hole
via two mechanisms. First, in a typical collision the black
hole will gravitationally scatter a particle in its asymptotic
field, thus losing some of its momentum. We henceforth
refer to this gravitational mechanism as Coulomb slow-
down. Second, for smaller impact parameters, a black hole
can absorb a particle, in the process possibly emitting some
radiation, and typically increasing its mass. This also slows
the black hole, and will be referred to as accretion slow-
down. In what follows we denote by E; and p; the energy
and momentum of the black holes at the time of production
by the cosmic ray.

1. Accretion slow-down

For the smallest black holes, such as those in the early
stage of the accretion, the target particles should be thought
of as partons, moving relativistically inside the nucleon. In
the black hole rest frame, denoted by a prime, incident
partons have energy and momentum

E, = p), = %(E,, - py) (5.6)
where E, and p,, are the parton energy and parallel mo-
mentum component in the star rest frame. Note that for the
first few collisions E), ~M, since E;/M ~M/m, ~
M/E - But as the black hole slows, Eﬁ, becomes much
smaller than M.

If black holes can capture matter via their gravitational
fields and accrete within Earth, then their gravitational
fields will similarly capture and scatter matter while mov-
ing through any astronomical object, and we will con-
sistently work within such a framework. Some general
features of gravitational scattering and/or capture of rela-
tivistic particles in the field of a D-dimensional black hole
are reviewed in Appendix C. There we find the minimum
impact parameter, l;minR, below which relativistic particles
enter the capture regime. This can be calculated classically,
or defined quantum-mechanically in terms of the capture
Cross section,

O = 77'(l;minR)2’ (57)
with closely corresponding results in the cases of interest.
A capture collision should result in the parton transferring
its momentum and is expected to result in much of the
parton energy also being absorbed, although it is also likely
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that some of the parton energy will be radiated in the
process. The change in the black hole mass and momentum
are thus parametrized as

Ap' = cuepP)s AM = AE' = ¢,y E),. (5.8)

We expect ¢, , =1, and have 0 < c . <min(l, ¢, )
parametrizing the fraction of energy absorbed.'! Back in
the star frame, the momentum change will then be

E2
Ap = Cac,pPp — (Cac,p - Cac,M)W(Ep - Pp), (5.9

where the terms proportional to p,, contribute zero when
averaged over different parton momenta. One can combine
these equations with the capture cross section to determine
the accretion contribution to the momentum and mass
variation. For a black hole of velocity v ~ 1 in a matter
distribution with parton density », one finds:

d .
(5) = natbunk(VPAP. (510)
dM .
(W) = na[ b, R(/s)FAM, (5.11)
where
s =M?+2(EE, — pp,) + m>. (5.12)

This leads to the following evolution as a function of path
length €:

d A E?
(d_§>ac = _(Cac,p - Cac,M)bilin’n—p WRZ(\/E)) (5.13)

(dM (5.14)

N E
W)ac = Caombiin™p MRZ(\/B,

where we introduced the energy density p = n(E,). We see
that in the limit ¢,y = ¢, (“perfect accretion™), there
is no average momentum transfer.

2. Coulomb slow-down

Consider now the case of gravitational elastic collisions.
For the earliest collisions, R > 1/ p',» which is the regime
of classical particle scattering. Once y has decreased by a
factor of approximately ten, the wavelength becomes lon-
ger than R and we enter the quantum regime.

Thus, we consider incident partons outside the capture
regime, classically described by impact parameter b >
5minR. The momentum loss of the black hole is

"Indeed, we expect that (chromo-)electrostatic effects signifi-
cantly reduce c,.y, below an energy threshold E), ~ a,/R.
Notice that any energy that is not absorbed must be rerediated,
thus contributing to black hole momentum loss.
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E? 0

Ap = _27(Ep - pp)sinzz,

where 6 is the CM scattering angle. (For all but the first
collisions, the CM frame is well approximated by the black
hole frame.) One can then sum over collisions, as in the
accretion case, to obtain the differential momentum loss. In
terms of the differential cross section, this takes the form

dp E? 1 do 0
—_— = — d 2si 2_’
<d€)sc N p ,/;QSHC Cose d COSQ s 2

where 6.~ 1 represents the maximum angle avoiding
capture. Here the parton momenta have averaged to zero.
In parallel with (5.13), we write this as

(5.15)

(5.16)

d A E?
(_p> = _cscbrzninwp_Rz(\/E)’ (5]7)
dt /. s
where
1 M do 0
=— d 2sin’ —; 5.18
Cye 7. Jeow, cosf Jcosd sin X ( )
the corresponding classical expression is
1 LA 0
Coo = B fb - deZSinZE. (5.19)

The parameter c,,. is estimated in Appendix C, yielding
for the quantum case the values (0.5, 0.25, 0.17) for D =
5-7. Note that as a result of l;min > 1, gravitational
Coulomb scattering plays a subdominant role.

3. Slow-down to y ~ 1

We now combine the Coulomb and accretion stopping
rates to determine the length required to slow down the
black hole to the non-relativistic regime. As noted, initially
EE, ~ M2, but as the energy falls, the mass term in (5.12)
dominates. Then the Coulomb and accretion stopping for-
mulas, (5.17) and (5.13), have the same form. Moreover,
dividing (5.14) by their sum, and defining

/] cuc,M

= , 5.20
‘ Cac,p — CaeMm + Cye ( )
we find in this regime
M M
— = —c'—, 5.21
dp cE (5.21)
with solution
M J AN
ﬁi = (p—,> . (5.22)
This, together with the dependence R(M) =

R;(M/M,)"/°=3) then allows us to integrate the sum
of (5.17) and (5.13) and deduce the distance d to evolve
to a given final momentum p and mass M related by (5.22):
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d 1
de =
/ P Cse T Cac,p + cac,M(D - 5)/(D - 3)
1 M M
X = ——. 5.23
P TRD) p 02

The left-hand side defines the column density, 8(d), as a
function of d.

The momentum where the black hole becomes near-
relativistic, p = M = My, is obtained from Eq. (5.22) as

-\ Cac, /(CUL',)+C.\'L’)
ﬂ) e e (5.24)

M.

1

Myr :Mi(

Since, as we have seen, the initial boost y; = p;/M; is
large, growth of the mass in this phase can be significant.
The corresponding column density is

1
Coe T Cac,p + Cac,M(D - 5)/(D - 3)
brin TR (Myg)’

Or(d) =

(5.25)

For rough benchmarks we can replace the right-hand side
by Mg /. If we work with constant density, we see that the
stopping distance is then approximated by d ~ d, =
M3/ mp, as defined in (4.21).

In view of the value for Earth dy(E) = 3 X 10'! cm,
these mechanisms cannot efficiently slow down neutral
CR-produced black holes in Earth, or in other bodies
such as planets and ordinary stars.'? For the same reason,
typical black holes produced at the LHC are expected not
to be captured by the Earth (see Appendix F), posing no
risk; however, there is small but finite probability for them
to be produced with velocities small enough to become
gravitationally bound to the Earth and, in the hypothetical
case of stability, to begin accreting.

On the other hand, for a neutron star with densities
surpassing 10'* gr/cm?, one has dy(NS) = 0.01 cm.
Thus neutron stars can promptly slow down such black
holes, and then quickly bring them to below the escape
velocity, which for a neutron star is close to v ~ 1. Finally,
for white dwarfs, whose central density can exceed p =
107 gr/cm?, one finds dy(WD) ~ 1.5 km, compared to
radii in the 10°-10* km range. Thus, in order to establish
stopping in white dwarfs, we need to make a complete
numerical analysis, considering also the nonrelativistic
phase of the slow-down.

2Asa consequence of this, neutral black holes produced during
head-on collisions of cosmic rays within the galaxy will freely
escape the galaxy, not being trapped by either collisions with the
interstellar medium and stars, or by the galactic magnetic field.
Therefore arguments such as those used in Ref. [45] to rule out
the production of strangelets do not seem to easily apply in this
context.
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C. Stopping in white dwarfs

Stopping scales in white dwarfs are not enormously far
from their radii, motivating a more complete treatment. We
begin by noting that once a black hole reaches the near-
relativistic regime, p ~ M, it must be further slowed to
below the escape velocity in order to be trapped. Thus we
must understand nonrelativistic slowing.

We consider white dwarfs with masses M = Mg, which
have radii Rywp = 5500 km. Such a white dwarf has an
escape velocity vwp ~ 2 X 1072, The material in such
white dwarfs is described as a fluid of degenerate electrons
in which are embedded atomic nuclei, for example, carbon
and oxygen. (Later, at time scales ~Gyr, this material can
crystallize.)

1. Nonrelativistic stopping

At the end of the relativistic regime, the black hole has a
mass Myr = p given by (5.24). In addition to R, capture
dynamics can in principle be governed by the capture
radius for free particles, R/v or Rgy, defined using white
dwarf parameters, aywp ~ 107!9 cm. However, in the re-
gime v = .02, these radii are all less than or of order ry
(see Appendix D), so the capture is dominantly subnuclear.

As the black hole moves through the stellar material, it
collides with nucleons at a rate

dn P 5

=g B2 2
= 7TmprN (5.26)

When a collision occurs, it moves nonrelativistically
through the nucleon. As it does so, it is bombarded by
the relativistic partons within the nucleon. The average
mass and momentum collected during such a transit is
given using (5.10) and (5.11), times the average time At =
4r,/3v of the transit; combining with (5.26) gives

Z—Ig = _(Cac,p - Cac,M)bArzniansz (5.27)
M > R?
W = Cac,Mbminﬂpj' (528)

Note two possible caveats to these formulas. First, in a
collision with a single nucleon, AM cannot be bigger than
m,,. We show that this is true in Appendix D. Second, there
could be enhancements of AM due to the fact that if the
black hole captures a parton, the QCD string can pull in
more energy, whether or not it breaks. (Moreover, since
most of the nucleons are in nuclei, it may even be that it
pulls in more of the nucleus.) Indeed, one might expect a
minimum energy captured of ~100 MeV if the BH cap-
tures one parton. Let us, however, stick with this simple
and conservative estimate.

Coulomb stopping may be suppressed in this regime,
and we conservatively neglect it. As before, one can find an
equation relating M and p:
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( M )I_C{I(‘,M/Ca(‘,p _( p )_ca(‘,M/Caz‘,p
MNR MNR '

Thus, for “perfect accretion,” p remains a constant. We
also find
( M )_Car:,p/cac,M
v=|— .
Mnr

One can then integrate (5.28) to find the column density
to a given final mass M :

1 My dM Mg \Cacp/Cacn
[ ! ( NR) . (531

12 2
CacmDmin I M TRE\ M

(5.29)

(5.30)

5NR(d) =

This can be evaluated using the scaling (3.16) of R with M,
to find the distance travelled to reach mass M "

1 1

Ongr(d) = —_
NR( ) Cac,p — Cac,M(D - 5)/(D - 3) bxznin

x {1 _ (MNR)[C(!(',p/CU(',M7(D75)/(D73)]} MNR
My 7R*(Myg)’
(5.32)

an evolution law governed by larger velocities. Note that
this gives the same scale as the evolution to Myg, as in
(5.25). This is of course a conservative scale, since we have
completely neglected any momentum loss due to scatter-
ing, and also have neglected possible enhancements due to
binding effects with nuclear fragments.

2. Stopping bounds

From these equations we can compute the column den-
sities necessary for stopping. We first note that, by virtue of
the fact that y; = p;/M; is large, the stopping distance
grows with increasing ¢, /¢4, > due to the exponential
dependence in (5.24). Therefore, we set it to its maximum
value, ¢, = cm.,,,.13

Notice also that stopping distance increases with de-
creasing c,.. Thus, one is tempted to set this to zero.
However, even small ¢, plays an important role. Specif-
ically, consider the bound on the nonrelativistic stopping,

D - 3 MNR
2cac,pl;1?nin 77-R2(]MNR) '

Snr(d) < (5.33)

To test its sensitivity to our physical expectation ¢, , =~ 1,
let us see how much the column density for given cj,
changes if we take c,., = 1/4, as compared to its value

3We note that this appears quite conservative, in that we expect
Cqc.m to become small below the (chromo-)electrostatic thresh-
old mentioned previously. This in turn would significantly re-
duce the effective value of M/R? that enters the expressions
(5.25) and (5.32) for the needed column densities.
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TABLE I. Column densities 87, in units of 103 gr/cm?, required to stop a black hole of given masses.
87/101 gr/cm? D=5 D=6 D=1 D=8
M =17 TeV 0.09 0.65 1.8 33
M =8 TeV 0.13 1.0 2.9 53
M =9 TeV 0.19 1.5 43 8.2
M =10 TeV 0.25 2.1 6.2 11.9
M =11 TeV 0.34 29 8.7 16.8
M =12 TeV 0.44 3.9 11.8 23.0
M = 13 TeV 0.56 5.1 15.6 30.7
M = 14 TeV 0.70 6.5 20.2 40.0

for ¢4, = 1 and ¢, = 0. Note from c ey = ¢4, that
this would correspond to a reduction in the mass accretion
rate of 1/4. From (5.33) we easily find less than 25%
variation in the resulting bound on g as long as

1

Z4 D=5yl - Hmaes -1 Y

CSC

The tightest constraints on stopping parameters arise for
largest M; and thus, as we see from (5.5), large boost.
Using that equation, or alternately from Fig. 7, we see
that there is a large production efficiency for y; <
3M;/m,, or with M; = 14 TeV, around y; ~ 4.5 X 10%.
Thus, we find the variation of the stopping distance
bounded in this fashion so long as c,. > (.12,.07) for D =
6, 7. Moreover, this bound neglects the fact that any
reduction of ¢, ,, corresponding to a reduction of accre-
tion, should lead to an increase of scattering, parametrized
by c,., thus improving the bound. These features arise from
the exponential dependence in (5.24); a similar statement is
slightly stronger for 8y, as a consequence of its additional
dependence on c,, through its denominator. Rough values
of c¢,. for D = 6, 7 are given (see Appendix C) by (.25,
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.17). Thus, in addition to the physical expectation ¢, , =
1, we find the statement that even for small c,., one does
not increase the stopping distance by varying c,,, , over a
wide range. We thus take ¢, = 0 and ¢, = 1, and will
rely on the resulting column densities to not be more than
25% higher, although we expect that they could be signifi-
cantly lower.

Taking these values and combining our bounds from
(5.25) and (5.33), we find

(D —3)? 1
204 P 2,

y (@)3(yiMi)(D—5)/(D—3)M8‘
My) \ Mp

The column density M7 converts to 4.6 X 10'? gr/cm?.
For our numerical estimates here we shall confine our-
selves to black holes produced with y; < 3M,-/mp, as
above. Since the evolution is dominated by the phase where
the wavelength of the incident particle is large compared to
the black hole radius, we use the values of the parameters

A

bmin corresponding to the quantum absorption, as given in

87(d) = Sg(d) + yp(d) <

(5.35)
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Left: density profile for a solar-mass white dwarf (courtesy K. Shen). Right: column density, as a function of the penetration

angle 6 with respect to the zenith, normalized to the column density at § = 0.
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Appendix C 2. To maximize the needed column density, we
also use the maximum value of M, corresponding to a
given mass M;, namely M, = M;/3. Equation (5.35) then
leads to the maximum column densities shown in Table I
for various black hole masses.

Integration of the column density of a My = M, white
dwarf along a diameter, using the density profiles shown in
Fig. 1 [46], yields a column density Syp = 2 [, gWD pdt =
13 X 10'3 gr/cm?. This number increases to Swp = 21 X
105 gr/cm? for Myp = 1.1 My, and to Syp = 38 X
105 gr/cm? for Myp = 1.2 M. The systematic uncer-
tainty on these values, determined by varying the pa-
rameters of the white dwarf such as temperature and
composition, is of the order of 10% [47].

A comparison between the required stopping column
densities and the available stopping power of white dwarfs
is shown in Fig. 2.

We thus conclude that a solar-mass white dwarf can
efficiently stop black holes. In the case of D =5 and 6,
black holes corresponding to the most conservative LHC
scenario, with masses up to 14 TeV and M accordingly
large, will stop within a fraction of the maximum column
depth for white dwarfs at or above M. In the case of D =
7, one needs stars heavier than approximately 1.1 solar
masses in order to achieve stopping up to 14 TeV. However,
as indicated in Sec.IV C5, D = 7 black holes above 6 TeV
give rise to accretion lifetimes on Earth in excess of 20 X
10° yr years. Our calculated stopping column densities for
masses below this are well below the column density of a
solar-mass white dwarf.

As shown in Table I, the column densities required to
stop the heaviest black holes for D = 8 exceed the stop-
ping power of even the most massive white dwarfs, and

102......|....|....
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FIG. 2.  Column densities required to stop black holes of
different masses in different space-time dimensions D (solid
lines) and integral column densities for white dwarfs of mass
My = (1, 1.1, 1.2) solar masses.

PHYSICAL REVIEW D 78, 035009 (2008)

therefore we shall only state empirical constraints on such
scenarios when discussing the neutron stars case.

VI. BLACK HOLE PRODUCTION ON
WHITE DWARFS

In this section we briefly describe the expected rates of
black hole production on white dwarfs; for more details see
Appendix E. Before discussing such production rates,
however, we must discuss the effects of magnetic fields.

A. Magnetic screening

White dwarfs and neutron stars are known to have
significant magnetic fields, which can have important ef-
fects on the charged cosmic-ray primaries. (For more de-
tails see Appendix G.) For example, in the case of a dipole
field of polar strength B, an incident ray of charge Ze and
momentum p perpendicular to the magnetic axis will have
a Larmor radius that depends on the distance r from the
center of the object as follows:

2p (13
ZeB,, (RO) ’
where R, is the radius at the surface. While even for
neutron stars r; can be greater than the radius of the star,
as shown in Appendix G, with the very high-energy cosmic
rays required one must consider the effects of synchrotron
radiation. This is studied in more detail in Appendix G,
with the result that a ray at incident angle 6 and with mass
number A will have an energy at R determined in terms of
its incident energy E,, by

6.1)

”L(") =

Eg, = Emax%fi(}mu, (6.2)
where
By = 00Am, 6.3)
M 2(Ze)*(sindB,) Ry

Thus, E ., sets an effective maximum energy for cosmic
rays that penetrate to the surface of the star; for protons,
and normalizing to typical white dwarf parameters, we
find that

Eox(0 = 7/2) = 3.6 X 108 eV

5000 km (1()6G)2

Ry B,

(6.4)

Since, as we will find, optimal bounds come from consid-
ering cosmic-ray energies up to ~10%° eV, we see that in
order to avoid significant magnetic screening, we must
consider white dwarfs with magnetic fields B, =< few X
10° G. Bounds from stars with larger fields are still achiev-
able, since cosmic rays incident at angles closer to the
magnetic poles will experience reduced energy loss, but
this leads to a reduction of rates for acceptable cosmic rays
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TABLE II.
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Black hole production rates, per million years, induced by cosmic rays impinging on a R = 5400 km white dwarf. N,

refers to the case of 100% proton composition, Ng, refers to 100% Fe. M = M,,i,/3 and y = M,,;,/14 TeV.

D= 5 6 7

N,/Myr, My, =7 TeV 2.1 X107 4.3 X 107 6.7 X 107
Nge/Myr, M, = 7 TeV 7.2 X 10* 1.6 X 103 2.6 X 10°
N,/Myr, My, = 14 TeV 2.3 X 100 5.9 X 10° 1.0 X 107
Nge/Myr, M, = 14 TeV 7.3 X 10° 2.1 X 10* 3.8 X 10*

(see Appendix G). We will return to the question of mag-
netic fields for neutron stars, where we will find them to be
somewhat more problematic.

B. Production rates

Production rates can be computed using the known
fluxes of cosmic rays, together with cross sections obtained
by convolving parton-level cross sections with parton dis-
tribution functions. We will briefly summarize these cal-
culations here; more details are supplied in Appendix E.

The basic parton-level production cross section is of the
form o = 7wR2(:/3), where /5 is the CM energy of the pair
of partons forming the black hole. This is only an estimate;
one must take into account that not all the collision energy
is captured by the black hole, and even less is captured as
impact parameters grow comparable to R(~/3). Thus, to be
more precise, we account for this via an inelasticity factor,
y; we conservatively summarize trapped-surface calcula-
tions of the inelasticity [48-511" by a simple dependence
like that in [8]

Epy = W5 b <05R;  Egy=0b>05R (6.5)
To be conservative for cosmic-ray production rates, we use
a lower than expected value, y = 0.5 [8], for the inelastic-
ity. This corresponds to a limit of 7 TeV for the maximum
value of black hole mass that can be produced at the LHC.
The actual value of y may be higher, and its reach could be
slightly extended due to quantum fluctuations. For this
reason we also consider values in the range 0.5 <y <1
(the upper limit being an unrealistic extreme [8,51,53]) to
allow for black hole production at the LHC all the way up
to the largest available energy, namely 14 TeV. In making
the estimates of cosmic-ray production rates we shall con-
servatively choose the value of y corresponding to the
smallest possible inelasticity compatible with produc-
tion of a given mass value at the LHC, namely y =
Min/14 TeV. Furthermore, again to be conservative in
our rate estimates, we take the minimum black hole mass
to be M;, = 3Mp; for example, [5] used as a benchmark
the less-conservative value M = SM,.

“We also note that the refined estimates in [49], which are
based on perturbatively calculated radiation, have in the case of
zero impact parameter recently been checked via numerical
relativity techniques [52], with good agreement.

The resulting cross sections are then convoluted with the
CTEQ6M [54] parton distribution functions. The resulting
nucleon cross sections are, in turn, convolved with the
measured ultrahigh-energy cosmic-ray flux, extracted from
the latest Auger spectra [40]. In the case of cosmic-ray
primaries that are nuclei of mass number A, one must also
use a nucleon energy reduced by this factor. The rate
calculations of Appendix E are carried out for two test
cases: that of incident protons, and that of incident iron
nuclei (A = 56). Partial results are summarized in Table II,
for production on a white dwarf of radius 5400 km, and
more results are presented in Appendix E. (In that appen-
dix we also present figures resulting from a 20% hypothe-
sized overestimate of cosmic-ray energies, to model the
quoted Auger energy resolution of =20% [40,55].)

According to the stopping calculations of Sec. V, not all
cosmic-ray-produced black holes are stopped by a white
dwarf. In order to allow for sufficient column density, we
must require the cosmic rays to reach the white dwarf at an
angle sufficiently close to the azimuth as to force the black
hole to traverse a sufficient fraction of the full column
density of the star. The angular dependence of the column
density is shown in the right plot of Fig. 1. In the case of
D =5, our calculated column densities required for stop-
ping are a mere few percent of those available and we can
therefore easily accept a reduction to 10% of the available
column density. In the cases of D = 6 and 7, to be con-
servative we can allow for at least 30% and 80% of the full
available column density, leading to a reduction of the
useful cosmic-ray flux to a level of 10% and 2%, respec-
tively. Multiplying these efficiencies by the number of
events given in Table II, and integrating over a period of
107 yr, leads to total numbers of accumulated black holes
larger than 5000, even in the totally extreme case of 100%
Fe composition of the cosmic rays. Notice that even in the
most conservative case of rates obtained for M = 14 TeV
with y = 0.5 (see Table VII in Appendix E 2), the number
of events in 5 X 107 yr still exceeds 100 for each value of
D.

VII. BLACK HOLE CATALYSIS OF
WHITE DWARF DECAY

The conclusion of the preceding sections is that white
dwarfs with solar-size masses, as well as neutron stars,
have sufficient ability to stop a cosmic-ray-produced black
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hole, and that significant production rates for such black
holes can, in particular, be achieved on white dwarfs. We
will seek bounds from the statement that any stable black
holes that could be produced on Earth will be produced and
trapped in cosmic-ray collisions with these astronomical
objects. The remaining problem is to examine the subse-
quent evolution.

We have, in particular, argued in Sec. V C that a black
hole will be brought to zero velocity, largely through
accretion and scattering, deep within a white dwarf. By
this time the mass of the black hole may grow significantly
from its initial value. The surrounding medium consists of
nuclei, for example, carbon and oxygen, embedded in a sea
of relativistic degenerate electrons. A lower bound on the
relative velocities between the black hole and these nuclei
is given by the thermal velocity; for temperatures = 107K,
these are at least of size vy =3 X 107*. At times
0(0.6 Gyr) white dwarf cores begin to crystallize, but we
will find accretion to be relevant well before this time.

A. Subatomic accretion

A small black hole will only exert an influence when
within the nucleus, as described by our ‘“bag-model” dis-
cussion in Sec. V C 1. However, once larger it will have a
longer-scale influence. In general its gravitational force
must compete with electrostatic forces between the nuclei
and their surroundings. We can estimate these forces as in
the discussion of atomic matter on Earth—a displacement
of a nucleus from its equilibrium position is expected to
produce a dipole force resulting from interactions with
the ambient electron cloud, and this is estimated to be
of a size given by (4.6), where one uses the typical
internuclear separation awp =~ 107!° cm corresponding
to p = 107 gr/cm?>. This leads to a characteristic electro-
magnetic capture radius Rgy; as given in (4.10), with Bp
given by (4.11), together with the approximate value

~ 1.2 X 1078,

2 7.1
For a black hole evolving from M ~ M, the radius Rpy
will initially be smaller than both the nuclear scale and the
velocity-dominated capture radius R/v. One can readily
check when Rgy; exceeds the latter; this happens at

_ _ |(D—=3)(D - I)D_l‘/ﬁ (D-3)/2
REM —R/'UT —\/ 2(D—2)D72 EUT .

(71.2)

Thus, for D = 6, by the time Rpy; reaches ~1 fm it gov-
erns capture, though for D = 5 there is a brief phase where
R/vy > 1 fm governs the capture rate. Both the subnuclear
phases and this phase are governed by very short time
scales.

We will focus on cases where Ry, > awnp, as they include
scenarios with short evolution times on Earth. These, in
particular, include the nonwarped cases of D = 6, 7. The
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evolution time up to the scale Rgy; = awp is then given by
d/vy, with d the electromagnetic evolution distance given
in (4.22). This yields time scales for this phase

M-\3
ftem = 1.5 X 10%(#) , D=5, (7.3)
0

Mp\
tem = 0.09s(—2), D=6, 7.4
EM S(Mo) (7.4)
M\5
tgm = 6 X 104S<V§) , D=1, (7.5)

which are quite short.

B. Bondi accretion

Once Rpy > awp, one enters the Bondi accretion
phase. Since, by assumption, Rp > awp, this is initially
D-dimensional up to Rp, and then four-dimensional be-
yond R. In cases with warping, there can also be a warped
phase intermediate between Rp and R.

Consider first the unwarped cases, with D = 6, 7. The
relevant time scales are given by Eqgs. (4.43) and (4.48) for
evolution up to Rp, and from R- onward. To be conser-
vative, we now model the transition phase between Rp
and R by assuming the slowest evolution, namely, a
4-dimensional growth, with a constant Bondi radius equals
to Rp, until the mass reaches the value corresponding to
Rz = R(. This gives an evolution time scale:

16747 (D — 3)kp]"/ P4

t=d
0Cs /\D
M \(D—2)/(D—4) (M, \2(D—5)/(D—4)
><<—D) (—4) . (1.6
M, M,

The evolution time scales are determined by the white
dwarf parameters (for a M = M white dwarf [56]) d, =
1.4 X 107%s and ¢, = 1.4 X 1072, The combination d,c,
has a value that is approximately 1.5 X 10™* times the
Earth’s value (4.44). The resulting time scales will there-
fore be comparatively shorter:

1 (Mp)\2
Rz <Rp) = sf(l) yr, D=6, (7.7)

A \ M,

1 (Mp\2
t(RD<RB<RC)=4X102/\_4(V§> y1, D=6,

(7.8)

1 (Mp\2

X \M,

1 (Mp\5/3
Rz < Rp) = 1.3 X 105)\7(1;) yr, D=1,
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1 (Mp\5/3

1 (Mp\S/3
#(Rg > R¢) = 1.9 X 10%—4(%) yr, D=1.

(7.12)

Taking the largest value of relevance for the LHC, M, ~
4.7 TeV, and using the value of A appropriate for a
relativistic electron gas, the longest possible phase of the
evolution in D = 7 does not exceed 8 X 107 yr. We recall
that, in this largest-M condition, the Earth’s lifetime for
D = 7 exceeds 10'° yr years by a large margin. We also
notice that if we consider the case of more massive and
thus denser white dwarfs, the time scales are reduced. For
example, the central densities of white dwarfs of mass
M =11 My and M = 1.2 M, are 2 and 4 times, respec-
tively, larger than for M = M, [56], leading to accordingly
shorter evolution times.

From this analysis we conclude that Bondi accretion
time scales for the unwarped D = 6, 7 scenarios are quite
short, especially as compared to known white dwarf life-
times that exceed 1 Gyr. We have argued in Appendix B
that these are not modified by an Eddington limit, at least
until accretion macroscopically disrupts the star. If there
were an Eddington limit, Appendix B argues that one is
even more likely to find one for Earth. Moreover, as dis-
cussed in Appendix B, radiation of an ensemble of black
holes at Eddington fluxes would interfere with white dwarf
cooling, providing an independent argument against this
possibility. We note, parenthetically, that in the true macro-
scopic regime, when the black hole starts to exert large-
scale effects on its host body, the evolution may well not be
Bondi, but in any case would disrupt the object in question.

C. Generalized scenarios

We next consider a more general warped scenario, with
Rc =15 A. In this regime, we find from (3.26) that
Rc/Rp < 20, so Rp > awp. The growth will then be
governed by Bondi evolution that is D-dimensional up to
Rp, warped between Rp and R, and four-dimensional
between R and large mass.

For Rp < R, the bound on the first phase is signifi-
cantly smaller than the other two. As discussed in the case
of accretion in Earth, the evolution in the warped regime in
general involves a large change in mass in a relatively
small change of radius. For such a slow-growth law, the
growth time is governed by the upper limit of the radius
range, Rz = R.. This implies that the time scale for
growth through this phase is given by

apce,RE Ay \My) MR¢
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The time for growth from R to large mass is the same,
from (4.41). For R = 15 A, this yields time scales typ <
5 X 10 yr. In fact, even in the unrealistic case of evolution
via a constant radius relationship Ry = R, over the entire
warped range up to just below R, this would only enhance
this time scale by (R¢/Rp)*> ~ 400, and thus the slightly
larger value Rc = 30 A would still be in the range con-
strained by experimental bounds ( = 1 Gyr). Indeed, one
can directly compare the white dwarf evolution in the
range near Ry = R to that on Earth; from (4.41) we find

garn _ do(Earth)c (Earth) A,(WD)
tWD do (WD)CS (WD) )\4 (Earth) ’

Taking for example I' = 5/3 for Earth and I' = 4/3 for a
white dwarf, this yields a ratio of accretion times

(7.14)

TEarth

~ 1.9 X 10* (7.15)

wp

D. Summary of white dwarf constraints

This and the preceding sections have argued that in the
hypothetical TeV-scale gravity scenarios possibly relevant
to LHC, (1) cosmic rays will produce significant numbers
of black holes on white dwarfs of low ( < few X 10° G)
magnetic fields, on time scales short as compared to known
white dwarf lifetimes; (2) such black holes, even if neutral
and with the highest masses accessible at the LHC, will be
stopped on white dwarfs with masses M = M, by accret-
ing and scattering the dense matter of the star during their
transit; and (3) the white dwarf will then be accreted.
Accretion of a white dwarf has been argued to be more
rapid than that of Earth. Different considerations reinforce
this statement. First, before the ~Gyr time scale, white-
dwarf matter is in a liquid form, in contrast to significant
solidity of matter in Earth. Second, white dwarfs pack the
mass of the Sun into a region the size of the Earth, so are
much more dense, and have much higher internal pres-
sures, assisting accretion.

Several surveys of low-magnetic-field white dwarfs ex-
ist in the literature. The use of Zeeman spectropolarimetry,
in particular, has allowed detection of fields down to the
level of a few kG. White dwarf masses are determined by
spectral measurements of surface gravities, with parallax
and gravitational redshifts serving as cross-checks; see e.g.
[57,58]. Ages are determined through white dwarf cooling;
a textbook account appears in [59], with further discussion
in [58,60,61]. Several known white dwarfs satisfying
our criteria of mass M = M, B, < few X 10° G, and
age T = 100 Myr can be found, for example, in [62-65].
When not given explicitly, the ages can be inferred
from the mass-temperature relations, as discussed e.g. in
[60,61]. Some examples of relevant stars are®®

“SWhere B, appears, it represents the measurement of the
average longitudinal field, B,, whose definition and relation to
B/, can be found, e.g. in [62].
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(1) WD0346 — 011 [62,64], with parameters M =
1.25 Mo, B, < 1.2 X 10° G, and T ~ 100 Myr;

(i) WD1022 — 301 [64], with M = 1.2 My, B, <
1.2 X 10° G, and T = 100 Myr;

(ii)) WD1724 — 359 [64], with M = 1.2 My, B, <
1.2 X 10° G, and T ~ 150 Myr;

(iv) WD2159 — 754 [64], with M = 1.17 MO,IGBP <
3 X 10* G, and T ~ 2.5 Gyr;

(v) WD0652 — 563 [64], with M = 1.16 My, B, <
2.7 % 10° G, and T ~ 100 Myr;

(vi) WDI1236 — 495 [64], with M = 1.1 My, B, <
3X10*G,and T = 1 Gyr;

(vii) WD2246 + 223 [62], with M = 0.97 M, [65],

B, =15*13.8X%X10°G, and T ~ 1.5 Gyr;

(viii)) WD2359 — 434 [63], with M = 0.98 M, [64],

B, =3X10° G,and T ~ 1.5 Gyr.

The above arguments thus state that comparison of
respective accretion rates, together with survival of white
dwarfs to observed time scales = 10% yr, implies survival
of Earth for a significantly longer time, and, in particular,
longer than the natural solar lifetime.

Finally, as in Sec. IV C4, we can estimate the lifetime of
a white dwarf, should it capture a minimum-mass primor-
dial black hole. With Bondi evolution from the correspond-
ing initial radius, one finds a lifetime =~ 1.8 Gyr.

VIII. BOUNDS FROM NEUTRON STARS

A. Production on neutron stars

Neutron stars are very common in the Universe, and in
fact provide robust examples of long-lived objects in other
galaxies. They also represent the highest known densities
of matter that have not undergone gravitational collapse to
a black hole. Since they are particularly close to densities
beyond which black holes are expected to form, one might
expect that introduction of a microscopic stable black hole
into a neutron-star would rapidly catalyze its decay into a
macroscopic black hole. The known stability of NSs, with
lifetimes significantly exceeding 10° yr, therefore offers
the prospect of limits on microscopic black hole stability
and accretion power.

However, known neutron stars have strong magnetic
fields, which are observed to range upwards from
~108 G. In the case of a field of 10® G and a radius R, =
10 km, (6.4) yields a maximum energy 1.8 X 10!7 eV for
protons impinging perpendicular to the field axis, giving
collisions just above the LHC CM energy; the maximum
energy is only about 16 times higher for heavy elements.
One can avoid this limit for cosmic rays incident near the
magnetic poles, but the acceptance for protons of energies
in the optimal range of ~5 X 10'8 eV is estimated in

16See, however, [66] for a photometric determination of the
surface gravity, leading to a lower mass value. Parallax deter-
minations of the absolute distance are underway to confirm the
mass assignment.
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Appendix G to lead to a reduction of acceptable flux by a
factor of approximately 10~3, considerably weakening the
resulting bounds.

1. Production in binary systems

This suppression suggests we consider a more reliable
way to inject CR-produced black holes into a neutron star.
Many NS binaries are known, and, in particular, parame-
ters and evolution of low-mass binaries are well under-
stood. Moreover, in such binaries, the companion to the NS
can subtend a significant solid angle in the sky of the NS, as
described in Appendix H 1. Cosmic rays which would hit
the NS but whose direction intersects the companion will
therefore scatter on the companion. In our TeV-scale grav-
ity scenarios, part of the time they will therefore convert to
black holes, which then impact the neutron star. Since we
only need bounds if stable black holes are neutral, the
magnetic field of the NS is irrelevant for these. Such a
production mechanism produces a ‘“full-coverage equiva-
lent” (FCE) given by

AQ(r)
47

where A() is the solid angle subtended by the companion,
and where we allow for time dependence due to evolution
of the binary system. In order to compute the actual pro-
duction rate on the neutron star, we use the uncorrected
rates of Appendix E, times the number of years of FCE. A
survey of known classes of binary systems (see Appen-
dix H 1) reliably yields FCE’s in the 2 Myr range, resulting
from systems with a 1 Gyr lifespan. The neutron-star
production rates are exhibited in Table IX and in Fig. 8
of Appendix E 2. A summary of that table, focusing on the
most interesting cases of D = 8, is shown here in Table III.
We find that in the example of a flux of even only 10%
protons, we have a rate for the extreme case of 14 TeV
black holes that is = 5/Myr, and so 2 Myr of FCE would
indicate that typical such systems have experienced suffi-
cient black hole production to initiate the accretion. Less-
extreme (and still quite robust) binary scenarios provide
significantly higher rates. However, a greater dominance of
heavy elements reduces the range of such bounds.

At energies below the GZK cutoff, there are indications
of a significant component of heavy elements. There are
both theoretical and experimental indications that one

FCE = fdt 8.1)

TABLE III. Summary of black hole production rates, per mil-
lion years, induced by proton cosmic rays impinging on a R =
10 km neutron star. M, = M,;,/3 and y = M,;,/14 TeV.

D= 8 9 10 11
My, =7 TeV 323 422 526 633
M, = 10 TeV 129 172 218 265
My, = 12 TeV 80 109 139 171
M, = 14 TeV 54 74 95 118
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transitions to a significant proton component at the GZK
cutoff. On the theoretical side one can cite both the match
of the observed spectrum to that from models of proton
acceleration, and expectations that gamma-ray bursters
(GRBs) and active galactic nuclei (AGN) primarily accel-
erate protons (see [67-69] for more discussion.) On the
experimental side, indications of a predominantly light
composition include both measured penetration depths of
showers [70,71] and, most recently, correlations of arrival
directions with known AGN [72,73] (see however [74]).
Thus, while not all scenarios are definitively eliminated by
such a bound, it appears likely that these bounds will be
strengthened with future data on composition.

2. Production via cosmic neutrinos

Primary cosmic rays propagating through the 3K cosmic
microwave background photons will experience significant
interactions above the GZK energy = 5 X 10! eV. These
interactions produce a ‘“‘guaranteed” flux of neutrinos (see
e.g. [68,75,76]), which avoid the synchrotron losses of
charged cosmic rays. Using these fluxes, Appendix E cal-
culates production rates on neutron stars. For example, in
the very conservative scenario of requiring black holes to
have 14 TeV mass, and using both D = 5 and our most
conservative inelasticity assumptions, y = 0.5, one finds
production rates = 5000/Myr, as shown in Table X.

These thus suggest a very robust bound for production
on neutron stars. While we believe it is quite good, we will
not take this bound with absolute certainty, for two reasons.
First, while the physics of the GZK effect is quite robust,
and moreover appears to be in the process of being experi-
mentally confirmed via correlations of the highest-energy
cosmic rays with AGN [72,73], experiments have not
reached sensitivity sufficient to measure the cosmic neu-
trino flux.!” Second, there exist proposals that baryon
number conservation is enforced in higher-dimensional
brane-world models through reduced interactions between
neutrinos and quarks by virtue of these living on different
branes [78]. While these models are not compelling, they
would seem to raise a small possibility that neutrino cos-
mic rays would not produce black holes the same way that
nucleons do.

B. Catalysis of neutron-star decay

Because of the immense pressures inside a neutron star,
one expects introduction of even a microscopic black hole
to rapidly catalyze its decay. To understand this process,
we note that neutron stars have different layers, a crust
extending to a depth of ~1 km, and under this, matter at
nuclear densities. Since treatment of accretion is simplest

"Suggestions that models with extra dimensions suppress
neutrino fluxes [77] do not appear relevant to the scenarios for
which we require bounds.
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in this inner region, we would like to understand whether a
BH can penetrate to this distance.

1. Penetration to core

The slowing distance (5.25), together with a subsequent
phase of slow-down to subescape velocities, v < 0.1c,
may or may not permit penetration to depths = 1 km,
depending on details. Note that the characteristic distance
dy can be rewritten in appropriate nuclear units as

do(p) =9 X 107* cm/p[m,, /fm?], (8.2)

and that crustal densities range from 107°-10"'m,,/fm>.

Even if penetration does not occur during slow-down,
there is a different argument that it takes place on rapid
time scales. To see this, instead assume that a sufficiently
slow black hole could become temporarily bound in the
crust, by absorbing a parton and thus binding to the me-
dium by strong forces. This binding should, however, be
temporary, as the scenario we wish to constrain is that
where black holes do not remain charged, but instead
discharge through Schwinger production. Even ignoring
this, if a black hole is bound to a nucleon via the color
force, it will absorb the remaining partons of the nucleon,
and thus become color neutral, on a relatively short time
scale. One can readily estimate this time scale. A nucleon
has a parton density of order 1/fm?, and partons within the
nucleon travel at speeds = c¢. With the smallest possible
absorption cross section, of order o ~ 77/ TeV?2, we find a
characteristic absorption time #,,; ~ 107 fm.

The neutralized black hole will then continue to fall in
the net gravitational field of the neutron star until another
such binding/neutralization event. The characteristic dis-
tance between such events is

8x X 1077 cm
ol JEm 121 /TeV]

dfree = (83)
where x parametrizes the typical nucleon energy fraction
per parton, and we have expressed the capture radius 7, in
TeV ™! units. The corresponding time between such colli-

sions is given by
lfree = Vderee/gNS’ (84)

where gyg is the gravitational acceleration near the surface
of the neutron star,
_ GMNS

8NS 5 -
Ns

This characteristic time scale is much longer than ¢, and
thus sets the speed with which the black hole can penetrate
the crust. The corresponding average velocity is

d.
Vay = tfree = VgNSdfree/Z-

free

(8.5)

(8.6)

The mean free path d.. reaches a minimum near the
bottom of the crust, and consequently the average velocity
is slowest there. We can therefore bound the crust pene-
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tration time by using p = m,/ fm? to derive a minimum
gravitational drift velocity and time:
ferust = derust/ Va[p = mp/fm’] = 10sr.[1/TeV]. (8.7)

Thus the black hole should rapidly penetrate the crust and
enter the neutron-fluid region of the core.

2. Accretion from within a neutron star

Like in atomic matter, one might expect different phases
for black hole accretion within a NS, depending on the
relative range of the black hole’s influence as compared
to the radii Rp, R representing crossover to lower-
dimensional behavior, and as compared to 1 fm, the char-
acteristic separation between nucleons, which delineates
the crossover from microscopic to macroscopic absorption
in the NS context.

To better understand these points, let us begin by com-
paring the force due to a black hole to typical forces
between the neutrons in the NS, which are of size GeV/fm.
Specifically, the force on a nucleon of mass m,, at distance

r is of order
m, (R\D-3
FG~——”<—> .
r \r

(8.8)

Equating this to the typical nuclear force, we find that
gravity beats such a force at scales

1/(D-2)
()

R 8.9)

which are only moderately larger than the Schwarzschild
radius in the regime R < ry. Thus a conservative (i.e., for
the purposes of NS evolution, slow) estimate of the evolu-
tion is given by simply taking the capture radius in (4.1) to
be r. = R in the subnuclear regime R < ry. To estimate
the accretion rate, one needs the flux F. This receives
contributions both from the velocity of the black hole,
and from the Fermi motion of the partons in the nuclei.
The latter produces a flux F' ~ p, in units where ¢ = 1, and
thus a geometric rate law

)7 )

I mpR~.
The evolution equations are of the same form as Eq. (4.31),
with the replacements ¢, = 1, Ap = 1, and Rz — R. The
resulting time is analogous to Eq. (4.39), and evaluated at
R = ry ~ 1 fm gives:

do MD D_2D_3 _
t=—\|— M) 5),
kp (Mo) D -5 (rMo)

(8.10)

(8.11)

leading to time scales ranging from a fraction of a second
to at most a few weeks for 6 = D = 11.

When the black hole enters the regime R = ry, the
absorption becomes macroscopic—the black hole is ca-
pable of absorbing multiple nuclei, and its gravitational
range exceeds mean free paths. As Appendix B describes,
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an Eddington limit would be even more problematic for a
neutron star, given its high density and opacity, and so
evolution is described as Bondi until the black hole reaches
a scale where it disrupts the star.

The corresponding growth laws are those given in
Sec. IV. In unwarped scenarios, we find for evolution from
Rz = ry to Rp the growth time (4.43), and for evolution
from R. up to large scales the comparable time scale
(4.48), with A, — A4. For the stage in between, we use,
as in the case of the white dwarfs, the conservative time in
Eq. (7.6). Taking a typical value p = 2 X 10'* gr/cm?
gives dy = 7 X 10735, and the speed of sound is of mag-
nitude ¢, ~ 0.1. The time scales are therefore about 1076
times smaller than those of the white dwarf. The longest
evolution corresponds to the 4-dimensional phase from R,
to R in D = 11 dimensions, with a time scale of 107 yr;
for D = 7, times are < 50 yr.

In the more general warped case, the growth times are,
as in the white dwarf case, dominated by the upper end of
the warped phase and its crossover to four-dimensional
accretion, with time scale (7.13). For neutron-star parame-
ters and a value R = 5 A, this yields times of size INsw ™
20 yr.

Combining the results of this and the preceding subsec-
tions, we find that the rate-limiting step to destroy a neu-
tron star is the time required for a black hole to be produced
and reach the surface of the neutron star. Once it reaches
the core, the accretion times are very rapid compared to the
neutron star’s lifetime, @ (Gyr). These bounds appear quite
challenging to avoid. In order to do so, one would need a
significant deficit of light cosmic-ray primaries, together
with a heavy ( = 7 TeV) minimum black hole mass and
only systems with low FCE, and one would have to have a
neutrino flux that is either suppressed by unknown mecha-
nisms or is unusually nonreactive.

As a final note, in our framework we can estimate the
lifetime of a neutron star that captures a primordial black
hole of mass @(10' gr). Our parameters yield a time of or-
der 3 X 10° yr. We note that such processes have been pro-
posed as the origin of some gamma-ray bursts [79], with
roughly comparable accretion times. The present analysis,
in addition to giving the analogous accretion time scales
for Earth and white dwarfs, lends further detail to such a
possibility through our description via Bondi accretion,
and through our arguments against an Eddington limit.

IX. SUMMARY AND CONCLUSIONS

In this paper we have studied accretion of hypothetical
stable TeV-scale black holes in two primary contexts: the
Earth, and compact stars—white dwarfs and neutron stars.

For Earth, we identified two main evolution domains:
that where the black hole’s gravitational range of influence
is less than the atomic scale, and that where it is greater. An
important distinction occurs depending on where the cross-
over radius R to four-dimensional behavior lies relative to
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the atomic scale. In particular, if R is in the subatomic
regime, evolution is four-dimensional at both subatomic
and macroscopic scales; this case includes unwarped sce-
narios with D = 8. In this case we have argued that this
evolution occurs on times longer than the expected natural
solar lifetime, in two different ways: via a microscopic
argument, and via a macroscopic, hydrodynamic argu-
ment. In both approaches, we used conservative assump-
tions, leading to the largest accretion rates and to fastest
evolution. At the end of the first phase, at times @(10'")
years, the mass of the black hole is still small, with a mass
of less than a megaton. Such statements extend to more
general warped scenarios, and crossover scales up to
=~ 200 A lead to accretion times longer than the Earth’s
natural lifetime.

On the other hand, those cases where R = 15 A have
been treated by deriving bounds from white dwarfs, and
also from neutron stars. In particular, we have argued that
in such scenarios cosmic rays will produce black holes on
such astronomical objects, and that these objects will stop
even these very high-momentum black holes. We then
studied accretion, showing that accreting black holes will
disrupt such objects on time scales short as compared to
their observed lifetimes. In particular, we found a general
relationship (7.15) between accretion times for Earth
and for white dwarfs, which, when combined with white
dwarf ages exceeding 10° years, provides a very strong
constraint. Thus, the implication of these arguments is
that such scenarios, where Earth would be disrupted on
time scales short as compared to its natural lifetime, are
ruled out.

We summarize here the origin of our constraints, as a
function of dimensionality D and of black hole mass M.

D = 5: The evolution scales on Earth for D = 5 in the
case of maximum allowed crossover radius R are quite
short. This is a result of the higher-dimensional force law
extending well into the macroscopic regime. On the other
hand, the greater interactivity of D = 5 black holes makes
it possible for those produced by cosmic rays to get
promptly trapped in both white dwarfs and neutron stars. In
white dwarfs they are produced abundantly, with build-up
time scales of the order of few thousand years even assum-
ing a cosmic-ray composition of 100% Fe, and at the
largest Planck mass of interest. After being produced and
trapped, in these extreme scenarios they quickly accrete to
masses comparable to that of the star on time scales that
can be short when measured in years. This would make it
impossible for any white dwarf with a mass of the order of
1 solar masses to have survived longer than a few thousand
years, contrary to observations. Scenarios with increased
warping have correspondingly lower R and longer accre-
tion times. In particular, once R < 200 A, accretion times
on Earth exceed its future lifespan.

D = 6: The evolution times on Earth for D = 6 are of
the order tens of thousand years, thus short on geological
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time scales. Once again the main reason is the large extra-
dimensional radius, and the high capture rates. As in the
D =5 cases, such black holes produced by cosmic rays
can be stopped inside dense stars. The production rates
are even larger than in D =5, and the star accretion
time scales for unwarped D = 6 are comparable to the
maximum-R version of that scenario. With increased
warping, again R decreases and accretion times increase.

D = T7: The time scale for their macroscopic evolution
on Earth is in the range of 6-80 X 10° years, depending on
the black hole mass. Furthermore, D = 7 black holes
would be produced plentifully by cosmic rays on white
dwarfs, and be stopped inside their surface, if the white
dwarf mass is larger than 1.1 solar masses. The evolution
times would be longer than in D = 5 and 6, reflecting the
lower growth rate that keeps them microscopic for 10° yr
inside the Earth. But within the very conservative estimate
of 8 X 107 yr (for a M = M, star, and shorter in the more
massive cases) their accretion process of the white dwarf
would be completed. Massive white dwarfs older than a
few hundred million years would therefore be ruled out in
these scenarios, once again contrary to observation. Again,
warping decreases R, thus increasing accretion times.

D = 8: For these black holes the evolution time on Earth
is extremely long, with times of size 10! yr. This is due to
the radius of the extra dimensions being smaller than 1 A,
thus forcing most of the evolution to take place in 4
dimensions, where gravity is a totally negligi-
ble force. Warping only magnifies this effect. In spite of
this slow growth, these black holes would still grow fast
enough inside a neutron star to consume it within about
107 yr. The significant production rates on neutron stars
when D =8, and the existence of billion-year old
x-ray binary systems, provide therefore additional evi-
dence that such black holes either do not exist, or decay
promptly.

We also note that these bounds likely extend in case
other objects are imagined that could result from high-
energy collisions in the relevant energy ranges, that have
weak-scale cross sections, and that could threaten the long-
term stability of matter.

We conclude by first summarizing the conditions needed
for our bounds to be necessary to rule out a possible risk. In
order for our bounds to have relevance, a sequence of un-
likely things would have to be true. First, TeV-scale grav-
ity, with a Planck scale no higher than a few TeV, would
have to be correct, so that black holes can be produced at
LHC. Most workers consider this to be a fascinating pos-
sibility, but also a somewhat unlikely possibility. Second,
black hole radiance, which has been deeply studied from
a number of theoretical perspectives, would have to be
wrong, and more general quantum-mechanical arguments
for black hole instability would have to be wrong. Most
workers consider this to be an exceedingly improbable,
if not impossible, scenario. Finally, one would need a
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mechanism to shut off the quantum effects responsible for
Hawking radiation, but still leave intact either the quan-
tum effects responsible for Schwinger discharge, or some
other neutralization mechanism that acts to discharge the
resulting stable black holes. It is very difficult to conceive
of a consistent physical framework that provides such a
mechanism.

In the event that all these conditions are satisfied, one
can turn to the considerations of this paper to assess the
possible impact on Earth. This paper has argued that in
order for such a scenario to have an impact on Earth at time
scales short as compared to the natural lifetime of the solar
system, in the 5.0 X 10° yr range, the configuration of
extra dimensions would have to be such that gravity does
not transition to four-dimensional behavior until around
the 200 A scale. This apparently requires additional fine-
tuning, reducing the likelihood even further. But beyond
that, this paper has argued that such scenarios are ruled out
by the longevity of known white dwarfs, on billion-year
time scales. In such a scenario, cosmic-ray-produced black
holes should have catalyzed white dwarf destruction on
significantly shorter time scales.

Moreover, decay of observed neutron stars would
also have been catalyzed, unless both of two unlikely
possibilities are realized, namely, that the composition
of ultrahigh-energy cosmic-ray primaries is dominantly
heavy elements, and ultrahigh-energy cosmic-ray neutri-
nos either are not produced, or have suppressed gravita-
tional interactions with partons. To summarize, the present
study argues for the following additional layers of safety,
beyond those that would have to fail to make this study
relevant:

(1) Only in scenarios such that the crossover scale to
four-dimensional gravity is larger than about 200 A
does one have significant accretion at times short as
compared to the natural lifetime of Earth. This is a
priori unlikely, due to the additional fine-tuning
required to realize such a TeV-scale gravity
scenario.

(2) In these scenarios where black hole accretion time
on Earth is short as compared to natural time scales,
white dwarfs would likewise be accreted, on much
shorter time scales, in contradiction to observation.

(3) Unless cosmic rays have dominantly a very heavy
composition, and moreover either the expected neu-
trino flux does not exist or has unusual gravitational
couplings to hadronic matter, neutron-star decay
would likewise be catalyzed on time scales contra-
dicting observation.

In short, this study finds no basis for concerns that TeV-
scale black holes from the LHC could pose a risk to Earth
on time scales shorter than the Earth’s natural lifetime.
Indeed, conservative arguments based on detailed calcula-
tions and the best-available scientific knowledge, including
solid astronomical data, conclude, from multiple perspec-
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tives, that there is no risk of any significance whatsoever
from such black holes.
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APPENDIX A: BONDI ACCRETION

Bondi accretion [33,59] describes the steady flow of
continuous matter into a black hole, assuming spherical
symmetry and hydrodynamical conditions. Its basic ingre-
dients are the continuity equation, guaranteeing a con-
served matter flow, energy conservation, which gives the
accretion velocity, and accretion boundary conditions at
the surface of the black hole, which provides the sink for
the continuous matter infall. As is well known, many fea-
tures of accretion depend on matter properties in the non-
relativistic region, far from the black hole horizon, and so
a nonrelativistic treatment is warranted. In particular,
one may describe the gravitational dynamics in terms of
a general potential ¢(r) that becomes strong in the TeV
regime, as discussed in Sec. III B 4. Accretion from within
a neutron star approaches the relativistic regime; relativis-
tic corrections, which are typically small, are described, for
example, in [59].

The continuity equation is easily expressed as

ddif = 47p(r)r*v(r) = constant,

(A.1)
where p(r) and v(r) represent the matter medium density
and velocity, with positive v(r) corresponding to radial
flow towards the black hole at » = 0. The Euler equation,
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1
v

A2
dr p dr (A-2)

describes energy conservation. The first term is clearly the
variation of kinetic energy for an element of the medium as
it moves. The second term represents the work done by the
pressure gradients. As matter falls towards the black hole,
its pressure will increase in response to increase in density.
This energy, as well as the kinetic energy, are drawn from
the gravitational potential of the black hole. Indeed, this
equation can be integrated to give the Bernoulli equation,

0= [T+ 400,

where we neglect the kinetic and gravitational energy
densities far away from the black hole.

More highly compressible matter results in a higher
accretion rate. We parametrize matter properties via a
general polytropic equation of state, assuming adiabatic
evolution, as

(A.3)

p=Kp", (A4)

where K and I' are constants. The density change as a
function of a pressure variation is related to the sound
speed in the medium, according to
,_dp Fp
cy = .
dp  p

This equation of state also provides the value of the integral
in the Bernoulli equation:

(AS)

o d 2
P & jo Ty,

. p I—1"7

©dp p(o0)
[ = kw0

Using these definitions, p can be eliminated by com-
bining the continuity equation and Euler’s equation, with

the result
1 c2 2c
56,v2<1 - —USZ) = —9,¢ +—

As one approaches the black hole, v increases until it
reaches the local sound speed c,; this equation gives a
relation defining the resulting sonic horizon, at r = ry:

9,¢(ry)
2c3(ry)”

(A.6)

r=1. (A7)

(A.8)

1
— = (A9)
r

For example, in the case where the potential transitions
from higher-dimensional form

kpM
MD 2 D 3

b(r) = r <Rp, (A.10)

to four-dimensional form

PHYSICAL REVIEW D 78, 035009 (2008)

GM
p(r)=—-—"—,  r>Rg (A.11)
r
the sonic horizon is given by
D-3  kpM
D-3 _ D
D=3 = A.12
s 4 MB2c3(ry) ( )
for ry < Rp, and by
GM
=— A.13
" T 220 (A.13)

for r, > R.
The continuity equation (A.1) implies that the accretion
rate is determined by quantities at the sonic horizon as
D — amplryrictry).
dt
This can then be computed by relating these quantities to
those at large distances.
For example, evaluation of Bernoulli’s Eq. (A.3) at r =
ry yields

(A.14)

i)

c2(r, )( +L) + ¢(r,) = (A.15)

In a D-dimensional regime, the formula (A.12) for the
sonic radius then gives

2(D — 3)
= cy(00). A.16
e(r;) JD+1_FU_D)A) (A16)
From the equation of state relation ¢ « p'~! we then find

the D-dimensional relation between asymptotic fluid pa-
rameters and those at the sonic horizon:

— (oo 2(D - 3) 1/(C=1)
o) = 0| 55 )
(A.17)
. 2D - 3) /-1
P = P 557 )

Also, define the Bondi radius for a given mass by the
equation

Ry(M) Z[

(D —3) kpM ]1/(0—3> AIS)

4¢3(00) MB2
Note that the sonic horizon radius and Bondi radius defined

in (A.18) also differ by an O(1) proportionality constant.
Combining these quantities gives the Bondi accretion rate,

M

O = TR p()e,(o)Ap, (A1)

where Ap is a D-dimensional constant,

B 2(D - 3)
Ap = [D+1—F(7—D)

][D+ 1-T(7-D)]/[2"'=1)(D-3)]

(A.20)

In the range 1 = I' = 5/3, numerical values fall between
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4 =)X,<18 for D=4, and 3 < Ap <6.6 when D =
5..., 1L

Proper understanding of the accretion process also
requires knowing the radial dependence of the physical
parameters. Equation (A.17) shows that their values at the
sonic horizon are close to their asymptotic values. Within
the sonic horizon, where the v becomes supersonic, the
relation v> = 2¢ and the continuity equation give the
radial dependence of the density,

r2 r
) = plr) oy 20,

from which other quantities follow via the equation of
state. In particular, note that in a D-dimensional non-

warped regime,
r.\(7-D)/2
p(r) = p(r)(2)

From this we see that matter is compressed more strongly
at lower D, remains constant density in D = 7, and is
rarified for D > 7. Also, from (3.24), note that in a warped
regime, the density scales as

p((l")) ~ (@)(8_D)/2ejp("*"0)/2RD,
p\ry r

which implies rarification in the region R, < r < R.

(A21)

(A.22)

(A.23)

APPENDIX B: EFFECTS OF
RADIATIVE TRANSPORT

Acceleration and compression during accretion can
cause the infalling medium to radiate. This raises the
possibility of new effects. For example, in the case of
accretion on Earth, such radiant energy could melt the
material surrounding the black hole, and thus has potential
to increase the accretion rate. (In our rate bounds for
accretion within Earth, we guarantee that we have ac-
counted for melting by treating the problem as accretion
from a fluid.) However, pressure from the outgoing radia-
tion also has the potential to decrease the accretion rate,
and, in particular, one should check for the possibility of an
Eddington-limited rate.

The actual process of radiation and its reabsorption is
somewhat complicated, but can be modeled based on
simple considerations. In the microscopic regime, one
expects radiation resulting from accelerations of infalling
particles. In the macroscopic regime, another reradiation
mechanism is heating of the material through its compres-
sion, resulting in thermal bremsstrahlung. In general, one
can parametrize the reradiation luminosity as

am
dr’
where 1 <1 is the fraction of absorbed energy that is
reradiated.

L= (B.1)
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1. Subatomic regime

In the subatomic context, where accretion is treated as
absorption of individual particles, such particles can in
general radiate some of their energy via bremsstrahlung
during absorption. The precise spectrum depends on details
of the capture process, but a characteristic scale is the hori-
zon radius. Thus, for horizon radii below 1 fm, one expects
nucleons to be broken up, and to emit gluon radiation that
hadronizes into pions. For radii above the Fermi scale, one
instead expects primarily emission of photons, with typical
energies approaching ~1/R. We expect such radiation
effects to be small, due to small couplings of gauge boson
amplitudes in the vicinity of the black hole due to spatial
wave function/gray body factors.

In this limit where individual particles are absorbed one
at a time, one certainly does not expect an Eddington limit,
but can ask whether emitted energy is sufficient to melt
atomic matter. Note that if the accretion is driven by black
hole motion, then one naturally converts the luminosity
(B.1) into an energy deposition per unit length of travel,

dE
— = nop, (B.2)

dl
with o the capture cross section of the black hole.
Photons have characteristic absorption lengths in the cm
range at sufficiently high energies. Let €, be the average
absorption length for the reradiated photons. In this case,
the energy density in the vicinity of the black hole’s track
has size

nop
£ = .
(2

(B.3)

This can be estimated in the region Rgy ~ 1 A. In this
case, one has

U
€%(cm)’

£=10"1p (B.4)

For this value of Rgy, the Schwarzschild radius for D =
8-10 is in the range 107 ''=107'? cm, so a characteristic
energy is expected to be in the MeV range. In this range, €,
indeed is of order = 1 cm. For comparison, the latent heat
of fusion for materials such as iron, rock, etc. are of size

300 kI

X 10712,
ke 3 0

(B.5)

To reach a threshold where reradiation could contribute
significantly to melting, one should therefore wait until the
black hole grows to increase o/(€2) by a factor of at least
~10%, beyond the atomic scale.

In addition to photons, as noted for sufficiently small R,
one can also have some fraction of the energy emitted as
strongly interacting particles (mostly pions). These have a
longer mean free path than photons, and should therefore
contribute even less to melting.
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2. Macroscopic accretion

When the Bondi radius exceeds the internuclear separa-
tion a in atomic matter, or r, in nuclear matter, accretion
transitions to that of a continuous medium.

In this context, for spherically symmetric accretion,
microscopic motion deviating from the overall radial mac-
roscopic flow is parametrized by the temperature of the
medium. As the medium is compressed, it heats up, and
can radiate through thermal bremsstrahlung; elementary
accounts of this mechanism appear in [38,59]. In particu-
lar, the resulting luminosity can be estimated as resulting
from free-free scattering. Let A;; be the correspond-
ing emissivity; for example, [59] gives the relativistic
form of this,

o3

Ay~ poT,
17 m?mf,p

(B.6)

up to factors of order one. The total luminosity from a
range of r is then computed from the integral

Lff = fAff4Wr2dr

over that region. If one integrates this quantity from sonic
horizon to event horizon in a four-dimensional accreting
medium, using the radial density dependence (A.21), and
the temperature dependence of a perfect fluid,

(B.7)

T o f o pl 1, (B.8)

one finds [59] that the integral is dominated near the event
horizon,

L;; =~ 4wR*A ;7(R) min[/(R), R/3], (D=4), (BY)

where [(r) is the radius-dependent photon mean free path.
On the other hand, one can readily check that for a more
rapidly increasing potential, e.g. D = 5, and for I' = 5/3,
the integrated luminosity is dominated by the integrand at
the maximum value of r for the region.

The radiative transfer of the resulting radiation depends
on properties of the medium such as its opacity. Par-
ticularly relevant is the photon mean free path I(r), as
compared to radius r—this determines whether radiation
thermalizes, or can instead escape to regions with weaker
gravitational potential. (In the regimes we consider, free-
free absorption is a typical opacity mechanism.) This ratio

is given by
(r) 1
AL/ — B.10
© ) (B.10)

where k(r) is the opacity. Using Eq. (A.21) for the density,
we find that this parameter varies like

1(r) - 1 r?¢(r)
o k260

(B.11)
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in the supersonic region. For constant opacity, we thus find
different behaviors at decreasing r, depending on how the
potential grows. For four-dimensional growth, I(r)/r de-
creases as /r, signifying that the medium becomes in-
creasingly optically thick. For D = 5, this quantity stays
constant at decreasing r, and for faster growth of the
potential characteristic of D >35 or warped regimes,
I(r)/r increases for decreasing r—the medium becomes
more transparent.

The size of the opacity is often approximately given by
the Thomson cross section, k = o/m, where m is the
medium mass per electron ( =~ Am,/Z =~ 2m,, for nonhy-
drogenic atomic matter). However, this can vary depending
on density and temperature. It also depends on the fre-
quency of the radiation, which will typically be given by
the local temperature of the medium.

We will first illustrate these considerations by describing
the case of white dwarfs, and then briefly summarize the
corresponding story for Earth and for neutron stars.

a. Radiative effects in white dwarfs

Let us first compare the relevant scales. The ambient
mean free path, estimated via the Thomson value for the
opacity, at p = 107 gr/cm?, is approximately I, = 5 X
107 cm. More careful calculations of the opacity [80]
yield a value [, =5 X 1078 cm at the temperature 108K
characteristic of a young white dwarf, and values smaller
by about 1/100 for the temperature 10”K characteristic of
the 1 Gyr age.

For the moment we restrict attention to the case Rp =
lp. From the above values, we find that this covers most
situations with Rp larger than the atomic scale, and spe-
cifically the cases we particularly would like to bound via
white dwarfs, those of D = 7 and the warped cases such as
D =5 with large radius.

This means that there are three regimes for the evolu-
tion: first as r, evolves from the internuclear separation
awp ~ 10719 c¢m to [,, then on to the scale R, ~ R, then
the four-dimensional regime r; > R.. We consider them
in turn.

In the first regime, the medium is effectively transparent
and is governed by the higher-dimensional force law. For
constant opacity, the preceding arguments indicate that the
medium becomes more transparent closer to R. Initially,
since the temperature is nonrelativistic, the opacity evolves
via a Kramers law, « o p/T7/2, and thus drops slightly.
Then, at the relativistic temperature ~6 X 10° K, the free-
free emissivity (B.6) indicates k = p/T?3, giving an essen-
tially constant value in the degenerate regime I' = 4/3.
Since the medium is degenerate, one also expects a cor-
rection factor due to Fermi blocking of the available energy
levels; this is included in the results of [80], and evolves as
~T/p'/3, thus also remaining essentially constant in the
degenerate regime.
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Accretion is determined by the balance of forces in the
vicinity of the sonic horizon. There will be a luminosity
pressure from the ambient luminosity of the gas,

Py~ T4, (B.12)
in the downward direction towards r = 0. Below r,, the
medium is being evacuated by the accretion and does not
have time to thermalize. It will produce a luminosity,
estimated, for example, by L, as in the preceding discus-
sion. Since this is higher-dimensional accretion the integral
will be dominated at the upper end; however, the result will
not produce a value that competes with the downward
pressure, since the integral contributes less upward pres-
sure than would be present at the surface r = r, in the
absence of a black hole. Moreover, even if this pressure
were competitive with the downward pressure, we can
estimate the importance of them both via (B.12). For the
early temperature T, ~ 108 K ~9 X 10% eV, and a typical
pressure, we find

T3 (99X 10%eV)*

— =~ 10"
po 5 X 1073 MeV*

(B.13)
Thus these photon pressures cannot compete with the
pressure of the degenerate fluid.

The next regime is evolution from r, = [, up to Rp. In
this regime, the medium is optically thick when crossing
the horizon, and thus approximately thermal. With falling
I(r)/r, it may become optically thin before reaching the
horizon. There, as above, we would find the inward thermal
luminosity overcomes the outward luminosity from the
thin region at lower r. Any resulting radiation cannot reach
r = r,. Moreover, even its effect at r < r, is small. For
example, the ratio of photon pressure to medium pressure
scales as

(B.14)

py(r) _ py(ro) [ p(r) ]31"74
p(r) plro) Lp(ry)

and thus remains relatively small. Furthermore, in the
regime r < r, gravitational attraction dominates over the
medium pressure.

As r, passes Rp, Rc, one reaches the four-dimensional
regime. The medium is opaque at the sonic horizon, but, if
the true horizon lies below R, it may or may not become
transparent below that depending on parameters. Once the
true horizon reaches R, the fluid remains optically thick to
the horizon, and thus any outward photon flux thermalizes.
Again, by estimating p,/p down to the horizon, we see
that its effect is small even on the local fluid evolution
atr <r,.

As one final check, one can compare the mean outward
photon diffusion velocity to the inward flow velocity in the
four-dimensional accretion regime. This tells us whether
the photons are trapped. (For more discussion, see [81].)
We find the resulting trapping condition r? < RR%/I3. This
is satisfied for all r out to r, if Rz = [,/c,. Thus even very
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small four-dimensional black holes exhibit photon trap-
ping, preventing their escape to the region near the sonic
horizon.

From these considerations we conclude that there are
good reasons to rule out important radiation effects that
could produce an Eddington limit for accretion within a
white dwarf, although one cannot state for certain that
some form of dissipation would not play such a role.
However, we note that even in media that are less optically
thick, efforts to produce luminosity that reaches the
Eddington limit for spherical black hole accretion in as-
trophysical contexts have failed, as described in [38,59].
Radiation from spherical accretion onto a black hole seems
to be quite inefficient, even in optically thinner situations,
which we can find in accretion from Earth.'®

b. Radiative effects in Earth

In the case of Earth, the mean free path is much longer;
for a rough estimate, using the Thomson cross section, and
a density ~10 gr/cm characteristic of the interior of the
Earth, one finds a photon mean free path of size [, ~
0.5 cm. Thus, in cases relevant to Earth, we must explore
another regime, R- < [,. This changes the discussion as
follows.

First, the phase from r; = a to r; = Rp is similar to the
first phase for white dwarf accretion: the medium begins in
the optically thin regime, and can get thinner as it nears the
horizon. Thus the upward luminosity pressure should not
be competitive with the downward pressure. Estimating
relative sizes of photon vs medium pressures for material
near the center of the Earth, we find

Ty (.5eVv)*

~—— L~ 4x 1072
po 2% 1010 evA

(B.15)
Thus, radiation pressure is negligible.

The next possible regime is from r, = R, to r; = I,
and is new: it involves four-dimensional accretion from an
optically thin medium. In this case, the contribution to the
luminosity from the integral (B.7) is dominated by its
lower limit, as long as that is in the four-dimensional
regime. Thus, initially it will be dominated by r = R_.
However, as the black hole grows, the opacity at r = R
typically grows. Before R reaches R, the optical thickness
7(Rc) from R to ry, defined via

- dr
r Ur)

reaches unity. Subsequently the radius ry defined by
7(rr) = 1 increases past R. This means that the medium

T(r) = (B.16)

= [ drp)

"®In certain low-collisionality contexts, magnetic fields can
change this situation; see e.g. [39]. However, one can check
that inside the low-magnetic field white dwarfs we consider, the
dynamics is collisional, with typical Larmor radii greatly ex-
ceeding mean free paths.
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is optically thick and thermalizes inside this radius. Thus,
the integral (B.7) should be cut off at the greater of Ry, ry.
The net luminosity can be estimated as due to the contri-
bution of that integral, dominated by the resulting radius,
plus the luminosity of the thermal region inside ry,

Ly = 4mriT*(rp). (B.17)

This case is similar to the case of accretion of an
optically thin gas onto a black hole, treated, for example,
in [38,59]. This situation, in which radiation can readily
propagate from regions of high compression and tempera-
ture, seems to have the highest prospect of producing an
Eddington limit among the scenarios we consider. How-
ever, while a significant amount of luminosity can be
generated, it appears difficult to attain an Eddington limit,
due to the cutoff on free-propagation of photons at the
radius r7. In particular, if one assumes an Eddington limit
with a small efficiency 7, this implies that r; = R/%>.
This thus requires ry to be large, which in turn limits the
temperature at the last-scattering surface. This basic in-
consistency is related to those explained, for example, in
[38]. Thus, presence of an Eddington limit would require
satisfying a nontrivial set of consistency conditions, in
the absence of other dissipative mechanisms in the me-
dium. (One can incidentally check that there is not suffi-
cient infall time for neutronization to provide a cooling
mechanism.)

Finally, ultimately r, reaches [,. Above this value, the
accreting medium is optically thick at the sonic horizon,
and typically gets thicker as r decreases. If the true horizon
is still inside Rp, there is a possibility that the medium
might become optically thin in a region before reaching R.
Whether or not this happens, the significant optical depth
in the regime just inside the sonic horizon apparently
precludes an Eddington limit.

¢. Radiative effects in neutron stars

A rough estimate of the photon mean free path in the
neutron-star case, using the Thomson cross section, yields
lp =1 fm. Thus in all cases where we seek a bound
(namely, if R, = 1 A), we are in a situation analogous to
that of the second and third regimes for a white dwarf, but
with an even higher opacity. Moreover, the range of r
between the sonic radius and the horizon is quite limited;
in general, we have

Ry 1

—, B.18
2= (B.18)

with a typical sound speed ¢, = 0.17. Thus we typically do
not expect the medium to ever become optically thin.
Finally, asymptotic interior temperatures are expected to
be in the range 10*~10° eV, and pressures are in the range
of MeV/fm?. Thus, asymptotically, p,/p < 107!!, and
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from (A.21) and (B.14) we find that the radiation pressure
remains negligible down to the horizon.

The relative unimportance of radiative pressure, and its
inability to stream outward, thus indicate that the neutron-
star evolution should also be governed by Bondi accretion,
without an Eddington limit.

We also note here that our arguments against an
Eddington limit in subsections B 2 a, B2 b, and B 2 c,
and therefore for a Bondi description of accretion, likewise
apply to the case of primordial four-dimensional black
holes, which are expected to have masses = 10! gr.

3. Eddington evolution

For completeness, we will give a rudimentary account of
accretion in the presence of an Eddington limit. We model
this effect as follows.'® The reradiation luminosity leads to
a flux of energy

nM

S = (B.19)
through the spherical surface at radius r from the BH. As
described, the reradiation consists of light particles such as
photons, pions, etc. These outgoing particles scatter on the
accreting matter, producing an effective outward force. If
the scattering cross section on a given infalling particle of
mass m is o, the average force on this incident particle
takes the form

nMo

FL: 5 -

- (B.20)
For Earth, the incident matter is atoms. In the case of a
white dwarf or neutron-star interior, generally the incident
matter is a degenerate electron liquid or the n-p-e liquid of
neutron-star interiors. For horizon sizes above the scale
1 fm, the radiation is expected to be primarily photons, and
thus its force can be estimated using the Thomson cross
section for photon-electron scattering.

This reradiation force has the effect of modifying the
Euler equation (A.2) to

dv 1dP nMo
—t+——=—-0,¢ + —. B.21
Var p dr r® dmmr? (B-21)
This yields a modified Bernoulli equation; for a
D-dimensional potential,
1, 1, [1 (R)Dﬂ nMo'] 1,
vt ——c; =z - + “(00).
2v rT—1° 2\r 4mmr] T — lc“(oo)
(B.22)

This equation provides an important constraint on ac-
cretion flows. In particular, notice that its left-hand side is
positive semidefinite. Therefore, if the right-hand side

For a textbook treatment of some aspects of the Eddington
limit, see [59].
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vanishes for some r, the density and velocity of the accret-
ing fluid must go to zero, effectively shutting off accretion.
There are two cases, depending on whether the Bondi
radius Rp defined in Eq. (A.18) is greater or less than the
crossover radius to four dimensions, R.

Notice that the two positive terms on the RHS of (B.22)
are of the same size when

- 1/(D=3)
. [2(r 1)] R,

53 (B.23)

and consider first the case Rz > R.. Then the gravita-
tional term dominates in the range Rz = r > R.. The
condition that the negative Eddington term not negate the
four-dimensional gravitational force is then the usual
Eddington limit,

47mmG
no

In the case Ry < R, the positive terms become of
comparable size in the higher-dimensional regime. If the
negative term is smaller than the other two terms at the
radius given by (B.23), then it will also clearly be sub-
dominant for both larger and smaller r. This yields the
relevant higher-dimensional Eddington limit,

M<

M. (B.24)

(B.25)

where for D = 5

2 \(D—4)/(D-3) 1 1/(D-3)
f(T,D) = 2<ﬁ) (ﬁ) (B.26)

is an O(1) coefficient. In the case of D = 4, (B.25) sub-
sumes (B.24) with f(I',4) = 1.

The Eddington limit becomes relevant when the Bondi
accretion rate (A.19) exceeds the Eddington rate (B.25).
This occurs for

(B.27)

defining the Eddington radius Rgqq. Growth of the mass at
the four-dimensional Eddington limit (B.24) is exponen-
tial, with a time constant

o
4mG’

We have given arguments about the difficulty of achiev-
ing such an Eddington limit in Earth, and even more so in
white dwarfs, at least until one reaches large black hole
sizes which disrupt the large-scale structure of the body in
question. Moreover, if such a mechanism were to become
operative in white dwarfs, then each black hole within the
dwarf would be emitting at the characteristic Eddington
luminosity Lgqq = 8mmRgc?/o. This would also be evi-
dent through interference with white dwarf cooling. Typi-
cal cooling rates are in the range 107 '=1073 L, where the
solar luminosity is L, = 4 X 10 erg/s. As an example,

frad = M (B.28)
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we find that the Eddington output of N black holes of
Bondi radii Rz would exceed 1072 L, for

NRy/cm = 60. (B.29)

Given the large numbers of black holes that would be
produced, on relatively short time scales one would find
a build-up of black holes that have a major impact on
cooling, even for a relatively large value like = .01.

APPENDIX C: GRAVITATIONAL SCATTERING OF
RELATIVISTIC PARTICLES IN A
SCHWARZSHILD FIELD

This appendix focuses on the dynamics of a test particle
in the background of a D-dimensional black hole. In the
classical context, we consider the trajectory of a test par-
ticle in motion with positive energy with respect to a
D-dimensional black hole. The goal is to establish the
features of the particle’s dynamics as a function of the ini-
tial energy and impact parameter, and to define the con-
ditions under which the test particle, in the encounter with
the black hole, is scattered or is absorbed. We shall be
interested in applying this discussion to the study of energy
loss, slow-down, and stopping of black holes produced by
cosmic rays. In this phase the black hole is still sufficiently
small that it only interacts, microscopically, with the par-
tons inside the nucleon. Since these are in relativistic
motion, we need to consider the case of relativistic test
particles. Two kinematical regimes are then potentially
relevant: the classical one, in which the de Broglie wave-
length of the test particle is small in comparison to the
black hole radius, and the quantum regime, where the black
hole itself is small compared to the probe’s wavelength. In
the context of black holes produced by cosmic rays, the
classical regime is relevant early on, when the Lorentz y
factor of the black hole is very large, and later on, when its
size has grown significantly. If we consider first the prob-
lem in the rest frame of the black hole, the momentum of
the infalling parton is of order ym,. At production, y >
M/m » (see Eq. (5.5)), and therefore the wavelength of the
projectile is indeed smaller than 1/M, and thus smaller
than the D-dimensional black hole radius, which is larger
than 1/M. As the black hole slows down, y drops, and we
enter the quantum regime, where we stay until the black
hole grows to a size of >1 fm. In the quantum case, we can
use the known total quantum scattering cross section.
Where we need the differential cross section as a function
of angle, outside the capture regime, we will use the
classical result; the two are known to agree for D = 4
Rutherford scattering.

1. Classical trajectories and capture

The equation of the particle’s trajectory, in the rest frame
of a D-dim Schwarzschild potential, is given by
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e (RC) At

where n = D — 3, E is the projectile energy at infinity, and
L = pb is the angular momentum at infinity (b being the
impact parameter). Setting E = m'y, p = mvy and defin-
ing # = r/R and b = b/R gives

b 1 b? 1\7-1/2
o= f—'ﬁz [1 - (—2 + va—z)(l - —)] dr. (C2)
7 0% 7 7
In the relativistic limit, y — oo, this becomes
b pr b e
= ||l —=5+—— dr. C3
¢ [,A,ZI: ;,2 f.n+2j| r ( )

The orbit is thus entirely defined by the initial impact
parameter b. Scattering states only exist if the impact
parameter is large enough that the term in square brackets
admits a zero for 7#>0, defining the point of closest
approach, 7., of the trajectory. At this point,

}7.2+n

min ~
NS 7> 1.
Tmin

b2 = (C4)
It is straightforward to prove that this relation admits a
real-valued solution for 7, only if

R _ (2 + n)(2+n)/2n
> bpin = W

Thus b;, = 15minR represents the minimum impact pa-
rameter for scattering, below which the projectile falls
inside the event horizon. This therefore defines the clas-
sical capture radius®®. Approximate values for D =
5,..., 11 are given by l;min =(2,1.8,1.6,1.5,1.5,1.4,1.4).

S

(C.5)

2. Quantum capture

The absorbtion cross section of 4-dimensional spin-1/2
and spin-1 fields in the field of a D-dimensional black hole
has been calculated in [82-86], generalizing the D = 4
results of [87-89]. Considering spin-1/2 fields, the largest
contribution is given by the s-wave states, resulting in
capture cross sections o given by the following equation:

o, = 206D-13/(D=3) 72, (C.6)

These can be thought of as determining the capture impact
parameter by, ., like in the classical case, via the equation

o, = whi, R (C.7)
The quantum capture radius I;mm,q grows from V2 for
D=5 to ~2+/2 for large D. The approximate values
in the range of interest are given by by, =

2For the D = 4 case, we recover the usual results, boin =
3+v3R /2, and ry;,, = 3R, leading to a capture cross section of
27mR? /4.
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(1.4,1.8,2.0,2.1, 2.2, 2.3, 2.4). Notice that, with the excep-
tion of D = 5, these are slightly larger than the classical
capture radii given above.

3. Coulomb scattering

Outside the capture region, the projectile is deflected by
the gravitational field. In the large-h approximation, the
approximate expression for the classical scattering angle
6 = m — 2¢ is given by

1 _T[(n +3)/2] 1

0 == e~ =7 . o~ T~ - = 5
@ T TN T+ 20721 5

(C.8)

which correctly reproduces the classical deflection of light
inD = 4,0 = —2R/b. Notice that this approximate result
underestimates the exact deflection angle in the region
around b ~ b,;,, as shown Fig. 3. Notice also in the figure
that, as D grows, large-angle scattering only takes place for
projectiles with impact parameter very close to the mini-
mum value b;,, as a result of the rapidly falling gravita-
tional field.

As discussed in the main text, for the momentum loss
due to elastic scattering we need the quantity

1 1 do
Cse = — dcosé
O Jcosh,

0
2sin® —. .
dcosf S 2 €9
Without an explicit formula for the quantum differential
cross section, we will estimate it using the classical ex-
pression (5.19), combined with the small-angle formula
(C.8). This yields the approximate value

02
c
Cse = . (C.10)
s (D —4)
15
Scattering angle
Solid: exact
1.0 — Dashes: large—b approximation _|
N
(Qa
N—r
(\a)
| 05 —
0.0 —
e b e ey
1 2 R 3 4 5
b
FIG. 3.  Comparison of exact (solid lines) and approximate

(dashed lines) relations between the scattering angle (which for
an attractive force is negative) and the normalized impact
parameter b = b/R, for D =5, 6, 7.
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If 6.~1, we find the approximate values c, =
(.5,.25,.17) for D = 5-7.

APPENDIX D: NON-RELATIVISTIC
ACCRETION CHECKS

The discussion in Sec. V C assumes the validity of two
facts, which we establish here:
(1) the mass accreted per nucleon crossing should not
exceed the proton mass.
(2) the capture radius remains smaller than 1 fm
throughout this phase.
The first statement is stronger than the second one. If the
first is true, the second one is also true. Here is the proof:
The first statement requires the following:

AM = mp, %R% <m, (D.1)
where R. is the capture radius, R, = l;minR. Writing
m, = (41/3)p,r;, we obtain R, < +/4v/3r, < r,. Thus,
we just need to show that the accretion rate during a single
crossing does not saturate m,,.

The maximal mass relevant to nonrelativistic stopping in
a white dwarf is the mass at the gravitational trapping
velocity, which is bounded by M < Myr/v, where we
recall from (5.24) that Myr < y;M;, and where v =~ .02.
Thus, our condition becomes

A 4
b winROM,/) < rigf 5

Recall also that a typical boost for a large initial black hole,
M = 14 TeV,is y; = 4.5 X 10*. For D = 6, this inequal-
ity can then easily be checked to hold for all v > .02 and
Mp > 1 TeV. For D = 5, even for the extreme case M, =
1 TeV, the condition holds for black holes well above
M; = 5Mp, (with corresponding reduction in initial boost),
down to the low end of the velocity range, v = .05 and of
course is easier to satisfy at larger M.

(D.2)

APPENDIX E: BLACK HOLE
PRODUCTION RATES

1. Elementary cross sections

In the scenarios considered here, black holes are formed
in the collisions of partons with center-of-mass energies
V3 > Mp, and with impact parameters comparable to the
Schwarzschild radius R = R(+/3) [5,6,48,90]. The result-
ing cross section estimate, o ~ 7R(:/3)2, should be im-
proved to account for two effects. On one side, the fraction
y of partonic energy /3 that is absorbed by the black hole is
expected to be less than unity. The rest is radiated off [48—
51]. Furthermore, the maximum impact parameter b of the
partonic collision that can lead to a black hole formation
above the threshold mass M., for black holes to exist is
typically smaller than the radius R(+/$). Recent estimates
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[8], based on [51], give inelasticity y of the order of 0.6—
0.7, depending on D, dying off beyond impact parameters
of about half the radius R(~/3). We implement these con-
straints by allowing black hole production only for partonic
collisions with impact parameter b << 0.5R, and consider-
ing inelasticities as small as 0.5.

For a given inelasticity y, the LHC would only be able to
make black holes at masses M, = yE gc. When one
calculates rates for cosmic rays to produce black holes,
those rates increase with y. Thus, for the purposes of
setting lower bounds on those rates, for a given M,;,, a
conservative choice is to take the inelasticity to be the
smallest value that would be compatible with LHC black
hole production,

y= Mrnin/ELHC'

If indeed the inelasticity took this value, that would corre-
spond to zero production at LHC, due to lack of kinemati-
cal range. For example, if the actual inelasticity were
0.5, LHC would produce no black holes above 7 TeV.
For purposes of exploring the possible range of y, we
will where appropriate let y range from 0.5 up to unity.

A related issue is what is the minimum black hole mass
that can arise for a given value of the extra-dimensional
Plank mass M. Several criteria are discussed in [5]; there
it was advocated that one particularly useful criterion is
that the entropy of the black hole be large, so that a thermal
approximation begins to make sense. A nonrotating hole of
mass M has entropy:

(E.1)

SpH = R—D_ZQD_z
4Gp
2M (D=2)/(D=3)[ (27r)2P =7 1/(D-3)
=[(D—2)MD] [ Qp s ] '

(E.2)

For example, for the representative cases of D = 6 and
D = 10, a black hole with mass M = 5Mp has entropy
Sgy ~ 24, a plausible threshold to assume a semiclassical
behavior. Since for a fixed value of M the black hole radius,
and thus the production cross sections, decrease with
increasing Mp, to be conservative in our estimates of
production rates by cosmic rays we shall loosen this con-
straint, and allow for M_;,/Mp to be as small as 3. In the
primary cases of interest for cosmic-ray bounds, D = 7,
this lowest value corresponds to a Schwarzschild radius
that is less than twice the Planck radius, 1/M,.

The production cross sections at the LHC are then
obtained from the simple formula:

1

oM > M) = 3 [ ar [1 2 i1 /00

(E.3)

where § = x;x,s, and, as discussed above, 6(\3) =
7R *(\3)/4, M., = 3Mp, and
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FIG. 4. Black hole production rates at the LHC, with inelas-

ticity y = 1 (upper curves) and y = 0.5 (lower curves), and for
D=8, 11.

T = XX > Tin = M2,/ (529). (E4)

X1, are the momentum fractions of the colliding nucleons
carried by the partons i and j, which are taken to span the
full set of quarks, antiquarks, and gluons. For the numeri-
cal evaluations throughout this work we shall use the
CTEQO6M set of parton distribution functions [54], calcu-
lated at the factorization scale Q = 1/R [5].

The event rates at the LHC, integrated over the
1000 fb~! luminosity expected to be collected during the
experiments lifetime, are given in Fig. 4. We show here
both the cases of y = 1 and of y = 0.5. We use y = 1 only
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FIG. 5.

PHYSICAL REVIEW D 78, 035009 (2008)

to overcompensate for uncertainty in the precise value of
this parameter; the value y = 1 is an extreme case, and
recent analyses [8] have argued for the more realistic value
y = 0.6-0.7, or even a lower value[53].

2. Black hole production by cosmic rays

We present here the estimates of production rates and
properties of black holes produced by cosmic rays hitting
the surface of astronomical bodies. The rates presented in
this section refer to the exposure of the full area of the star
to cosmic rays coming from zenith angles between 0° and
90°. Possible sources of reduction of acceptance must be
considered: the stellar magnetic fields, and the need for the
black hole to traverse a sufficient amount of material in
order to stop inside the star. These effects will be discussed
in appropriate parts of the main text.

We assume cosmic rays to be composed of nuclei with
atomic number A, and will consider the two extreme cases
of A =1 (protons) and A = 56 (Fe). When A > 1, only a
fraction 1/A of the primary energy is available for the
nucleon entering the hard collision that will produce the
black hole, thus leading to a significant reduction in rate.
The kinematics of the production is therefore as follows:

A(E) + N(m,) — i(x,E/A) + j(x,m,)

— BH(M? = 2y*x;x,m,E/A), (E.5)
where E is the energy of the cosmic-ray primary; N(m,,) is
anucleon in the target, with rest energy m,,. For each value
of the primary energy E, the kinematics for the produc-
tion of a black hole with minimum mass M, is defined
by the constraints E > E;, = M2, X A/(2m,y?) and
T = X1 X3 > Tmin = Emin/E- The resulting number of pro-
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Black hole production rates by cosmic rays impinging on a 5400 km radius white dwarf. The rates correspond to the number

of events, in 1 X 10° yr, in each energy bin. On the left we have a pure-proton cosmic-ray composition, on the right pure Fe. The two
curves correspond to minimum-mass values of 7 and 14 TeV. In all cases, M, = M,,;,/3 and y = M,;,/14 TeV.
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TABLE IV. Black hole production rates, per million years, induced by proton cosmic rays
impinging on a R = 5400 km white dwarf. M, = M;,/3 and y = M,,;,/14 TeV.

D= 5 6 7

My, =7 TeV 2.1 X 107 4.3 x 107 6.7 X 107
My, = 8 TeV 1.4 x 107 2.9 X 107 4.7 x 107
M = 10 TeV 6.7 X 10° 1.5 X 107 2.6 X 107
M, = 12 TeV 3.7 X 106 9.1 X 10° 1.6 X 107
M., = 14 TeV 2.3 X 10° 5.9 X 10° 1.0 X 107

TABLE V. Black hole production rates, per million years, induced by Fe cosmic rays
impinging on a R = 5400 km white dwarf. M, = M;,/3 and y = M,;,/14 TeV.

D= 5 6 7

My =7 TeV 7.2 X 10* 1.6 X 10 2.6 X 10°
M i, = 8 TeV 4.6 X 10* 1.1 X 103 1.8 X 103
M i = 10 TeV 2.2 X 10* 5.5 X 104 9.7 X 10*
M = 12 TeV 1.2 X 10* 3.2 X 10* 5.9 X 10*
M, = 14 TeV 7.3 X 10° 2.1 X 10* 3.8 X 10*
TABLE VI. Black hole production rates, per million years, induced by cosmic rays impinging

on a R = 5400 km white dwarf, with the cosmic-ray energies rescaled such that E, = 1.2 X
Ege. Y = Mo /14 TeV.

D= 5 6 7

N,/Myr, My, =7 TeV 1.2 X 107 2.5 X 107 3.9 X 107
Nge/Myr, My, = 7 TeV 3.2 X 10* 7.0 X 104 1.2 X 10°
N,/Myr, My, = 14 TeV 1.3 X 10° 3.4 X 10° 6.0 X 10°
Npe/Myr, M, = 14 TeV 3.2 X 10° 9.0 X 10° 1.7 X 10*

TABLE VII. Black hole production rates, per million years, induced by cosmic rays impinging
on a R = 5400 km white dwarf. N, refers to the case of 100% proton composition, N, refers to
100% Fe. M, = M,;,/3 and inelasticity y = 0.5.

PHYSICAL REVIEW D 78, 035009 (2008)

D= 5 6 7
N,/Myr, My, =7 TeV 2.1 X 107 4.3 x 107 6.7 X 107
Nge/Myr, M, = 7 TeV 7.2 X 10* 1.6 X 10° 2.6 X 10°
N,/Myr, My, = 14 TeV 2.8 X 10° 5.7 X 10° 9.1 X 10°
Npe/Myr, M = 14 TeV 35 80 135

duced black holes (per area, per time) is then expressed in
terms of the cosmic-ray flux d®/dE and by the total
nucleon-nucleon inelastic cross section, oy = 100 mb,
as follows:

1
Npy(M > M) = A—
ONN

Emax dq)
X —dE
'[Emin dE %

X 1?fi(x)fj(r/x)a—(ﬁ). (E.6)

1
dr

Tmin

We describe the cosmic-ray energy spectrum d®/dE
using the latest results by Auger [40], using the reported
values of the flux, and linearly interpolating in energy. We
allow E,, to extend only up to the largest value for which
data exist, namely E,,, = 2 X 10%° eV.

We are interested in excluding the existence of stable
black holes with masses within the reach of the LHC. The
presence of an inelasticity y limits the mass reach to the
range M =< y X 14 TeV. We allow y to take values in the
range (0.5, 1) in order to cover the full kinematic range up
to 14 TeV, and calculate the cosmic-ray rates correspond-
ing to the smallest possible inelasticity compatible with
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FIG. 6. Black hole production rates by cosmic rays impinging

on a 5400 km radius white dwarf in the extreme case of M >
14 TeV and with the inelasticity parameter y = 0.5. The upper
curve corresponds to a pure-proton cosmic-ray composition, the
lower one to pure Fe.

production at a given mass value at the LHC, given by
(E.1), and with the largest possible value of Mp, namely
Mp = M ,;,/3. By so doing we obtain the lowest possible
cosmic-ray-induced rates for black holes of any given mass
that can be produced at the LHC.

As a reference, we shall consider the case of a white
dwarf, with radius of 5400 km. The production rates, as a
function of the energy of the primary cosmic ray, and
integrated over an exposure of the full star surface of
10 yr, are shown in Fig. 5. They are given for the
case where the production rate is the lowest, namely D =
5, and for the values of M_;, = 7 TeV, corresponding to
inelasticity y = 0.5, and M,;, = 14 TeV, with y = 1. The

B B e e R
1.5 105_— p ]
| N[ev]/bin/Myrs 1
1.0 10°+ —
- M >14 TeV -
0.5 10°+
i CtaL 14 < M(TeV) < 15
I P N B B otk ST g
0 2 4 6 8 10
107 &
FIG. 7.
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integrated rates for D = 5-7 are shown in Table IV (for
a pure-proton composition) and in Table V (for a pure
Fe composition). The rates increase due to the increasing
black hole radius (for a given M, Mp) with larger D.

As expected the rates for pure protons are much larger,
since in the case of Fe, to achieve sufficient energy for the
nucleon-nucleon collisions, one is forced to use cosmic
rays in the tail of the data distribution. Compositions inter-
mediate between protons and Fe will lead to distributions
contained within these two extremes. In particular, it is
straightforward to evaluate the production rates resulting
from some specified fraction of cosmic-ray protons, by
convoluting the rates we show in Fig. 5, bin-by-bin, with
the experimental determination of the proton fraction as a
function of energy. Current experimental data on the pene-
tration and development of the shower (see e.g. [70,71])
provide evidence for a mixed composition, at least in the
region where such data are statistically significant, namely,
below 4 X 10! eV. Data are inconsistent with being fully
protons, or fully Fe, and provide an estimate of (A) ~ 5
[41]. On the other hand, the uncertainty of these analyses is
such that one cannot separate the individual components
that contribute to the average of (A). Phenomenological
descriptions or theoretical models of the highest-energy
cosmic-ray sources, fitted [68,69,91,92] using the latest
Auger spectra, as well as the Auger data [72,73] on the
correlation between the origin of cosmic rays around the
GZK cutoff and remote AGN, point to a significative
proton fraction, of the order of at least 10%, and higher
at super-GZK energies.

Proton fractions as low as only 10% lead to huge black
hole production rates, with sufficient accumulation inside a
white dwarf within a few years.

We point out that even assuming the most pessimistic
scenario in which 100% of the cosmic rays are made of Fe,
a scenario that is inconsistent with both data and with the

1.5 103 Fe —
i N[ev]/bin/Myrs

1.0 103 Solid: —
[ M >14 TeV |
- Dashes: b

0.5 10%— .~ 14 < M(TeV) < 15
L [ 1
'.r..|...."|—.—._.ﬂ ]
0 2 4 6 8 10

107* v

The Lorentz factors vy, in units of 10, for black holes with M > 14 TeV produced by proton (left) and Fe (right) cosmic

rays. The lower curves represent the distributions relative to the events with 14 < M(TeV) < 15.
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TABLE VIIL

PHYSICAL REVIEW D 78, 035009 (2008)

Efficiency factors €, (100% proton flux) and eg, (100% Fe flux) for the production of black holes with M < M, +

1 TeV and y < 3M,,/m,. M, = M, /3, and inelasticity y = M, /14 TeV for all columns except the last one, which has y = 0.5.

M (TeV) 7 8 10 12 14 14 (y = 0.5)
€, 6.9 X 1072 8.3 X 1072 9.8 X 1072 0.10 0.10 4.4 %1072
€re 0.28 0.32 035 034 0.32 047

TABLE IX. Black hole production rates, per million years, induced by proton cosmic rays impinging on a R = 10 km neutron star.

Mp = M,;,/3 and y = max(0.5, M,;,/ 14 TeV).

M i D=5 D=6 D=7 D=38§ D=9 D =10 D =11
3 TeV 1.3 X 10* 2.5 X 10* 4.0 X 10* 5.6 X 10* 7.4 X 10* 9.2 X 10* 1.1 X 10°
4 TeV 2.2 X103 4.5 X 10° 7.0 X 103 9.9 X 103 1.3 X 10* 1.6 X 10* 1.9 x 10*
5 TeV 570 1100 1800 2500 3300 4100 5000
6 TeV 190 380 590 830 1100 140 1600
7 TeV 72 146 231 323 422 526 633
8 TeV 47 99 161 229 301 378 457
10 TeV 23 52 88 129 172 218 265
12 TeV 13 31 54 80 109 139 171
14 TeV 8 20 36 54 74 95 118

modeling of cosmic-ray sources, there would still be a
large number of black holes that can be accumulated on
the time scale of a few thousand years, very short com-
pared to the natural lifetime of a white dwarf. As a further
robustness check, we provide in Table VI the rates obtained
if one assumes a 20% systematic overestimate in the ex-
traction of the primary energy, to simulate the possible
impact of the Auger =20% energy resolution [55].

Finally, we note that the production rates are still sig-
nificant even if we set the inelasticity y = 0.5 in the
calculation of the cosmic-ray rates for black holes of
14 TeV. Notice that with y = 0.5 the black hole mass reach
at the LHC drops to zero at around M = 7 TeV. The
number of produced black holes on our reference white
dwarf is given in Table VII, and the distribution as a
function of the cosmic-ray energy is shown in Fig. 6.

For the discussion of slow-down and stopping of the
black hole inside the white dwarf, we also present here
some relevant kinematical distributions. Figure 7 shows
the distributions of the Lorentz factor, v = E/M, of the
produced black hole, in the case of proton (left) and of
Fe (right) primaries. We present in Table VIII the
rate-suppression factors due to requiring that the pro-
duced black hole has a Lorentz factor y <3M,,,/ m,,
and a mass M < M;, + 1 TeV, the criteria we used in
Sec. V C, to determine the stopping power of white dwarfs.
Notice that in all cases these efficiencies are large enough
to ensure abundant rates of produced black holes.

The production rates on a neutron star (neglecting
the magnetic screening) can be obtained from the white
dwarf’s ones by rescaling by the surface area. Assuming a
10 km radius, the proton rates in Table IV are reduced by a

factor of 3.4 X 1079, leading to the numbers in Table IX.
The distributions as a function of the cosmic-ray energy
have the same shape as those in the white dwarf cases,
Fig. 5. The results for D = 5, 8 are summarized in Fig. 8,
where the corresponding rates for Fe cosmic rays are also
shown.

We conclude our discussion of production properties by
showing in Fig. 9 the x spectrum of the partons engaged in
the production of black holes with M > 14 TeV, for vari-

106 ———————r—7—
Events/Myr with Mgy>M_,, R=10 km NS
109 |  (y=max(0.5M,_, /14 TeV), Mp=M,,./3) -
104 -
3 Solid: D=8 h
10 Dashes: D=5
102
10l
100
1071 - Te—— -
P T PR S I IR RN B
4 6 8 10 12 14
M (TeV)
FIG. 8.  Black hole production rates by cosmic rays impinging

on a 10 km radius neutron star, for the inelasticity parameter y =
max(0.5, M,;in/14 TeV) and with M = M,;,/3. The upper
curves correspond to a pure-proton cosmic-ray composition,
the lower ones to pure Fe.
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y=0.5. M, = 14 TeV.

ous cosmic-ray components and different inelasticity as-
sumptions. Notice that the bulk of the production is always
obtained for x < 0.6, namely, the region where the knowl-
edge of the PDFs is accurate to better than 10% [54].

3. Black hole production by cosmic neutrinos

High-energy neutrinos have a black hole production rate
much bigger than nuclear cosmic rays of the same energy
(see e.g. [7,93-98]). Two reasons justify this statement.
The first one is that all the energy carried by the neutrino
can be used for the production of the black hole (contrary
to protons or nuclei, where the partons carry a small frac-
tion of the primary energy). The second reason is that the
fraction of neutrino interactions that lead to black hole
production is much bigger than the similar fraction of
nuclear interactions: most collisions with a star atmosphere
result in generic strong-interaction processes, and the rate
of black hole production is proportional to the ratio of the
black hole cross section to the total inelastic cross section.
In the case of neutrinos, black hole production only com-
petes against the total electroweak cross section [99],
which turns out to be of the same size as the black hole
cross section, when neutrino energies exceed 10'7 eV.

While no experimental evidence is as yet available for
the existence of such high-energy neutrinos, any modeling
of cosmic-ray production and evolution predicts their pres-
ence, with rates that are consistent with the current non-
observation. Neutrinos can be produced directly at the
source of the highest-energy cosmic rays, where they
emerge as decay products of the charged pions produced
during the acceleration of the primary charged cosmic rays
[100,101]. And they also would appear in the decay of
pions produced by the collision of protons with energy
above the GZK cutoff with the cosmic microwave back-
ground: yp — A* — na™ (the so-called cosmogenic neu-

PHYSICAL REVIEW D 78, 035009 (2008)
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The normalized spectra of the partonic momentum fraction x, for proton (left) and Fe (right) cosmic rays, and for y = 1 and

trino flux [102—-104]). The observation of cosmic rays
above the GZK cutoff, and the assumption that even only
a tiny fraction of these are protons, automatically leads to
the presence of neutrinos in the region above 10'* eV.
Several groups have extracted predictions for the cosmo-
genic neutrino flux, most recently [68,75,76]. The latter
based their analysis on the Auger study of the highest-
energy cosmic-ray composition [70], and considered a
broad range of single and mixed compositions, including
the extreme case of a Fe-only spectrum at injection, in
which case the spectrum of protons dissociated from the
Fe nuclei would be soft enough to strongly suppress pion
photoproduction, and thus the neutrino flux. For our cal-

800 — v on neutron star —:
i Niot/Myr=4500 ]
600 [~ -
i Mpy>14 TeV ]
400 - D=5 =
L y=0.5 i
200 [~ -
17 175 18 185 19 195 20
Log(E/eV)

FIG. 10.  Production rates for black holes of mass M >
14 TeV, created by cosmic neutrinos impinging on a 10 km
radius neutron star. The rates correspond to number of events, in
1 X 106 yr, in each energy bin. D = 5 and y = 0.5.
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TABLE X. Black hole production rates, per million years, induced by neutrino cosmic rays
impinging on a R = 10 km neutron star. M, = 14 TeV, M, = M,,;,/3, and y = 0.5.

D= 5 6 7

8 9 10 11

N= 45x10® 1.1x10* 20x10*

3.0 X 10*

40x10* 51x10* 62x10*

culations we use the following parametrization of the
neutrino flux:

MAE) _ g (G

m s s 1GeV L
iE,

(E.7)
This provides a lower limit to the acceptable fits of the
worse-case, Fe-only, scenarios considered in [68], in the
region 107 < E,(eV) =< 10'°. We stress that this is a very
conservative assumption, and does not include the contri-
bution from neutrinos originating directly at the cosmic-
ray sources. A recent evaluation of this contribution from
AGN and GRBs [105], for example, leads to a flux between
10 and 100 times larger than (E.7), over and beyond
the range 10'7 < E,(eV) =< 102! We also notice that
the flux in (E.7) is over 3 orders of magnitude below the
Waxman-Bahcall upper bound [100,101].

The corresponding black hole production rate for a 10
km-radius neutron star is shown in Fig. 10, for D =5,
M_;, = 14 TeV and y = 0.5, as a function of the neutrino
energy. The rates as a function of D are given in Table X.
Accumulation over more than several hundred million
years of the life of a neutron star would lead to immense
rates, even if the cosmic neutrino flux turned out to be
suppressed by several orders of magnitude relative to our
most conservative assumption. The direct detection of
high-energy neutrinos in the next generation of neutrino
telescopes [107] will make it possible to strengthen these
estimates.

APPENDIX F: LHC PRODUCTION OF
GRAVITATIONALLY BOUND BLACK HOLES

In this appendix we estimate the number of LHC-
produced black holes that could in these hypothetical
scenarios become gravitationally trapped by the Earth.
This, in particular, addresses questions about whether there
could be multi-black hole effects. For a black hole to get
trapped, and start its accretion, its speed should not exceed
the escape velocity from Earth, namely vy ~ 11 km s~!
3.7 X 107 3¢. In the central LHC collisions, the black hole
acquires a speed along the beam axis because of an im-
balance in the longitudinal momenta of the colliding par-
tons, and a transverse speed because of the bremstrahlung
emitted from the initial state. These velocities are typically
much larger than vg. One should, however, also account

~

2ISee also [106], where the decay of muons produced in the
interactions of 7° photons with the cosmic microwave back-
ground (CMB) photons leads to a flux of comparable size.

for the slow-down caused by the interactions with matter as
the black hole crosses the Earth. Such a slow-down will
increase the chances that a black hole will be captured in
the Earth’s gravitational field. In this appendix we study in
detail the velocity spectrum resulting at production, and
convolute it with the stopping power of the Earth, to obtain
an estimate of the trapping probability, as a function of the
black hole mass.

We start by analyzing the slow-down due to accre-
tion. As pointed out in the main text, the Earth’s den-
sity does not provide enough material to stop a highly
relativistic black hole, such as those produced by cos-
mic rays. Indeed, the Earth’s column density oy = 1.1 X
10'° gr/cm? ~ 2 GeV/TeV 2 leads, for v ~ 1, to the ac-
cretion of at most a few GeV. This number will, however,
increase significantly at low velocity, where the accretion
per unit length traveled goes like 1/v, as shown in
Eq. (5.28). Therefore some slow-down will typically arise
for nonrelativistic black holes produced at the LHC.
Repeating the analysis of the slow-down in the nonrelativ-
istic regime given in Sec. VC, we derive the following
relation for the maximum velocity at production, v,,,,, that
can be stopped before the black hole exits the Earth:

27kpbiin (MD )(Dfsvw—s)

D= g 8. (R

Umax =
For a given mass, v, is the largest in D = 11. We give
some reference values for v,,, in Table XI, using the
largest allowed value for Mp corresponding to a given
mass, M, = M/3. Notice that these velocities can be
significantly larger than the escape velocity. Black holes
pointing away from the center of the Earth will travel
across a smaller column density, and their velocity should
therefore be smaller than v, £/D, where € is the length of
the path inside the Earth, and D is the Earth’s diameter.
This condition can be written as

v
U < Upax €OSO = V0 —, (F.2)
v

where 6 is the angle with respect to the vertical axis Z. The
stopping condition becomes

TABLE XI. Maximum velocities at production for gravita-
tional trapping.

M(TeV) 4 6 8 10 12

Umax X 103, D = 8 91 27 1.1 058 034
Vo X103, D=11 15 45 19 096 0.6
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v? =y? + v] <vpv) cosd, (F.3)

where y is the black hole rapidity (equal to its longitudi-
nal velocity in the nonrelativistic limit), v its velocity in
the plane transverse to the beam direction, and ¢ is the
angle between the velocity direction in the transverse plane
and Z.

For y < 1, do/dy is approximately flat, and indepen-
dent of the black hole transverse momentum, since at small
velocity that longitudinal and transverse dynamics de-
couple. For a given value of v | < vy,

V< Yo = YfUmav1 cosd — vl (F.4)

and the fraction of events that satisfy the stopping condi-
tion is therefore given by

b o 1 d
1 dg [ =42 dy
27 J-¢, —y 0 dy |y=0
2 d b 1/2
- £ 49 Vnax v_lf qu(cosd) - Ul) ,
o dy y=0 Umax J0 Unmax

(F.5)

where ¢, = arccos(v, /vm,.). To excellent approxima-
tion, this can be written as

v v
Vnmaxa|——1.2 X (1 -4 )
y=0 Umax VUmax

The normalized rapidity spectra of black holes at y = 0, as
a function of M, is shown in Fig. 11.

Convolution of this probability with the v, spectrum
obtained, as a function of the black hole mass, from the
Herwig Monte Carlo[108], leads to the stopping probabil-
ities shown in Table XII. We then convolute these trapping

2 do
mo dy

(F.6)

50|||||||||||||||||||

i 1/0 do/dy [y=0] T

1|||||||||||||||||||||||||||||

2 4 6 8 10 12 14
M (TeV)
FIG. 11.  Rapidity spectrum at y = 0 for production at the
LHC.
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TABLE XII. Stopping probabilities for typical M values.

M(TeV) 4 6 8 10 12

PX104, D=8 5.7 1.2 0.37 0.20 0.24
P X 10*, D =11 14 34 1.2 0.71 0.92

probabilities with the black hole production rates derived
assuming inelasticity in the realistic range from y = 0.5 to
y = 0.7 (we trust that the coincidence of notation here of y
for the rapidity and for the inelasticity will not be a source
of confusion). The results are shown in Fig. 12, for the
standard integrated luminosity of 1000 fb~!'. As soon as
M =7 TeV the expected number of trapped black holes
falls below 1 even with the looser inelasticity value of y =
0.7. We notice that mass values where the build-up of
multiple black holes could significantly exceed the value
one are firmly excluded for 8§ = D = 11 by the neutron
stars, and for D = 7 by the white dwarfs.

Some of the hypothesized black holes from LHC could
reach the Sun or the Moon. In the case of the Sun, its core is
the only part that has a significant stopping power. The
density in the core, whose radius is about R, ~ 0.2 Ry ~
1.4 X 10° km, reaches 150 gr/cm?, giving a column den-
sity hundreds of times greater than the Earth, allowing to
stop black holes proportionally faster. On the other hand,
the geometric probability that an LHC-produced black hole
reaches the Sun’s core is only about 2.2 X 1077, a number
that by itself is much smaller than the probability of trap-
ping inside the Earth. The Moon has the same geometrical
suppression as the Sun, but a much higher suppression
due to the limited stopping power and the smaller escape
velocity. We also note that the parameter controlling
macroscopic accretion, dycy, is for the Sun approximately

— T T
- LHC, 1000fb™" -
104 I~ Trapped black holes with Mgy>M_;, _|
10° I~ Sl Solid: D=11  —
N N Dashes: D=8 |
O AN > ~
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FIG. 12. Number of trapped black holes, for inelasticity y =

0.5 and y = 0.7, as a function of the black hole mass M, and for
an integrated luminosity of 1000 fb~!.
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4 times its value on Earth (with p = 150 gr/cm? and ¢, =
500 km/s), implying accretion time scales that are 4 times
longer.

APPENDIX G: SYNCHROTRON LOSSES IN
MAGNETIC FIELDS

In this appendix we briefly summarize the limitations on
cosmic-ray penetration to stellar surfaces resulting from
synchrotron radiation losses.

We assume a dipole magnetic field, with polar intensity
B, defined by

. Ro\3 3 cosOf — 2
B, r) = B,,(J) JCOSIr T 2 (G.1)
r

5 )
where R, is the star radius, Z points along the field axis, and
0 is the angle with respect to Z. We consider an incident
nucleus with charge Z and mass A, with radial momentum
p at an angle 6 from the direction of the magnetic axis. One
easily finds the Larmor radius as a function of r,

i)
ZeB,sind \Ry/ -
To ensure that the cosmic ray reaches the star’s surface, we
require that r;(r, §) > r for all values of the distance r.
If we consider the trajectories subject to the largest
field (sinf = 1), this corresponds to requiring: p >
ZeBpRo/Q,, or

ri(r, 0) = (G.2)

Ry, ZB,
5000 km 10° G
Ry ZB,

10 km 10° G

The two expressions correspond to typical radii of white
dwarfs and neutrons stars, and to reference magnetic fields
chosen to be in the range of actual measured values
[64,109]. For the energies we are dealing with, in the range
of 10'® eV or more, we see therefore that magnetic fields of
1 MG (WD) or 1000 MG (NS) correspond to relatively
small deflections (and even smaller at lower fields), which
are compatible with our criterion.

While typical magnetic fields do not seem to induce
sufficient deflection in the trajectory, they may never-
theless lead to great energy losses due to synchrotron
radiation emission. The synchrotron power loss for relativ-
istic cosmic rays corresponding to the above Larmor radius
is given by

p =075 X 107 eV

=1.5%x10"7 eV (G.3)

dE _ 1 (Ze)*B2sin*6OR{

= s B (G.4)
p

dt 6

Integrating along a cosmic ray trajectory from r = oo,
where £ = E, to r = Ry, where E = ERO, gives

Eq
ER =F

x———— G5
0 max E. + Emax ( )
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where
30A*ms,
(Ze)*(sinfB,)*Ry’

Emax = (G.6)
Notice that Ep is always smaller than E,,,,, regardless of
the initial cosmic-ray energy. This is therefore a maximum
energy that can be retained by a cosmic ray impinging on
the star. For initial energies above E,,,, the higher the
energy, the more is radiated off, ending up always with the
same limiting energy. Introducing numbers appropriate for
a neutron star, we get

A* 10 km [ 103G
E,..~ 18X 107 eV, m(

2
. . G.7
zZ* Ry \B, sin9) G7)

In a strong field, cosmic rays of the highest energies are
therefore allowed to penetrate only within an angle 6(E)
from the northern/southern hemispheres of the star, with

1.8 X 107 eV\/10 k
sind(E) < sinf,,, = \/( ¢ )( m)
E Ry

A2<1o8 G)
X —|——)
Z’\ B,

(G.9)

Notice that the reduction factor is less harmful for nuclei,
since A/Z ~ 2. The lowest magnetic fields that have been
measured for neutron stars are of the order of 100 MG
[109], and this is therefore the lowest field that we can
assume for our study. In the case of proton cosmic rays,
penetration to the star’s surface with energies in the range
of 5 X 10'® eV, as required for efficient production of M >
14 TeV black holes (see Fig. 5), would require 6§ < 0.2.
Combining the reduction in the star surface area that can be
reached (just the polar caps, of area ~7(6,,,x R)?) with the
limited angular acceptance (cosmics with 8 < 6,,,, from
the polar zenith), we obtain an approximate rate suppres-
sion of order @%,., and thus of order 1073 for the case
considered. These numbers are too small to allow sufficient
rate for all cases, and specifically those at the highest black
hole masses.

APPENDIX H: PRODUCTION ON
BACKGROUND OBJECTS

Given the self-screening behavior resulting from
neutron-star magnetic fields, one is naturally led to con-
sider production of neutral black holes on background
objects, such as on a binary companion of the star, or on
the interstellar medium. We here outline some such
considerations.

1. On lifetimes and solid angles in x-ray binaries

We would like to understand the range of possible values
for the FCE, defined in (8.1), for neutron-star binary sys-
tems. A number of such systems have been well studied
and modeled. Thus, deviations from the FCEs given below
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would require substantial revision of our theoretical de-
scription of the formation and evolution of these systems.

Specifically, neutron stars are often found in binaries
tight enough for mass transfer to occur from the donor to
the NS. These x-ray binaries (see [110] for an overview)
are well studied systems, and are also known to exist in
other galaxies. The range of possible donor masses, M, is
large[110], from M; = 0.01 My Helium white dwarfs in
ultracompact binaries to 30 My stars around accreting
x-ray pulsars. The closest possible distance is when
the donor star fills its Roche lobe (e.g. the tidal ra-
dius), yielding the largest value for f = AQ/47 =
(1 —cosf)/2, where[111] tanf = Ry /a = 0.49[0.6 +
g 23 1In(1 + ¢'/3)]7" is only a function of the mass ratio
qg = M;/Mys. For M; = 0.01 — 10 M, (and a fixed NS
mass of Myg = 1.4 M), we find f = 0.002 — 0.06.

Massive x-ray binaries (see [112] for an overview) have
donor masses M; > 5 My and range up to 50 M. The
longest time that such a system can live as a mass-
transferring system (and thereby visible in x-rays) is
when the donor always underfills the Roche Lobe, and
the NS accretes some of the stellar wind leaving the com-
panion. Such a system lives for at most the hydro-
gen burning main sequence lifetime [113], Tys =
10 Gyr(My/M)>3 of the massive star, which is <10® years
for M;>5 Mg. Such a star has f = 0.05, yielding =
5 Myr of FCE. More massive main sequence compan-
ions would have slightly larger values of f, but their
much shorter main sequence lifetimes make them less
constraining.

A well-known class is that of NSs accreting from a M =
M, red giant that result in millisecond radio pulsars orbit-
ing the remaining He WD core. While the Roche-lobe
filling mass transfer is occurring, f = 0.03, and the life-
time in this phase is set by the nuclear evolution rate of the
red giant. Those that start Roche-lobe filling at orbital
periods less than 10 days can have a mass transfer lifetime
of 10° yr [110], giving = 30 Myr of FCE.

The best examples are traditional low-mass x-ray bi-
naries (those with M, < M) that have shorter 108-10°
year lifetimes set by the mass transfer rates of M =~
1073-107° Myyr~!'. However, at very short orbital
periods, the donors become so low in mass, M, =
0.05 My(f = 0.006), as to be brown dwarfs (e.g.
SAX J1808.4 — 3658 [114]) with mass transfer rates of
107" Myyr~!, consistent with that expected from gravi-
tational wave losses. These are certainly mass-transferring
for over a Gyr, giving 6 Myr of FCE

The lowest mass companions are in ultracompact bi-
naries where a He white dwarf donates material toa NS at a
rate set by gravitational wave losses (see [115] for an
overview). The most constraining of these systems are
those at the longest orbital period of 40 minutes, where
T =10° yr and M, = 0.01 My(f = 0.002) and =~ 2 Myr
of FCE.
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In closing, the exposures of known systems are in the
range of 2-30 Myr of FCE, and one can be very confident
in those scenarios in the 2—6 Myr range [116]. Even the
NSs accreting from red giants that give 30 Myr are rela-
tively robust, and plausibly could be used in improving
bounds.

2. Production on the interstellar medium

We study here the possibility that black holes are pro-
duced by the collision of cosmic rays with the interstellar
medium (ISM). This is not meant to be a fully robust study,
but to provide an indication of further directions that could
be undertaken to produce additional constraints, largely
complementary to ours. We first estimate the column den-
sity that cosmic rays travel through as they reach a star. We
consider stars in the disk as embedded in a disk of ISM of
height 4 and radius L, where reasonable values are given
by h ~ 6 X 10? light years, the disk width, and L ~ 60h.
The average ISM density nqy is about 1 proton/cm?. The
average column density for cosmic rays pointing toward
the star is given by nygy(h/2)1log(2L/h) ~ 1.4 X 1074
protons/(100 mb). This means an interaction probability
of about 1.4 X 10~* for each nucleon in the cosmic rays.
When the cosmic ray is pointing directly toward the star,
and when it produces a black hole, this will end up hitting
the star. The star’s magnetic field has no influence, and
therefore both neutron stars and white dwarfs of arbitrary
magnetic field can be considered as targets. The number of
black holes is obtained by applying this reduction factor to
the rates calculated for the production of black holes via
cosmic rays directly hitting a star. This suppression is too
large to give acceptable rates on neutron stars. In the case
of white dwarfs, and for D = 5, M;, = 14 TeV,and y =
1, this means a rate of over 30/Myrs for a 10% proton
composition (see Table IV), and of about 1/Myrs for
100% Fe (see Table V). Even in the latter, most conserva-
tive, case, this means 100 black holes produced over
100 Myrs. Any white dwarf with mass in the range 1-1.2
solar masses, independently of the magnetic field, will
absorb and stop such black holes, which will then catalyze
its decay on time scales short as compared to observed
( = Gyr) lifetimes. A white dwarf like Sirius-B, for ex-
ample, with a mass of exactly one solar mass and an age of
about 120 Myrs [117], would not have escaped destruction
by D = 5, 6 black holes up to minimum mass 14 TeV, or by
D = 7 black holes up to around 10 TeV (see Fig. 2).

Finally, we point out the possible use of massive weakly
interacting dark matter as a target for black hole production
by cosmic rays [118]. While lack of direct experimental
evidence for it makes it insufficient today for our purposes,
the expected densities [119] of about 0.3 GeV/cm? could
provide sufficient to generate large numbers of black holes
to be absorbed by white dwarfs. The much lower y factor
due to production on such a heavy target would extend
the range of capture of even the highest mass black holes to
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lighter white dwarfs, and extend the stopping potential to
black holes significantly heavier than those accessible at
the LHC.

APPENDIX I: USEFUL CONVENTIONS,
CONVERSION FACTORS, AND
REFERENCE QUANTITIES

Conversion factors:

1 yr=3.2X10s, @1

1 gr=0.56 X 10% GeV — 1 GeV = 1.78 X 102 gr
(L2)

— 1 TeV =178 X 102! gr, 1.3)

1 fm™!' =197 MeV — 1 GeV = 5.1 X 102 cm™! (1.4)

—1TeV! =197 X 107" cm, @.5)

1K=86X105eV=45%x10"8 A, (1.6)

Fundamental constants:

M, = 1/87Gy = 2.4 X 10'8 GeV = 2.4 X 10'5 TeV
=43 X 107° gr, L7
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m, =1.84 X 10°m, = 9.4 X 10> MeV.  (L.8)

Astronomical quantities:
Mg = 6.0 X 10> gr = 3.3 X 10°! GeV,  (1.9)
Rp = 6.4 X 10® cm, (1.10)
pg = 5.5 gr/cm’, (L.11)
(Ap) =4 X 10", 1.12)
vp =112 X 10° cm/s = 3.7 X 107, (1.13)
Mys =~ 1.5 My =3 X 10 gr =2 X 107 GeV, (L.14)
Rys = 10 km, (1.15)

0.1m,, N
Prs = 2 X 10 gr/em? = Rl 1073 GeV*. (1.16)
m
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