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, forNg strings attached to the black hole the efficiency of string channels is increased byNactéfe
discuss restrictions oNg 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 factdfdrOGUT strings and up to the factor ¥for
electroweak strings.
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[. INTRODUCTION sphere of the black hole located close to the horizon to es-
cape to the infinity. One can describe the effect of energy
A black hole behaves like a heated body. A black hole ofmining, at least in a quasistationary regime, by saying that a
massM emits thermal radiation with temperaturezBl) 2. device which is used for this purpose simply increases the
But there exists a special property which singles out a blackrobability of the penetration through the potential barrier of
hole as a thermodynamical object. While the size of a usuahnodes in some frequency range. As the result, the effective
radiating body can be arbitrary, the size of the black hole igadiative surface area increases.
determined by the same parametées its temperature. For  In this paper we would like to propose a new mechanism
a given temperaturd the rate of radiation of the heated of energy mining from black holes. Namely we propose to
body, which is proportional td“R?, can be made arbitrarily Use for this purposeosmic stringsWe demonstrate that this
large by making its siz& bigger and bigger. This is not true mechanism is very efficient. In many aspects a “device” for
for a black hole. The rate of energy emission by the blackenergy mining by means of strings seems to be much more
hole is determined only by its mass and is proportional to‘realistic” than the Unruh-Wald gedanken device using ide-

M 2~T2. alized boxes.
Can one increase the rate of radiation of the black hole by
an e_xtemal _|nfluence? Unrgh and Waltl2] demonstrated Il. MECHANISM OF ENERGY MINING
that in principle this is possible. They proposed a gedanken
experiment when a small box with ideally conductifmgir- Different aspects of the black-hole energy mining by

rorlike) boundaries was taken close to black hole surfacestrings are discussed in other sections. Here we describe the
opened there, closed again, and taken back to infinity. Thegnain idea and give some order of magnitude estimations of
demonstrated that in this process energy can be extractede efficiency of this process.
from the black hole in the form of thermal radiation. By Interaction of cosmological defectsosmic strings, do-
repeating this process, one can mine additional energy fromrmain wall9 with black holes was discussed[ih—6]. In par-
a black hole and effectively increase its emission. Unruh andicular it was shown that there exist stationary configurations
Wald conjectured that the highest possible rate of energpf such defects which spread from infinity to a black hole
extraction from a black hole can reackh®’G~3.6 and enter the black hole horizon.
X 10°° erg/s[3]. To describe this situation in a more general setup let us
One can describe this process of energy mining in slightlyfirst assume that the spacetime fiaslimensions and it con-
different terms. An effective surface area of the black hole igains aD-dimensional black hole. We call it Bulk black
determined by the position of the potential barrier. This po-hole. Consider a-dimensional world surfacE representing
tential barrier does not allow quanta of the thermal atmo-a topological defect in thi©-dimensional spacetime. We
call it abrane An internal geometryy on the brane is gen-
erated by its embedding in the-dimensional bulk space-
*Email address: frolov@phys.ualberta.ca time. If the static surfac& crosses the event horizon of the
"Email address: fursaev@thsund.jinr.ru static bulk black hole, the induced geometyyitself de-
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scribes ad-dimensional black hole. It follows from a simple  Thus, a statid-dimensional topological defect attached to
fact that a Killing vector of the bulk space is tangent3o the bulk black hole gives rise to additional radiation with the
and thus it is the Killing vector of the induced metric  flux J4M 2. The rate of energy emission through the new
Hence the surface whe® crosses the horizon of the bulk channel has the same order of magnitude as the emission rate
black hole is the Killing horizon of the-dimensional black of the bulk black hole. The more branes are attached to the
hole on the brane. bulk black hole the higher efficiency of the energy mining.

It can be shown that transverse perturbations of tesbne can expect that the number of such branes which can be
branes can be described as a set of massless scalar fiekitached to the bulk black hole without their mutual intersec-
propagating in the background metric In the presence of tions is bigger for smaltl.
the d-dimensional black hole these degrees of freedom are Hence, returning to the discussion of the physically most
thermally excited and thermal radiation of brane excitationdgnteresting case of 4-dimensional bulk spacetime one can
emitted by thed-dimensional black hole propagates alongconclude that the highest efficiency of the black hole energy
the brane to infinity. Thus such a brane serves as an addiining would be obtained if one uses cosmic strings (
tional channel and can be used for the energy mining from=2). In the present paper we discuss this idea and some of

the bulk black hole. its consequences.
Let us estimate the efficiency of this new additional
“channel.” The required exact calculations are given later lIl. THERMAL STRING EXCITATIONS

(Sec. ll). Now we just make an order of magnitude estima- _ o . o
tion and explain why the mechanism of energy extraction To discuss quantum radiation of string excitations let us

from black holes by means of branes can be effective. consider a static string of tensign which enters radially a
The energy flux from a black hole is Schwarzschild black hole of ma#é through its north pole.
The other part of the stringstring segmentwhich enters

C dE 1 (* dewol radially the black hole through the south pole is not of inter-
Ez—t: Efo exp87Mw)—1" (2.1))  est for the moment. Denote hy;z, R=1,2, two mutually

orthogonal normal vectors to the string world sheeSmall

_ N N perturbation of the stringx* can be decomposed in terms of
wherel” , is the transition probability for a mode of energy

to penetrate the potential barrier and to reach the infinity. D= SxHnk 3.0
This formula is valid for any number of spacetime dimen-

sions. Let us apply it to the radiation of tlledimensional and a component along the world sheet, which is a pure
black hole on the brane. Notice that the internalgauge. By linearizing the Nambu-Goto action
d-dimensional black-hole geometry on the static brane cross-

ing the bulk black hole is characterized by only one param- )

eterM, related to the mass of the bulk black hole, or what is I= _'“f d*¢\y
equivalent, by its gravitational radidslhus, the equation for

a massless field propagating in this background can be easi{yy, is the induced metric o), one obtains the following
rewritten in the dimensionless form where the dependencgquadratic action for string perturbations:

on M enters only through dimensionless quantity

(3.2

= w/Tgy=87M w.? Because the factdr,, is dimensionless 1
and depends om one has I[®]= _'“f dzg\/;[ VE0p aPrpt 7 ROpPR ",
(3.3
. N *dwwl(w) _ . . .
E=Togam2 Ji= J'O @) -1 (2.2 whereRis a scalar curvature of the two-dimensional induced

metric y. We call these string excitatiorsgringons The in-

duced metric for the unperturbed string is
This observation shows that the energy density emitted by a
d-dimensional black hole is always proportionalMo 2, and 2M
the dimensionalityd appears only in a dimensionless coeffi- ~ dy*=yagd{*d¢®=—Fdt?*+F'dr?, F=1- -
cient J4. This important simple property was recently dis- (3.4)
cussed by Emparan, Horowitz and Myé8& who examined
Hawking radiation for black holes on a brane in a world with /A= (/0 /1y=(t,r), andR=4M/r3. By redefining the fields

large extra dimensions. g
Pr=V2udR, (3.9
The parameteM is proportional to the gravitational radiust
coincides with the black hole maddgy in four dimensions. In

hlghgr_sdlmensmnsD the relation is more complicatedg 3Here the constant is the tension of the string measured in units
~M7, see[7]. G=c=1. We keep in mind that it corresponds to the dimensionless
2We use units in whiclG=c=%=1. combinationG u/c?.
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we can write Eq(3.3) as a sum of two identical actions each 27M2J»w doww? 9

g —DeWitt__ =
being of the form B = o exp8nMa) — 1 409607M7"
(3.13

Numerical calculation$14,15 show that this result is very

accurate. In fact the exact vallga™ of the bulk rate of

This is nothing but a massless nonminimally couplée-( emmision is

—1/2) scalar field in the spacetime of a two-dimensional

Schwarzschild black hole of mass. Egcala 1 peePewit, (3.19
The field equation

1
Tel=—5 [ @iy

(V(p)2+%ch2}. (3.6

By using these results we can write

bulk

1
O- 5 R} ¢=0, (3.7 Es-mode- g ggESealar (3.19

In other words, the additional rate of quantum radiation

in the tortoise coordinatesr, =dr/F takes the form . _
Estring seamentrough each segment of the string attached to

2 52 oM 2M the bulk black hole is 1.8 times bigger than the contribution
— Ezﬂt a—rz—+U =0, U=-— TT( - T) of the scalar massless field to the emission rate of the bulk
* black hole®> We took into account that there are two states of

(3.8 polarization of the string excitatior(stringons.

Above we assumed that the bulk black hole radiated a

which is identical to the equation fo&mode of a four- X o ;
: : o ' massless scalar field. In fact a realistic black hole emits all
dimensional massless scalar field in the Schwarzschild ge-

ometry. Since stringons have two independent states of p(?—.oss'ble species of particles which can be emitted at the

larization, any string segment attached to the bulk black hol ven E?kag t_emperatl_Jre. Black holes of mass gfeatEf
brings with it 2 additional channels of emission. The rate of an 107 g effectively emit only massless pamclém_eutn-
emission through each of these channels is identical to th 0s, photons, and gravitondJsing the resuilts obtained by
s-mode contribution to the rate of emission for a scalar mass- age{10,17 one has
less field in the bulk space.

To estimate this contribution one can use the following
approximation fol" at low frequency obtained by Starobin-
sky [9] and Pagd10]:*

Ebulk BH_ Am:O.Ets)ﬁ?llar field, (3.16)
where

Ano=0.54(1/2)+0.22h(1)+0.05(2), (3.17

I',=16w?M?. (3.9
and h(s) is the number of distinct polarizations of sgEn-
The corresponding rate of emission is particles. For photon, graviton and 3 sorts of massless neu-
trino A,-o=3.74. Thus for a black hole of the ma#é
Esp_ 16M2f°° doo® 1 >10'" g which emits only massless particles one has
27 Joexp8mMw)—1 7680mM?’ 1
(3.10 [Estring segment, EEbulk BH. (3.18

Numerical calculations give for the exact value of the

smode contribution the following result: For smaller black holes the right-hand side of this relation

contains an additional fact@X,,— o/ Ata, WhereAq, is the
factor A, Eq.(3.17), calculated for all particles which can be

—s-mode_ —SP
E =1.6£". (3.19 effectively emitted at the temperaturest®1) 1.

To compare this result with the rate of bulk emission of
the black hole we recall that the approximate expression caW' EFFICIENCY OF BLACK HOLE MINING BY STRINGS

be obtained by using DeWitt's ansdt2,13 Let us discuss now how many strings can be attached to
the black hole. There are several kinds of restrictions on the
I,~2M%w? (3.12  number of strings. The most important of them are effects
connected with the string’s thickness, and effects connected
The emission rate in this approximation is with the back reaction.

“Notice that this result is 10 times smaller than the rate emission °The fact that the energy flux from a black hole in string excita-
calculated in the absence of the potential barrier which can be oltions is approximately that of field modes in the bulk was pointed
tained by using the Polyakov effective actifil]. out earlier by Lawrence and Martingét6].
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Before discussing these effects let us make the following For GUT stringsM§ 1 is so small that for all black holes
remark. A string heated to the temperatiirbigher than the  which are not at the stage of their explosion one Mas
energy of the corresponding phase transitifm”2 becomes >M¥,r and hence the upper limit o is
unstable and can decay. One can expect this kind of instabil-
ity if the string is attached to the black hole with Hawking NSYT~5x 10 (4.5
temperature (M) ~* higher thanu/?. The thickness of the
string with tensionu is proportional tow " *2. Hence one can For NEW the restrictions are
expect that this effect of thermal instability is not dangerous
if the thickness of the string is much smaller than the gravi- NEW~5x10°  for M>ME,, (4.9
tational radius of the black hole. We shall always assume
that this condition is satisfied. and

Let us consider now the effects connected with the thick-
ness of string§.Denote byN, the number of string segments NSEW~5>< 1031(

attached to the black hole of malss Then the total surface
area of string cross section is proportionakthlgu ~ L. If the
strings do not touch each other this quantity must be smallepne can conclude that even with GUT strings mining energy
than the surface area of the black hole36”. This condi-  from black holes can be quite efficient. For electroweak or
tion gives the following restriction oNs: lighter strings the effect of amplification of the rate of quan-
tum radiation is very high.
Ns<16M? u. (4.0) Let us estimate ynov?/ the total energy rate of emission
The second kind of restrictions dw, are connected with  through the attached strings. Far>M* the number of at-

the back reaction effect. The gravitational field of a stringtached string segments & =a/(2x) and
creates an angle deficit=4u, that is the length of a unit "
circle around the string becomgd=27(1— «). It can be Estring:BNS
shown by using the Gauss-Bonnet theorem tRatstring toral =\ 2
segments of the equal tensipgnwhich enter the black hole o
horizon change the solid angle around the black hole fronwhere B~1/(24007). EMn9 grows when M becomes
41 to 2m(2—Nga). This means that we have to consider smaller until it reached ™. After that its value remains con-

only situations when stant. Denote this maximum value of the energy raté&by
then one has
a=2uN.<1. 4.2

*

2
) for M<ME,. (4.7
EW

4.9

" L
For a certain mashl = M* =(a/32)"%/ u. the both restric- E*~2.5x10 “pnE™ (4.9

tions give the same numbéd,. For M<M* (M>M*) L ) )
restriction onN, follows from relation(4.1) [from relation ~ Where E™=c”G is the highest rate of energy extraction

(4.2]. To give estimations we consider two values of thediscussed in the Introduction.
string tensionsugyt and ugw, Which correspond to the

energy scale of the grand unified thedUT) (10'° GeV) V. THERMAL FLUCTUATIONS OF STRINGS
and electroweak100 Ge\j phase transitions, respectively. IN BLACK HOLE GEOMETRY
One has

Thermal quantum fluctuations of the string near the black
(4.3 hole horizon can change effectively the string cross section.

=106, =103
Heur Hew If this effect would be large we had to reconsider estimations

For estimations we also chooae= 1/100. Then we have of the previous section. Let us analyze this effect in more
detail. The effective widthAx generated by quantum fluc-
& ur=1.77<10"mp~0.2 g, tuations of the string can be defined as
M= 1.77X 102mp~ 2% 1077 g. (Ax)2=(x*X,), (5.1)
(4.4

where 6x* are transverse perturbations of the string. The
It is interesting that the mass%,, is close to the Earth’s quantum average can be defined according to 38\ and
mass 16 g. (3.5 as

- 1 .
(8xkx,) =2 (DRY="—(¢?), (52
A detailed picture of how a Nielsen-Olesen string of a finite R K

width interacts with a black hole is discussed 18,19. The effects . . . . .
connected with the string thickness are also important for high-Where‘P is & two-dimensional quantum scalar field described

frequency waves propagating along the string when the wavelengthY Ed- (3.7). To estimate the effective width of the string
becomes comparable wifi~ 2. fluctuations we have to find the correlal(ops2> on the hori-

124010-4



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- their propagation should be different from the propagation of
plicitly the Green functionG(p,p’) of the field ¢ in the  the low-frequency waves. Hence, it is natural to relate

Euclidean theory. with the string width 1{/s.
The 2-dimensional Euclidean black hole metric can be The quantityb54|\/|\/; is large for the macroscopical
written as black holes. For instance, for a solar mass black lhetet
X 10% for GUT strings andb=4x10?* for electroweak
dy2=4M2dy?, dy?=(1—x Hd?+(1—x"1) 1dx?, strings. Howeverb appears in the right-hand side of Eq.

(5.3 (5.9 under the logarithm. Because of this additional loga-
rithm the effective width of the strind x related to quantum
where x=r/2M and 7 is periodic with the period 2/«  fluctuations can be only order or two greater than the string
=4m. Herex=1/2is the surface gravity of the horizon in width 1/\/uu. This factor can be easily taken into account in
the metricdy?. Near the horizon the metridy? takes the the estimations of the previous section of the upper number
Rindler form of strings which can be attached to the black hole but this

) does not change essentially the main results.

|
dy?=Zdr*+dI?, (5.9

VI. POLYHEDRAL STRING CONFIGURATIONS
wherel is the dimensionless proper distance. device f : . f a black hol
To calculate thermal fluctuations at the horizon of a string Our device for energy extraction consists of a black hole

attached to a black hole it is sufficient to know the Green@NdNs segmentSof strings attached to the black hole which

function G(p,p,) with one point at the horizom=x,=1. &€ quated along_radial d_irections. I .
Such a Green function does not depend omnd can be Until now we did not discuss gravitational back reaction
written asG(x,x,). The Green function equation and possible mutual interaction of strings attached to the

black hole. String interactions can arise for different reasons.

OG(p,p’)=—8(p,p"), (5.5 Consider two parallel Nielsen-Olesen strings separated by

distancel greater tharu 1. Strictly speaking the fields do

takes the form not vanish outside the radiys !, but become exponentially
small. Because of the nonlinearity of the field equations one

d 1\ d 1 8(X—Xg) can expect a force-exp(—luw) between two strings. Quan-
ax ( 1- ;) x| 3| CxXo) =~ —5——. (5.6)  tum effects also results in the force between 2 parallel strings

[20]. In a general case in the presence of these and mutual
gravitational interaction force@roportional tou?) a system
of strings is not static. One can expect that when the dis-
1 X tances between strings are large in comparison with their
G(X,Xg) =Cx+ P '”Tl- (5.7  width these forces are negligible.
™ X Quite remarkably, there is a special case when one can
guarantee that the forces acting on the strings identically
"Vanish because of the symmefBA1]. It happens when there
Yexists a symmetry transformatiofrotation which trans-
forms the systentthe black hole with attached stringsito
itself. The force acting on the stringvhich is always or-
X L X . . K ..
nN—— — In—— (5.8) thogonal to the stringmust vanish since it must remain in-
variant under this rotation. The string configurations which
respect this symmetry are discussed in detdiRi]. We just
It is not difficult to see that if the poirp is approachin®,  mention here that for these specigbolyhedral configura-
then x—1)=(A1)?/(4M)? whereAl is the proper distance tions strings are directed along radii and coincide with the
between the two points. The distanaé¢ can be considered symmetry axes of regular polyhedra. Therefore, there exist
as a regularization parameter, a cutoff which enables one tgnly a few types of string configurations. The number of
avoid short-distance or ultraviolet divergences in the averagstrings corresponding to a tetrahedron, octahedron and icosa-
of the operatorp?. Thus, the regularized correlator can be hedron is 14, 26, and 62, respectivelfhere is also a so
written as called “double pyramid configuration” when an even num-

4M )\ 2 | L
I

A general solution of this equation is

To single out a solution we impose a boundary conditio
G(L,xg) =0, that is we suppose that a position of the strin
is fixed at the poink=L. Then we have

1
G(x,x0)=Ex

In (5.9

=7
¢ 4 "I a black hole captures an infinite cosmic string, 2 new string
segments would be attached to the black hole. For this reldgon
In the considered situation the value of ultraviolet cutoff ismust be an even number.

related to the thickness of the string. The high-frequency 8The number of strings differs from the order of the symmetry
waves with the wavelength comparable to or smaller than thgroup (12, 24, 60 of the corresponding solids. This difference is
string width cannot propagate along the string, or at leastliscussed if21].
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ber of strings goes inside the black hole in the equatoriathe number of strings either coincides with our general esti-
plane at the equal angles between two neighbor strings andations or somewhat different but still very high.

the two strings are attached at the south and the north poles. It should be emphasized that one can expect the existence
The number of strings in this configuration can be arbitrary.of wider variety of static solutions of Einstein equations de-
All strings have equal tensichFor an arbitrary string ten- scribing a static black hole with attached radial cosmic

sion the symmetry guarantees that such configurations akgrings than polyhedral configurations. We discuss this prob-
exact solutions of the Einstein equations and that outside them eisewher¢21].

strings the metric is locally isometric to the Schwarzschild
metric1?

Returning to the problem of the energy mining from black
holes we see that the icosahedron configuration gives about
107 independent channels for the energy mining. For the tet- \We demonstrated that mining energy from black holes by
rahedron and octahedron configurations this number is lesgosmic string can be very effective. In principle, a black hole
The maximal number of strings is possible for the dOUb'e\,\”th attached cosmic strings can be used as an energy gen-
pyramid configuration. As we discussed above there is a resrator. To make it “technically” simpler, one may assume
striction on the total numbeN; of strings in this configura-  that strings in the black hole exterior have end points with
tion determined by value of the solid angle around the black,,nopoles which are attached to a spherical construction
hole,a=2uNgs<1. :I:he othe.r r'(,astrlptlon is the upperibl(/)zund with the size of a few gravitational radius. Thermal energy
on the number of “equatorial” strings of the width _ released in this construction can be transformed into useful
which can be attached to the black hole of the horizon rad'u§vork. If we use the relatior(4.9) to estimate the energy

2M generated by this device we get for the electroweak strings

Ne=47M 7. 6.1 the resultE* ~9x 10?2 erg/sec. This is one order of magni-
tude smaller than the total solar radiation through the Earth
Both restrictions result to the same upper boidat M surface which is approximately 1x7.0°* erg/sec. Such a de-
=M*=a/(87)u %% For M<M*(M>M*) restriction on vice is able to produce enerdy* during period of timeT
N, follows from relation(6.1) [from relation(4.2)]. We can  —~Mc?/E*. For example for a black hole of the same mass
again give estimations for two valugg;yr anduew, Which  as the mass of Earthy 6 107’ g, the timeT is approxi-
correspond to grand unified and electroweak scales, respegrately 13° sec, that is much greater than the lifetime of the

VII. DISCUSSION

tively. By choosing as befora=1/100 we have Universe.
. . 5 In our discussion we assumed that black holes are nonro-
M&ur~4 9, Mgy ~4x10% g. (6.2 tating. One can expect that for rotating black holes the esti-

_ , mations obtained above are also valid. Stationary configura-
For a black hole with the madd >10"" g we get the same  tions of test strings near a rotating black hole were discussed
upper bound(4.5) for GUT strings (Ns~10°). For elec- in [4]. According to the uniqueness theorem proved there,

troweak strings the restrictions are the only stationary strings which enter a stationary rotating
Ew N . black hole have world sheets spread by a timelike at infinity
Ng"~5x 10" for M>Mgy, (6.3  Killing vector and a principle null ray of the Kerr geometry.
Such a string belongs to a corle= const. Different nonin-
and tersecting strings which belong to the same cone can be ob-

tained by a rigid rotation at some angie Strings which
belong to different cones do not intersect one another. Thus
such strings form a two-parameter family which is param-
etrized by angles{, ¢), the coordinates on the infinite red-
shift surface of the points where a string crosses this surface.

black holeM ~10* g one has to use E¢6.4) which differs As it was demonstrated ] the internal geometry on such

f Eq. (4.7). Th f stri in thi stationary §tring surfaces is ag_ain 2D black-hole geometry so
iolrgzg a. (4.7 e number of strings in this case M that there is thermal flux of stringons along the strings.

We have thus demonstrated that there are black hole so-. A black hole and a cosmic string are relativistic objects
lutions with many strings where the back reaction effect isWIth weI.I known (at least theoretically properties. The
taken into account explicitly and where the upper bound o ssumptions we have made_ to study the strlngs attached' to
he black hole can be easily controlled. This makes this
system much simpler for analysis than the Unruh-Wald
gedanken experiment with mirror boxgk-3]. It is interest-
%In a more general case strings corresponding to three differerihg that quite general arguments allows one to obtain the
types of the symmetry axes can have different tensions. relation(4.9) for the maximal rate of radiation in the string—
19f the force between two strings in the Schwarzschild geometryblack-hole system, which besides the universal “maximal”
is repulsive polyhedral string configurations are stable. The probleniate c°/G contains only one additional factqr, the string
of stability of polyhedral strings requires further investigation. tension.

M
NEW~5x 10—
EW

for M<ME,,. (6.9

Bound (6.3) coincides with Eq.(4.6). For a stellar mass
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Finally, we want to mention another problem which is nota four-dimensional worldwould be comparable to its radia-
directly related to strings in four dimensions but where thetion in the bulk. This is similar to what one can say about
above results may be of some interest as well. There is aradiation of a black hole along the braf&.
analog of stringlike defects in higher dimensional gravity
theorlgs. As_ was shoyvn iz, it is possm_le to obta_ln a ACKNOWLEDGMENTS
four-dimensional gravity from a six-dimensional gravity lo-
calized on a stringlike defect. This scenario may be an alter- This work was partially supported by the Natural Sciences
native to localizing gravity on branes. Our arguments therand Engineering Research Council of Canada, by the NATO
can be used to show that the Hawking emission rate of &ollaborative Linkage Grant CLG.976417. D.F. was also
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