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Hawking radiation from four-dimensional Schwarzschild black holes in M theory

Sumit R. Das
Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India

Samir D. Mathur
Center for Theoretical Physics, Massachusetts Institute of Technology Cambridge, Massachusetts 02139

P. Ramadevi
Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India
(Received 9 April 1998; published 1 March 1999

Recently a method has been developed for relating four dimensional Schwarzschild black holes in M theory
to near-extremal black holes in string theory with four charges, using suitably defined “boostsT and
dualities. We show that this method can be extended to obtain the emission rate of low energy massless scalars
for the four dimensional Schwarzschild hole from the microscopic picture of radiation from the near extremal
hole.[S0556-2820199)04702-3

PACS numbes): 04.70.Dy, 11.25.Mj, 11.30.Pb

In the past couple of years there has been considerablbsorption cross sections derived[Bl, such is indeed the
progress in understanding the statistical basis of the therm@ase, at leading order in the energy if we assume during the
dynamics of near-extremal five and four dimensional blackcalculation that the radius of** is large enough. The impor-
holes in string theory1]. Further, a simple effective model tantissue turns out to be the way the maps act on the emitted
gives the correct low energy Hawking radiation from suchquantum while they transform the black hole—it turns out
holes. A natural question to ask is: Can we get the emissiofat the low energy scalars emitted from the neutral hole
from neutral(i.e. Schwarzschildholes as well? indeed map to quanta whose emission we can compute from

Recently there has been some progress in understandifige microscopics of the near extremal hole.

Schwarzschild black holes in M theory. The basic idea is to  We will consider 11-dimensional M theory compactified
use 11-dimensional Lorentz invariance properties to relat@n @ spacd®x S'. The torus has sidds,i=1,...p and the
Schwarzschild holes boosted aloxt to string theory states ~ circle, which will be taken to be along the* direction, has
Carrying Ramond-Ramond Chard@_ In [3] a concrete map a radiusR. In this space a “Schwarzschild string” is a prod—
was found which relates Schwarzschild strings and blackict of a Schwarzschild black hole in the noncompact (10
p-branes. It was found that the precise relationship is not-P) dimensions and flat space along the+(1) compact
through a genuine boost in the compact direction, buglimensions[This is thus a p+1) black brane. We call this
through a boost in the covering space. The boosted coordf string since it extends alondg'=z.] The 11-dimensional
nate is then re-compactified on a circle of radius which ismetric is
related to the original radius by Lorentz contraction. This is n 5
not an exact symmetry of the theory, but provides a concrete ds?.= — (1_(r_0) )dt2+ +r2dO

H e 11 n+1
map at the classical levell dualities can generate other r ( o n)
charges from the momentum charge, and a combination of 1—(—)
boosts andl' dualities may be used to relate Schwarzschild r
holes with other known black holes in string theory carrying p )
charges, as in4]. Specific maps which relate a five- +dZ2+ 2, (dx)?, (1)
dimensional Schwarzschild black hole with the standard five i=1
dimensional black hole in string theory with three largeyheren=7-p andr2=2i9=p+1(x‘)2. When the Schwarzs-
charges were given if8]. Using similar steps one can map chjiq radius is smaller than the radi@s a second object—
the four dimensional Schwarzschild hole to three sets Ofqe periodic Schwarzschild black hole—which is a periodic
near-extremal 5-lkl)ranes of M theory, intersecting in a coOMyersion of a (1% p)-dimensional Schwarzschild hole with
mon line alongx™", and carrying momentum along this di- 411 55 one of the transverse directions—is entropically favor-
rectlon.[5]. This is a des_crlptlon of a four dimensional black gp1e. This is the subject d2,10-13. A proposal for the
hole with four charges in M theor}6]. The entropy of the  microscopic description from this phase has been given in
Iatter_ near extr_emal hole is known to follow from a micro- (gyms of a gas of DO brang41,17.
scopic calculatior}7,8], and thus we get the entropy of the  The map which relates the Schwarzschild string to a

neutral hole{S]. charged hole consists of a boost in the covering space in

In the microscopic picture we can also get the emissionyhich x1 is noncompact, but the other directions are still
from the above near extremal mod#@l, so one wonders if compact

the maps allow us to predict the emission from neutral holes.
We show in this paper that, using a general relation between  z'=z cosha+t sinha,t’=t cosha+z sinha. (2
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The boosted coordinatg has to be then compactified on a go=Ao, (6)
radiusR’ which is related toR by a standard Lorentz con-
traction while the parameter appearing in the thermal factoggs
, = (Uo/TO .
R’=R/cosha. ) Now perform the following operations.
By standard Kaluza-Klein reduction aloa¢y (as in[13]) the (1) Boost alongx*! by parameterr;
resulting metric then represents a RR charged black hole in (2) T dualize along1234
(10— p) dimensions. Applyingl duality along thep com- (3) Boost alongx*! by parameter,

pact directions results in a blagkbrane. The relationship (4) T dualize along1256
(3) ensures that the energy and momenta transform correctly (5) Boost alongk!! by parameterr;
and the semiclassical entropy is kept invariant under the (6) T dualize along(1234
boosts[3]. For further application of these ideas to seven (7) Boost alongx'! by parameter,

dimensional Schwarzschild holes 4dd]. (8) T dualize along1256
Furthermore it was shown i8] that not only the entropy
but the absorption cross sectiof@nd hence Hawking radia- The entropy is the same at all stages. At every step we

tion rate$ of neutral and charged black holes may be relatedwill denote the string coupling byg,, the string length by
using these “boosts” at least wheR and R’ are large |, the radii of the torus b)Li(n) and thex!! radius byR,
enough to allow us to ignore the quantization of momentumyheren=1---8. The first seven steps were used5i. For
in this direction. Ifa(w,q,IZ;A) denotes the absorption cross us, however, the last step is important.

section of some particle of energy, momentumqg along With every boost by a parametesrthe two dimensional
x!L and transverse momentuIEnby the black holed, then  horizon area and the temperatuire Planck unit$ changes as

the absorption cross-sectiarf (»',q’,k’;.A’) of the trans-

) ) ) _ A—A’=A cosha, T—T'=T/coshea. !
formed particle with energy-momentum given by'(q’,k)
by the transformed black hold" is given by The absorption cross sections are related by @g. A T
duality keeps the cross-section invariant, but changes the na-
o' (0',q KA )= % o(0,q,K:A), ture of the black hole as well as that of the emitted particle.

Our strategy will be to first obtain a prediction for the semi-
classical absorption cross section at the final stage, starting
q'=q cosha+w sinha, '=q sinha+w cosha. from the known semiclassical answer for the absorption
(4)  cross section at the initial stage. Finally the former will be
compared with a microscopic calculation performed at the

The emission raté'(k) is related too by last stage.
. After the first step one haR;=R/cosha;. The black
. o(o,qk dk hole hasx'* momentum which is a 0-brane charge in ten

I'(w,q,k)= 51 (2m% §=(0=a)/T. (5 Gimensional language. Its areq and temperaturd, and
rank-1 potential at the horizog, are[3]

whereT is the temperature of the black hole, agds the
potential of the Kaluza-Klein gauge field at the horiz@m A;=Aj,cosha,, T;=Tg/cosha;, ¢i=tanha;.
10D languaggandd is the number of transverse dimensions. (8)
The relation(4) does not depend dmowthe cross section is . )
calculated, but follows from the fact that decay rates de-The emitted particle has energy and momentung; along
crease by a time dilation factor. Hence if one had a microX
scopic derivation of the cross section for the charged black .
hole one may use this to obtain a microscopic derivation of w1=wecoshay, (1= wesinhay, C)
the cross section for the neutral black hole. Relations similar
to above have been used to predict ti#al emission rates in  While the transverse momentum is unchangded Planck
the DO gas model if12]. units). In string theory this is a zero brane with quantized

We now apply the above formula for four dimensional chargeQo=0;R;. Note that the expression appearing in the
black holes. Consider a four dimensional Schwarzschildhermal distribution function§o=wo/To= (w1~ 0161)/T;
black hole with areaA,=4=nr2 and temperatureT, =&1 appears in the correct form. Using E¢4) and(8) the
=1/4ar, tensored withT’ [the metric is given by Eq(1) absorption cross section for the Hawking particle is
with p= 6] emitting some massless scalar, e.g. a longitudinal
component of the metrib;, with some momenturik, along _ ﬂ:A 01— 0141 (10)
a transverse direction, say. The energy of this particle is T1m00,, T M T,
thus wo=|Kg|. The universal low energy absorption cross
section is given by the area of the two dimensional horizon After the second transformation, the black hole is a col-
[15] lection of nonextremal D4 branes of string theory along
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(1234, or longitudinal 5-branes of M theory alond234,
11). Using standard -duality formulas the radius af'! in
this M theory becomes

4
I1

Ro=Ri—t—1© -
2 1L(11)L(21)L(31)L£11)

(11)

The area and the temperature do not chamges A, T,
= Tl .

The emitted particle is now aextremal4-brane of string
theory with some transverse motion, enetgy~ w, and the
guantized 4-brane charge@,=Q,. To avoid explicit men-
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where we have used Eqgd.4) and(15).

The remaining steps are repetitions of the above. For the
even-numberedl-duality steps,ws,=won-1, U2n=02n-1
and o,,= g,,_1 While for the odd number steps involving
boostsw,,, 1= w,,/cOSha, 0,,11=0q,/C0Sha, Where« is
the relevant boost parameter, whitg,,_ ; is related too,,_ 5
by the relation(4). Note that from ste4) onwards theT
dualities required to define the equivalefit momentum for
the emitted particle areot the same as th€ dualities in the
previous step. Nevertheless, it is easy to check that the above
relations continue to hold. The main point is that for low
transverse momentum, the emitted particle carries only the

tion of higher form gauge fields, we will use an “equivalent charge which is imparted to it by the first boast.

x* momentum” for this 4-brane, defined as follows. We

At the end of these steps we have a four dimensional

perform T dualities which convert this 4-brane into a black hole(in the noncompact space’---x°) made of DO

0-brane. In this case these aralualities along1234). This

results in a new underlying M theory withd* radiusR,
which may be easily calculated using standarduality for-

mulas to yieldR,=R;. The emitted particle then hasxa*
momentuma, :

92=Q4/Ry=10;. (12)

We will use this “equivalenx** momentum” in all the fol-

lowing steps and denote it iy, and denote the correspond-

ing M-theory radius byf{n. Written in terms of the new
guantities the thermal factor is exactly what is expected,

=£&1=(wy—0Q2¢1)/T,. The absorption cross-section is, of

course unchanged;,= o .

branes along with three sets of intersecting D4 branes along
(1234, (1256 and (3456 which is emitting DO branes. The
black hole is near-extremal when the boost parameigrs
are large. In the language of M theory we have three sets of
five-branes intersecting along® and carrying some momen-
tum alongx!!, emitting particles which carry momentum
alongx!! equal togg as well as a small transverse momen-
tum. The black hole has a four dimensional area

Ag= A cosha,cosha,coshazcoshay, a7

and the energy and charge of the emitted particle are

wgcosha,

wWg=— —a T,
87 ,cosha;

wosinh aq

qSZHf‘

—_. 1
_,Coshg; (18

After the third step, the black hole is a D4 brane along
(1234 with some 0-brane charge, or a nonextremal 5-bran
with longitunal momentum in the language of M theory. Its
area and temperature are

%he cross section obtained by the above procedure is

WoWorW g

wg—Ugb1

wg

Ag (19

0g= 09
A3=A2C08ha2, T3=T2/COSha2. (13) W10W3WsW7
The crucial point is that the nature of the emitted particleNote that after all these stepg; has again become the po-
does not change appreciably at this step. If the emitted fourtential due to the rank-1 gauge field at the horizon to which
brane was at rest this would have been an extremal five brarige emitted O-brane couples. Equatid®) is precisely the
in M theory which is invariant under boosts in the longitu- semiclassical answer for emission from the four dimensional
dinal direction. This means that the metric produced by thidlack hole with four charge9].
object and its integer valued charge remains the same. Since In [9] an effective microscopic model for the above emis-
the radius ofx! is Lorentz contracted, total energy is de- Sion process has been proposed in the near extremal limit:
creased by the same factor this is a superconformal field theory witt=6 on a line
parallel to the intersection of the branes, but with a length
equal to the charges times the length of this direction. This
model correctly reproduces the semiclassical entropy. Fur-
thermore, the emission rates for low energy scalarghe
noncompact four dimensional sepseghich may carry some
momentum alongx*! was calculated in this microscopic
theory along the lines df16] and the result is exactly the
. ) . semiclassical answer given by E49 (with ¢;=tanhay
Essentially the same conclusion holds when there is a small 1 gince the hole is near-extremal
transverse momentum, as will be justified later. At this stage \ye have related the low energy absorption cross section
one hasés=¢&,=(w3—0s¢1)/Ts. Finally the cross section  of yncharged minimal scalars in the neutral hole to the low
IS energy charged scalar absorption for the four charge near
extremal hole. Thus the microscopic calculation[®f also
provides a microscopic calculation of Hawking radiation
from the four dimensional Schwarzschild hole.

w3=w2/COSha2. (14)

Once again we need to find the equivaleht momentum.
One finds thaR;=R,cosha;, so that

0gz;=(,/cosha,. (15

w2
O’ :0‘ —
3 2w3 3

03— (31

w3

(16)
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Note that the agreement in absorption properties is notelocity in the 11-dimensional picture. What happens if we
related to the fact that the cross section of neutral quanta fatow boost along®?, as in step 3? If the transverse velocity
both neutral and charged holes is the area of the horizon angias zero, the 5-brane metric would remain unaffected, and
thus does not follow from the agreement of the entropiesthe only changes in the emitted quantum would come from
Rather, in our calculation, we observe first that under theghe change of the scale of recompactification. But if we have

boost the neutral hole gets a charge, while at the same timgtransverse velocity of ordef then the 5-brane that results
the cross section becomemallerthan the area. This smaller gfter the boost is “tilted” in thex— x! plane, by an angle

cross section is however just the right one to represent the . from the x! axis. This is the picture in the covering
emission of thechargedquanta from the charged hole. This gpace, but now we are unable to do a Kaluza-Klein reduction
pattern repeats under tfledualities or boosts, giving at the 5jong thex!? direction, since we have no translation invari-
end a black hole carrying four charges, and emitting particleg nce in thex!! direction. Thus we cannot do the recompac-
carrying one of the four chargeghe momentum charge isication. In the limite— 0 we can ignore this “tilt,” and do
The crucial point is that the various maps which relate Fheche reduction, which is what we have implicitly done. To
neutral to the near extremal hole also map, at the same timgpeck the above estimates, we first take the metric produced
the emitted particle to something which can be treated easn%y a 5-brane with a small transverse velocity—this can be
in the microscopic model. obtained from the Aichelburg-Sexl metric for a graviton, fol-

It is important to note the restriction to low energies for o eq byT dualities. Then we boost in thé'* direction, and
the emitted quantum. In fact we assume that-0 is the 54 off the “ilt” from the resulting solution.

dominant limit, such thatwe“—0, even though we must

take a; large to approach the extremal hole. Thus we do not We would like to thank S. Kalyana Rama for discussions.
obtain the greybody factors in this calculation. The reasors.R.D. would like to thank the Physics Department of Brown
for this requirement om is the following. At step(2) in the  University and C.T.P., M.L.T. for hospitality during the final
above sequence of calculations, we had a 4-brane that carristages of this work. S.D.M. is supported in part by D.O.E.
some transverse velocity. This is a 5-brane with a transverseooperative agreement DE-FC02-94ER40818.
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