
PHYSICAL REVIEW D, VOLUME 63, 124010
Mining energy from a black hole by strings
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We discuss how cosmic strings can be used to mine energy from black holes. A string attached to the black
hole gives rise to an additional channel for the energy release. It is demonstrated that when a string crosses the
event horizon, its transverse degrees of freedom are thermally excited and thermal string perturbations propa-
gate along the string to infinity. The internal metric induced on the 2D world sheet of the static string crossing
the horizon describes a 2D black hole. For this reason thermal radiation of string excitations propagating along
the string can be interpreted as Hawking radiation of the 2D black hole. It is shown that the rate of energy
emission through the string channel is of the same order of magnitude as the bulk radiation of the black hole.
Thus, forNs strings attached to the black hole the efficiency of string channels is increased by factorNs . We
discuss restrictions onNs which exist because of the finite thickness of strings, the gravitational back reaction
and quantum fluctuations. Our conclusion is that the energy emission rate by strings can be increased as
compared to the standard emission in the bulk by the factor 103 for GUT strings and up to the factor 1031 for
electroweak strings.
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I. INTRODUCTION

A black hole behaves like a heated body. A black hole
massM emits thermal radiation with temperature (8pM )21.
But there exists a special property which singles out a bl
hole as a thermodynamical object. While the size of a us
radiating body can be arbitrary, the size of the black hole
determined by the same parameterM as its temperature. Fo
a given temperatureT the rate of radiation of the heate
body, which is proportional toT4R2, can be made arbitrarily
large by making its sizeR bigger and bigger. This is not tru
for a black hole. The rate of energy emission by the bla
hole is determined only by its mass and is proportional
M 22;T2.

Can one increase the rate of radiation of the black hole
an external influence? Unruh and Wald@1,2# demonstrated
that in principle this is possible. They proposed a gedan
experiment when a small box with ideally conducting~mir-
rorlike! boundaries was taken close to black hole surfa
opened there, closed again, and taken back to infinity. T
demonstrated that in this process energy can be extra
from the black hole in the form of thermal radiation. B
repeating this process, one can mine additional energy f
a black hole and effectively increase its emission. Unruh
Wald conjectured that the highest possible rate of ene
extraction from a black hole can reachc5/G'3.6
31059 erg/s@3#.

One can describe this process of energy mining in sligh
different terms. An effective surface area of the black hole
determined by the position of the potential barrier. This p
tential barrier does not allow quanta of the thermal atm
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sphere of the black hole located close to the horizon to
cape to the infinity. One can describe the effect of ene
mining, at least in a quasistationary regime, by saying tha
device which is used for this purpose simply increases
probability of the penetration through the potential barrier
modes in some frequency range. As the result, the effec
radiative surface area increases.

In this paper we would like to propose a new mechani
of energy mining from black holes. Namely we propose
use for this purposecosmic strings. We demonstrate that thi
mechanism is very efficient. In many aspects a ‘‘device’’ f
energy mining by means of strings seems to be much m
‘‘realistic’’ than the Unruh-Wald gedanken device using id
alized boxes.

II. MECHANISM OF ENERGY MINING

Different aspects of the black-hole energy mining
strings are discussed in other sections. Here we describe
main idea and give some order of magnitude estimation
the efficiency of this process.

Interaction of cosmological defects~cosmic strings, do-
main walls! with black holes was discussed in@4–6#. In par-
ticular it was shown that there exist stationary configuratio
of such defects which spread from infinity to a black ho
and enter the black hole horizon.

To describe this situation in a more general setup let
first assume that the spacetime hasD-dimensions and it con-
tains aD-dimensional black hole. We call it abulk black
hole. Consider ad-dimensional world surfaceS representing
a topological defect in thisD-dimensional spacetime. W
call it a brane. An internal geometryg on the brane is gen
erated by its embedding in theD-dimensional bulk space
time. If the static surfaceS crosses the event horizon of th
static bulk black hole, the induced geometryg itself de-
©2001 The American Physical Society10-1
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V. P. FROLOV AND D. V. FURSAEV PHYSICAL REVIEW D63 124010
scribes ad-dimensional black hole. It follows from a simpl
fact that a Killing vector of the bulk space is tangent toS
and thus it is the Killing vector of the induced metricg.
Hence the surface whereS crosses the horizon of the bul
black hole is the Killing horizon of thed-dimensional black
hole on the brane.

It can be shown that transverse perturbations of
branes can be described as a set of massless scalar
propagating in the background metricg. In the presence o
the d-dimensional black hole these degrees of freedom
thermally excited and thermal radiation of brane excitatio
emitted by thed-dimensional black hole propagates alo
the brane to infinity. Thus such a brane serves as an a
tional channel and can be used for the energy mining fr
the bulk black hole.

Let us estimate the efficiency of this new addition
‘‘channel.’’ The required exact calculations are given la
~Sec. III!. Now we just make an order of magnitude estim
tion and explain why the mechanism of energy extract
from black holes by means of branes can be effective.

The energy flux from a black hole is

Ė[
dE

dt
5

1

2pE0

` dvvGv

exp~8pMv!21
, ~2.1!

whereGv is the transition probability for a mode of energyv
to penetrate the potential barrier and to reach the infin
This formula is valid for any number of spacetime dime
sions. Let us apply it to the radiation of thed-dimensional
black hole on the brane. Notice that the intern
d-dimensional black-hole geometry on the static brane cro
ing the bulk black hole is characterized by only one para
eterM, related to the mass of the bulk black hole, or wha
equivalent, by its gravitational radius.1 Thus, the equation for
a massless field propagating in this background can be e
rewritten in the dimensionless form where the depende
on M enters only through dimensionless quantityÃ
5v/TBH58pMv.2 Because the factorGv is dimensionless
and depends onÃ one has

Ė5
Jd

128p3M2 , Jd5E
0

`dÃÃG~Ã!

exp~Ã!21
. ~2.2!

This observation shows that the energy density emitted b
d-dimensional black hole is always proportional toM 22, and
the dimensionalityd appears only in a dimensionless coef
cient Jd . This important simple property was recently di
cussed by Emparan, Horowitz and Myers@8# who examined
Hawking radiation for black holes on a brane in a world w
large extra dimensions.

1The parameterM is proportional to the gravitational radius.M
coincides with the black hole massMBH in four dimensions. In
higher dimensionsD the relation is more complicatedMBH

;MD23, see@7#.
2We use units in whichG5c5\51.
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Thus, a staticd-dimensional topological defect attached
the bulk black hole gives rise to additional radiation with t
flux JdM 22. The rate of energy emission through the ne
channel has the same order of magnitude as the emission
of the bulk black hole. The more branes are attached to
bulk black hole the higher efficiency of the energy minin
One can expect that the number of such branes which ca
attached to the bulk black hole without their mutual inters
tions is bigger for smalld.

Hence, returning to the discussion of the physically m
interesting case of 4-dimensional bulk spacetime one
conclude that the highest efficiency of the black hole ene
mining would be obtained if one uses cosmic stringsd
52). In the present paper we discuss this idea and som
its consequences.

III. THERMAL STRING EXCITATIONS

To discuss quantum radiation of string excitations let
consider a static string of tensionm which enters radially a
Schwarzschild black hole of massM through its north pole.
The other part of the string~string segment! which enters
radially the black hole through the south pole is not of int
est for the moment. Denote bynR

m , R51,2, two mutually
orthogonal normal vectors to the string world sheetS. Small
perturbation of the stringdxm can be decomposed in terms

FR5dxmnR
m ~3.1!

and a component along the world sheet, which is a p
gauge. By linearizing the Nambu-Goto action3

I 52mE d2zAg ~3.2!

(gAB is the induced metric onS), one obtains the following
quadratic action for string perturbations:

I @F#52mE d2zAgFgABFP,AFR,B1
1

2
RFPFRGdPR,

~3.3!

whereR is a scalar curvature of the two-dimensional induc
metric g. We call these string excitationsstringons. The in-
duced metric for the unperturbed string is

dg25gABdzAdzB52Fdt21F21dr2, F512
2M

r
,

~3.4!

zA5(z0,z1)5(t,r ), andR54M /r 3. By redefining the fields
FR

wR5A2mFR , ~3.5!

3Here the constantm is the tension of the string measured in un
G5c51. We keep in mind that it corresponds to the dimensionl
combinationGm/c2.
0-2
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MINING ENERGY FROM A BLACK HOLE BY STRINGS PHYSICAL REVIEW D63 124010
we can write Eq.~3.3! as a sum of two identical actions eac
being of the form

I @w#52
1

2E d2zAgF ~¹w!21
1

2
Rw2G . ~3.6!

This is nothing but a massless nonminimally coupled (j5
21/2) scalar field in the spacetime of a two-dimensio
Schwarzschild black hole of massM.

The field equation

Fh2
1

2
RGw50, ~3.7!

in the tortoise coordinatesdr* 5dr/F takes the form

F2
]2

]t2 1
]2

]r
*
2 1UGw50, U52

2M

r 3 S 12
2M

r D ,

~3.8!

which is identical to the equation fors-mode of a four-
dimensional massless scalar field in the Schwarzschild
ometry. Since stringons have two independent states of
larization, any string segment attached to the bulk black h
brings with it 2 additional channels of emission. The rate
emission through each of these channels is identical to
s-mode contribution to the rate of emission for a scalar ma
less field in the bulk space.

To estimate this contribution one can use the followi
approximation forG at low frequency obtained by Starobin
sky @9# and Page@10#:4

Gv516v2M2. ~3.9!

The corresponding rate of emission is

ĖSP[
16M2

2p E
0

` dvv3

exp~8pMv!21
5

1

7680pM2 .

~3.10!

Numerical calculations give for the exact value of t
s-mode contribution the following result:

Ės-mode51.62ĖSP. ~3.11!

To compare this result with the rate of bulk emission
the black hole we recall that the approximate expression
be obtained by using DeWitt’s ansatz@12,13#

Gv'27M2v2. ~3.12!

The emission rate in this approximation is

4Notice that this result is 10 times smaller than the rate emiss
calculated in the absence of the potential barrier which can be
tained by using the Polyakov effective action@11#.
12401
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ĖDeWitt[
27M2

2p E
0

` dvv2

exp~8pMv!21
5

9

40960pM2 .

~3.13!

Numerical calculations@14,15# show that this result is very
accurate. In fact the exact valueĖbulk

scalar of the bulk rate of
emmision is

Ėbulk
scalar51.06ĖDeWitt. ~3.14!

By using these results we can write

Ės-mode50.91Ėbulk
scalar. ~3.15!

In other words, the additional rate of quantum radiati
Ėstring segmentthrough each segment of the string attached
the bulk black hole is 1.8 times bigger than the contributi
of the scalar massless field to the emission rate of the b
black hole.5 We took into account that there are two states
polarization of the string excitations~stringons!.

Above we assumed that the bulk black hole radiate
massless scalar field. In fact a realistic black hole emits
possible species of particles which can be emitted at
given Hawking temperature. Black holes of mass grea
than 1017 g effectively emit only massless particles~neutri-
nos, photons, and gravitons!. Using the results obtained b
Page@10,17# one has

Ėbulk BH5Am50Ėbulk
scalar field, ~3.16!

where

Am5050.54h~1/2!10.22h~1!10.03h~2!, ~3.17!

and h(s) is the number of distinct polarizations of spin-s
particles. For photon, graviton and 3 sorts of massless n
trino Am5053.74. Thus for a black hole of the massM
.1017 g which emits only massless particles one has

Ėstring segment'
1

2
Ėbulk BH. ~3.18!

For smaller black holes the right-hand side of this relat
contains an additional factorAm50 /Atotal, whereAtotal is the
factorA, Eq. ~3.17!, calculated for all particles which can b
effectively emitted at the temperature (8pM )21.

IV. EFFICIENCY OF BLACK HOLE MINING BY STRINGS

Let us discuss now how many strings can be attache
the black hole. There are several kinds of restrictions on
number of strings. The most important of them are effe
connected with the string’s thickness, and effects connec
with the back reaction.

n
b-

5The fact that the energy flux from a black hole in string exci
tions is approximately that of field modes in the bulk was poin
out earlier by Lawrence and Martinec@16#.
0-3
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V. P. FROLOV AND D. V. FURSAEV PHYSICAL REVIEW D63 124010
Before discussing these effects let us make the follow
remark. A string heated to the temperatureT higher than the
energy of the corresponding phase transition;m1/2 becomes
unstable and can decay. One can expect this kind of insta
ity if the string is attached to the black hole with Hawkin
temperature (8pM )21 higher thanm1/2. The thickness of the
string with tensionm is proportional tom21/2. Hence one can
expect that this effect of thermal instability is not dangero
if the thickness of the string is much smaller than the gra
tational radius of the black hole. We shall always assu
that this condition is satisfied.

Let us consider now the effects connected with the thi
ness of strings.6 Denote byNs the number of string segmen
attached to the black hole of massM. Then the total surface
area of string cross section is proportional topNsm

21. If the
strings do not touch each other this quantity must be sma
than the surface area of the black hole, 16pM2. This condi-
tion gives the following restriction onNs :

Ns,16M2 m. ~4.1!

The second kind of restrictions onNs are connected with
the back reaction effect. The gravitational field of a stri
creates an angle deficita54m, that is the length of a uni
circle around the string becomesb52p(12a). It can be
shown by using the Gauss-Bonnet theorem thatNs string
segments of the equal tensionm which enter the black hole
horizon change the solid angle around the black hole fr
4p to 2p(22Nsa). This means that we have to consid
only situations when

a[2mNs!1. ~4.2!

For a certain massM5M* 5(a/32)1/2/m the both restric-
tions give the same numberNs . For M,M* (M.M* )
restriction onNs follows from relation~4.1! @from relation
~4.2!#. To give estimations we consider two values of t
string tensions,mGUT and mEW , which correspond to the
energy scale of the grand unified theory~GUT! (1016 GeV)
and electroweak~100 GeV! phase transitions, respectivel
One has

mGUT51026, mEW510234. ~4.3!

For estimations we also choosea51/100. Then we have

MGUT* 51.773104mPl'0.2 g,

MEW* 51.7731032mPl'231027 g.
~4.4!

It is interesting that the massMEW* is close to the Earth’s
mass 1028 g.

6A detailed picture of how a Nielsen-Olesen string of a fin
width interacts with a black hole is discussed in@18,19#. The effects
connected with the string thickness are also important for hi
frequency waves propagating along the string when the wavele
becomes comparable withm21/2.
12401
g

il-

s
i-
e

-

er

For GUT stringsMGUT* is so small that for all black holes
which are not at the stage of their explosion one hasM
.MGUT* and hence the upper limit onNs is

Ns
GUT;53103. ~4.5!

For Ns
EW the restrictions are

Ns
EW;531031 for M.MEW* , ~4.6!

and

Ns
EW;531031S M

MEW* D 2

for M,MEW* . ~4.7!

One can conclude that even with GUT strings mining ene
from black holes can be quite efficient. For electroweak
lighter strings the effect of amplification of the rate of qua
tum radiation is very high.

Let us estimate now the total energy rate of emiss
through the attached strings. ForM.M* the number of at-
tached string segments isNs* 5a/(2m) and

Ėtotal
string5

BNs*

M2 , ~4.8!

where B'1/(2400p). Ėtotal
string grows when M becomes

smaller until it reachesM* . After that its value remains con
stant. Denote this maximum value of the energy rate byĖ* ,
then one has

Ė* '2.531023mĖmax, ~4.9!

where Ėmax5c5/G is the highest rate of energy extractio
discussed in the Introduction.

V. THERMAL FLUCTUATIONS OF STRINGS
IN BLACK HOLE GEOMETRY

Thermal quantum fluctuations of the string near the bla
hole horizon can change effectively the string cross sect
If this effect would be large we had to reconsider estimatio
of the previous section. Let us analyze this effect in mo
detail. The effective widthDx generated by quantum fluc
tuations of the string can be defined as

~Dx!25^dxmdxm&, ~5.1!

where dxm are transverse perturbations of the string. T
quantum average can be defined according to Eqs.~3.1! and
~3.5! as

^dxmdxm&5(
R

^F̂R
2&5

1

m
^ŵ2&, ~5.2!

wherew is a two-dimensional quantum scalar field describ
by Eq. ~3.7!. To estimate the effective width of the strin
fluctuations we have to find the correlator^ŵ2& on the hori-

-
th
0-4
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MINING ENERGY FROM A BLACK HOLE BY STRINGS PHYSICAL REVIEW D63 124010
zon of the 2D black hole. We will do it by calculating ex
plicitly the Green functionG(p,p8) of the field w in the
Euclidean theory.

The 2-dimensional Euclidean black hole metric can
written as

dgE
254M2dg̃2, dg̃25~12x21!dt21~12x21!21dx2,

~5.3!

where x5r /2M and t is periodic with the period 2p/k
54p. Herek51/2 is the surface gravity of the horizon i
the metricdg̃2. Near the horizon the metricdg̃2 takes the
Rindler form

dg̃25
l 2

4
dt21dl2, ~5.4!

wherel is the dimensionless proper distance.
To calculate thermal fluctuations at the horizon of a str

attached to a black hole it is sufficient to know the Gre
function G(p,p0) with one point at the horizonx5x051.
Such a Green function does not depend ont and can be
written asG(x,x0). The Green function equation

hG~p,p8!52d~p,p8!, ~5.5!

takes the form

F d

dx
XS 12

1

xD d

dx
C2 1

x3GG~x,x0!52
d~x2x0!

2p
. ~5.6!

A general solution of this equation is

G~x,x0!5Cx1
1

4p
x ln

x

x21
. ~5.7!

To single out a solution we impose a boundary condit
G(L,x0)50, that is we suppose that a position of the stri
is fixed at the pointx5L. Then we have

G~x,x0!5
1

4p
xF ln

x

x21
2 ln

L

L21G . ~5.8!

It is not difficult to see that if the pointp is approachingp0
then (x21)5(D l )2/(4M )2 whereD l is the proper distance
between the two points. The distanceD l can be considered
as a regularization parameter, a cutoff which enables on
avoid short-distance or ultraviolet divergences in the aver
of the operatorŵ2. Thus, the regularized correlator can
written as

^ŵ2&5
1

4p F lnS 4M

D l D 2

2 ln
L

L21G . ~5.9!

In the considered situation the value of ultraviolet cutoff
related to the thickness of the string. The high-frequen
waves with the wavelength comparable to or smaller than
string width cannot propagate along the string, or at le
12401
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their propagation should be different from the propagation
the low-frequency waves. Hence, it is natural to relateD l
with the string width 1/Am.

The quantityb[4MAm is large for the macroscopica
black holes. For instance, for a solar mass black holeb54
31035 for GUT strings andb5431021 for electroweak
strings. However,b appears in the right-hand side of E
~5.9! under the logarithm. Because of this additional log
rithm the effective width of the stringDx related to quantum
fluctuations can be only order or two greater than the str
width 1/Am. This factor can be easily taken into account
the estimations of the previous section of the upper num
of strings which can be attached to the black hole but t
does not change essentially the main results.

VI. POLYHEDRAL STRING CONFIGURATIONS

Our device for energy extraction consists of a black h
andNs segments7 of strings attached to the black hole whic
are located along radial directions.

Until now we did not discuss gravitational back reacti
and possible mutual interaction of strings attached to
black hole. String interactions can arise for different reaso
Consider two parallel Nielsen-Olesen strings separated
distancel greater thanm21. Strictly speaking the fields do
not vanish outside the radiusm21, but become exponentially
small. Because of the nonlinearity of the field equations o
can expect a force;exp(2lm) between two strings. Quan
tum effects also results in the force between 2 parallel stri
@20#. In a general case in the presence of these and mu
gravitational interaction forces~proportional tom2) a system
of strings is not static. One can expect that when the d
tances between strings are large in comparison with t
width these forces are negligible.

Quite remarkably, there is a special case when one
guarantee that the forces acting on the strings identic
vanish because of the symmetry@21#. It happens when there
exists a symmetry transformation~rotation! which trans-
forms the system~the black hole with attached strings! into
itself. The force acting on the string~which is always or-
thogonal to the string! must vanish since it must remain in
variant under this rotation. The string configurations whi
respect this symmetry are discussed in detail in@21#. We just
mention here that for these special~polyhedral! configura-
tions strings are directed along radii and coincide with
symmetry axes of regular polyhedra. Therefore, there e
only a few types of string configurations. The number
strings corresponding to a tetrahedron, octahedron and ic
hedron is 14, 26, and 62, respectively.8 There is also a so
called ‘‘double pyramid configuration’’ when an even num

7If a black hole captures an infinite cosmic string, 2 new stri
segments would be attached to the black hole. For this reasoNs

must be an even number.
8The number of strings differs from the order of the symme

group ~12, 24, 60! of the corresponding solids. This difference
discussed in@21#.
0-5
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V. P. FROLOV AND D. V. FURSAEV PHYSICAL REVIEW D63 124010
ber of strings goes inside the black hole in the equato
plane at the equal angles between two neighbor strings
the two strings are attached at the south and the north p
The number of strings in this configuration can be arbitra
All strings have equal tension.9 For an arbitrary string ten
sion the symmetry guarantees that such configurations
exact solutions of the Einstein equations and that outside
strings the metric is locally isometric to the Schwarzsch
metric.10

Returning to the problem of the energy mining from bla
holes we see that the icosahedron configuration gives a
102 independent channels for the energy mining. For the
rahedron and octahedron configurations this number is l
The maximal number of strings is possible for the dou
pyramid configuration. As we discussed above there is a
striction on the total numberNs of strings in this configura-
tion determined by value of the solid angle around the bl
hole,a52mNs!1. The other restriction is the upper boun
on the number of ‘‘equatorial’’ strings of the widthm21/2

which can be attached to the black hole of the horizon rad
2M

Ns.4pMAm. ~6.1!

Both restrictions result to the same upper boundNs at M
5M* 5a/(8p)m23/2. For M,M* (M.M* ) restriction on
Ns follows from relation~6.1! @from relation~4.2!#. We can
again give estimations for two valuesmGUT andmEW , which
correspond to grand unified and electroweak scales, res
tively. By choosing as beforea51/100 we have

MGUT* ;4 g, MEW* ;431042 g. ~6.2!

For a black hole with the massM.1017 g we get the same
upper bound~4.5! for GUT strings (Ns;103). For elec-
troweak strings the restrictions are

Ns
EW;531031 for M.MEW* , ~6.3!

and

Ns
EW;531031

M

MEW*
for M,MEW* . ~6.4!

Bound ~6.3! coincides with Eq.~4.6!. For a stellar mass
black holeM;1034 g one has to use Eq.~6.4! which differs
from Eq. ~4.7!. The number of strings in this case isNs
;1023.

We have thus demonstrated that there are black hole
lutions with many strings where the back reaction effec
taken into account explicitly and where the upper bound

9In a more general case strings corresponding to three diffe
types of the symmetry axes can have different tensions.

10If the force between two strings in the Schwarzschild geome
is repulsive polyhedral string configurations are stable. The prob
of stability of polyhedral strings requires further investigation.
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the number of strings either coincides with our general e
mations or somewhat different but still very high.

It should be emphasized that one can expect the existe
of wider variety of static solutions of Einstein equations d
scribing a static black hole with attached radial cosm
strings than polyhedral configurations. We discuss this pr
lem elsewhere@21#.

VII. DISCUSSION

We demonstrated that mining energy from black holes
cosmic string can be very effective. In principle, a black ho
with attached cosmic strings can be used as an energy
erator. To make it ‘‘technically’’ simpler, one may assum
that strings in the black hole exterior have end points w
monopoles which are attached to a spherical construc
with the size of a few gravitational radius. Thermal ener
released in this construction can be transformed into us
work. If we use the relation~4.9! to estimate the energy
generated by this device we get for the electroweak stri

the resultĖ* ;931022 erg/sec. This is one order of magn
tude smaller than the total solar radiation through the Ea
surface which is approximately 1.731024 erg/sec. Such a de
vice is able to produce energyĖ* during period of timeT

;Mc2/Ė* . For example for a black hole of the same ma
as the mass of Earth,;631027 g, the timeT is approxi-
mately 1026 sec, that is much greater than the lifetime of t
Universe.

In our discussion we assumed that black holes are no
tating. One can expect that for rotating black holes the e
mations obtained above are also valid. Stationary configu
tions of test strings near a rotating black hole were discus
in @4#. According to the uniqueness theorem proved the
the only stationary strings which enter a stationary rotat
black hole have world sheets spread by a timelike at infin
Killing vector and a principle null ray of the Kerr geometry
Such a string belongs to a coneu5const. Different nonin-
tersecting strings which belong to the same cone can be
tained by a rigid rotation at some anglef. Strings which
belong to different cones do not intersect one another. T
such strings form a two-parameter family which is para
etrized by angles (u,f), the coordinates on the infinite red
shift surface of the points where a string crosses this surf
As it was demonstrated in@4# the internal geometry on suc
stationary string surfaces is again 2D black-hole geometry
that there is thermal flux of stringons along the strings.

A black hole and a cosmic string are relativistic objec
with well known ~at least theoretically! properties. The
assumptions we have made to study the strings attache
the black hole can be easily controlled. This makes t
system much simpler for analysis than the Unruh-W
gedanken experiment with mirror boxes@1–3#. It is interest-
ing that quite general arguments allows one to obtain
relation~4.9! for the maximal rate of radiation in the string
black-hole system, which besides the universal ‘‘maxima
rate c5/G contains only one additional factorm, the string
tension.
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Finally, we want to mention another problem which is n
directly related to strings in four dimensions but where
above results may be of some interest as well. There is
analog of stringlike defects in higher dimensional grav
theories. As was shown in@22#, it is possible to obtain a
four-dimensional gravity from a six-dimensional gravity l
calized on a stringlike defect. This scenario may be an al
native to localizing gravity on branes. Our arguments th
can be used to show that the Hawking emission rate o
six-dimensional black hole along a stringlike defect~i.e., into
D

D

ett

12401
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a four-dimensional world! would be comparable to its radia
tion in the bulk. This is similar to what one can say abo
radiation of a black hole along the brane@8#.
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