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RESUMENSe demuestra que un modelo
propuesto anteriormente sobre la base de un
sistema deD3-branas-anti-D3-branas a
temperatura baja que puede reproducirla
absorcién de baja frecuencia y las emisiones
probabilisticas de la threebrane negro de la
super gravedad tipo IIB extremadamente lejos,
por arbitrarias ondas parcial es de un campo
escalar minimo. Nuestros calculos se refieren,
en particular al caso de la threebrane neutral,
que corresponde al agujero negro de Schwarzschild en siete dimensiones,
dichos resultados no sélo proporcionan evidencia significativa a favor del
modelo de brana-antibrana, sino que también fundamenta la condicion de
las energias de los dos gases componentes que se muestran de acuerdo
entre si. En resumen, se ha propuesto corregirlos resultados anteriores,
sobre la probabilidad de absorcidn de la threebrane en situacién casi
extrema, y extenderla a la maxima distancia.

ABSTRACT We show that a previously proposed model based on a D3-
brane-anti-D3-brane system at finite temperature can reproduce the low-
frequency absorption and emission probabilities of the black threebrane of
Type IIB supergravity arbitrarily far from extremality, for arbitrary partial
waves of a minimal scalar field. Our calculations cover in particular the case
of the neutral threebrane, which corresponds to the Schwarzschild black
hole in seven dimensions. Our results provide not only significant evidence
in favor of the brane-antibrane model, but also a rationale for the condition
that the energies of the two component gases agree with one another. In
the course of our analysis we correct previous results on the absorption
probabilities of the near-extremal threebrane, and extend them to the far-
from-extremal regime.
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1 Introduction’

Recent work has opened the possibility to attain a quantitative
understanding of the physics of black holes far from extremality, an
important and long-standing problem. In particular, three years ago a study
of brane-antibrane systems at finite temperature led the authors of [1, 2] to
construct a microscopic model for the black threebrane of Type IIB
supergravity and the black twobrane and fivebrane of eleven-dimensional
supergravity. The model is based on decoupled stacks of branes and
antibranes, with a gas of massless particles on each stack, and was shown
to successfully reproduce the corresponding entropies arbitrarily far from
extremality’. It also correctly accounts for various other properties of the
black branes; in particular, their negative specific heat and pressure find a
natural explanation in terms of brane-antibrane annihilation.

In the past few months, these results have been generalized in various
directions. It has been shown that the brane-antibrane model predicts the
correct entropy not only for the three non-dilatonic cases studied in [1], but
also for other singly- and multiply-charged black branes [4]-[9] (see also the
older works [10, 11]). The model has been found to reproduce even the
highly non-trivial entropy formulas for branes rotating with arbitrary
amounts of angular momentum [3, 4]. Moreover, preliminary numerical
calculations in therelevant strongly-coupled gauge theory [4] (using the
methods developed in [12]) appear to support the result of [1] regarding
the stability of the brane-antibrane system at high enough temperatures,
which is in turn one of the key assumptions of the model.

In spite of this already quite significant body of evidence, there are at least
two aspects of the brane-antibrane model that are still not fully
understood. One is the fact that the model accounts for the exact
functional form of the entropy, but it yields a numerical coefficient that, at
least under the assumptions adopted in [1], is a power of two too small.
Intriguingly, in all (singly-charged) cases the discrepancy can be
summarized by the succinct but evidently unphysical statement that the
supergravity entropy behaves as if each of the gases in the model had
access to twice as much energy as is available to it>. What is needed then is
a physically plausible reinterpretation of this seemingly simple pattern.

In [4] it was noted that it is best to trace the discrepancy back to a
disagreement between the supergravity and microscopic masses (rather
than entropies), which would in turn imply that some type of binding
energy has not been properly taken into account in the microscopic side.
This point of view is physically sensible, and we will have more to say about
it and a closely related possibility in the Conclusions. Nevertheless, given

1Acknowledgments: We are grateful to Elena Caceres, Alejandro Corichi, UIf Danielsson,
Martin Kruczenski, and David Lowe for useful discussions. This work was partially supported
by Mexico's National Council of Science and Technology (CONACyT), under grant CONACyT-
40745-F, and by DGAPA-UNAM, under grant IN104503-3.

For a list of other approaches to the far-from-extremal problem, see, e.g., [3].

As shown in LGK]ﬁfor multiply-charged systems the energy carried by each gas would have to
be a factor 2" )”‘Iargerthan is physically possible, where K denotes the number of charges
and A specifies the energy dependence of the gas entropy, SecE™.



the simple form of the discrepancy one would hope to be able to pin down
its origin quantitatively.

In [6, 8] a different, 'empirical' interpretation of the discrepancy was
proposed, in terms of the allocation of the total gas energy to only one of
the gases (or the corresponding fraction of each), and an accompanying
reduction by a factor of four in the value of the component brane tensidn.
Again, to be satisfied one would like to derive both of these conditions
dynamically. For instance, one could try to associate the reduction in the
tensién with partialbrane-antibrane annihilation, which could then also
conceivably be responsible for the reduction in the number of gas degrees
of freedom. But such an interpretation would run into trouble for the
charged black brane, because in that case the number of branes and
antibranes is not equal, and the surplus branes (or antibranes) would not
be able to annihilate. Moreover, as already mentioned, the results of [1, 4]
appear to indicate that the brane-antibrane system is in fact stable, and
therefore no such partial annihilation should take place. It seems then that
one must regard the proposed reduction in brane tension as originating
from binding energy, which essentially brings us back to the interpretation
of [4], except that here we are in addition missing an explanation for the
putative 'deactivation' of all but one of the gases.

A second (and possibly more significant) puzzling feature of the model is
the fact that, to correctly reproduce the entropy of black branes with non-
zero charge, the gases involved must be assumed to have equal energies,
and consequently different temperatures. Since the gases are assumed to
be decoupled from one another, their having different temperatures is not
entirely out of the question, but up to now we do not understand why it is
that their energies (or equivalently, their pressures) must agree.” In other
words, unless there is somephysical restriction, in the microscopic side one
could construct a family of systems whichdiffer only in the way the total gas
energy is split among the component gases, and each ofthese systems
would be expected to have a supergravity counterpart. Families of regular
supergravity solutions with the desired properties are not known to exist,
so in [1] it wasspeculated that perhaps the condition that the gas energies
be equal in the microscopicside could somehow correspond to the absence
of singularities in the supergravity side”.

Clearly the brane-antibrane model will not be on firm ground until these
two aspectsare properly understood. In the meantime, and as part of the
strategy to achieve thatgoal, it is important to subject the model to further
tests, and in particular to computequantities other than the entropy. Initial
steps in this direction were taken already in [1],where it was shown that the
model implies the correct form for the supergravity energy-momentum
tensor, and a transverse size (due to thermal fluctuations) for
themicroscopicsystem which is of the same order as the horizon radius.

*In the interpretation of [6, 8], the condition that the gas energies be the same is replaced by
the equally puzzling condition that only one the gases contributes.
>This possibility has been raised independently by David Lowe.
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(This last property has also been seen in [4, 5, 9], and is in consonance with
the proposal of [13].) In that same work, astudy of the thermodynamic
counterpart [14] of the Gregory-Laflamme instability [15] ledto the
satisfying conclusion that the microscopic system, while unstable to
collapse when wrapped on a sufficiently large torus, would actually stabilize
at a finite size and acquire properties coinciding with those of a ten- or
eleven-dimensional blackhole. Very recently, the thermalization rate of the
brane-antibrane system was studied in [16], and compared against the
quasi-particle picture developed in [17] (see also [18]), again with satisfying
results.

In this paper we will take additional steps in this direction, by studying the
mannerin which the microscopic system absorbs and emits radiation. More
specifically, we will compare the absorption probabilities and Hawking
radiation rates predicted by the brane-antibrane model against the actual
supergravity results, to lowest order in the radiation frequency. For
concreteness, we will restrict our analysis to radiation associated with a
minimal scalar field, in the presence of a black threebrane with arbitrary
charge. Given the successful generalizations in [3]-[9], we would expect
analogous results for other types of black brane.

We start in section 2 by reviewing the results of the brane-antibrane model
for the threebrane case. We next work out in section 3 the absorption
probabilities for the microscopic system. This requires an analysis of the
corresponding probabilities in the case of a near-extremal threebrane,
which are determined in section 3.1, correcting previous results. The
absorption probabilities predicted by the model are then explicitly written
down in section 3.2, and shown to agree with their supergravity
counterparts in section 4, first for the previously examined neutral case in
section 4.1, and then for the newly computed charged case in section 4.2.
Finally, in section 5 we carry out a successful comparison between the rates
of Hawking radiation in the microscopic and supergravity sides. We
conclude in section 6, which includes both a summary of our results in
section 6.1 and a critical discussion on the assumptions of the model in
section 6.2.

2 Review of the brane-antibrane model

The metric of the black threebrane solution of Type IIB supergravity takes
the form

2_ 1 2 =2 dr? 5 A2
ds? = oo (—f(dt? +d¥) + JHE) (5 +r2da}),
where

risinh?a i
H(T‘)=1+hr4 , f(r):l—r_h4’

with r, the horizon radius. The ADM mass density of this geometry is



3
Mg = M% = nk—zrf G + cosh 20(), (2.1)
its entropy density

Ap /4Gy 2n? s
Ss¢ ==, = 7 T cosha, (2.2)

and its Hawking temperature
1

T, = (2.3)

nrp, cosh a

The solution also involves a RR five-form field-strength, associated with a
charge

75/2
Qs¢ = k—r;f sinh 2a. (2.4)

It was shown in [1] that (msg,Qss) can be reproduced with a field-theoretic
model based on a system of N D3-branes, N anti-D3-branes, and two gases
ofN= 4 super-Yang-Mills (SYM) particles, arising respectively from the
massless modes of 3-3and3 — 3open strings. The stack of branes and that
of antibranes (together with their corresponding gases) are assumed not to
interact with one another. The charge of the microscopic system is then

Qrr =N —K, (2.5)

and its total mass density,

Mmepr = (N + ITI)T2 +e+e, (2,6)

withTs=,/m/kthe D3-brane tension and e (&) the energy density of the gas
on the D3-branes (D3 — branes). As mentioned in the Introduction, the
model assumes that e =(&).

The entropy of the system is entirely due to the two N =4 SYM gases. In the
regime of interest, g (N — N)»1 (where the supergravity solution is
reliable), SYM is strongly-coupled, and so the entropy of the two gases
cannot be determined perturbatively. It is however known [19, 20] via the
AdS/CFT correspondence [21],

sir = 251437312314 + /4, (2.7)

Equations (2.5) and (2.6) can be used in (2.7) to eliminate N and e in favor
of N, and the optimal value of N determined by maximizing °+at fixed
Qrand me. Requiring that Qg = Qsgand mg=mss the resulting equilibrium
values of N, N and e can then beexpressed in terms of the supergravity
parameters r, and oc:
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5/2 ~ _ 373

N=T—rte2e, N= T—pte2e, e=¢c= Tpt (2.8)
2k 2k 4.2

Inserting these expressions into (2.7), we obtain agreement with the
supergravity entropy (2.2), up to a numerical coefficient: s¢; = 23/%spr.
Given the dependence (2.7) of the microscopic entropy on the gas energy,
we see that, as noted in the introduction, the supergravity entropy behaves
as if each gas carried twice the available energy.

For later use, let us also recall that the energies of the two SYM gases are
related to the corresponding temperatures through

2 2 . _
e = Z-N?T4e = Z-N?T*(2.9)

so at equilibrium we have

23/4 _
T = , T = :
TL’Theut Tl'Thefa

23/4

(2.10)

As noted in [1], the overall temperature of the system, TrT= (0spr/
ampT)a;T, can be expressed in terms of the gas temperatures through

2 1 1

-+ =,

and is therefore a factor of 2%/* larger than the Hawking temperature (2.3),
as expected from the numerical discrepancy between sg;and sg.

3 Microscopic absorption probabilities

In the model the stack of branes is decoupled from the stack of antibranes,
so, at least for low enough frequencies, the probability that the system
absorbs quanta of a given field with frequency wmust be given by the sum
of the two independent contributions,

PO (w) = POw; N, T) + PO(w; N,T), (3.1)

where p" (w;N,T)denotes the probability of absorption by a strongly-
coupled SU(N) SYM gas with temperature T. In the next subsection we will
determine this probability. For simplicity, we will consider only absorption
of a minimal scalar field with low frequency, in the sense that

R i ol i (32)

which through (2.10) is seen to imply w < 1/1;,.

3.1 Absorption by a strongly-coupled » =4SYMgas (or, equivalently, by a
near-extremal threebrane)

Just as was done for the entropy calculation in [1], we will use the AdS/CFT
correspondence [21] to map the SYM absorption calculation onto the



problem of absorption by a near-extremal black threebrane. The latter's
throat radius R and horizon radius ry are related to the gauge group rank N
and gas temperature T through the well-known expressions

roomTR? =T |- (3.3)

2r1/2

R* = 4mg NI} =

o 5/2'

Of course, these formulas are simply a rewriting of the general expressions
(2.4) and (2.3) in the near-extremal limit Th - 0 with rZe*fixed. It is very
important, however, not to confuse r,and R’, which should be regarded as
auxiliary parameters in the microscopic ca/cu/at/on with r, and ri¥ sinh’o,
which are the parameters that characterize the arbitrarily far-from-
extremalblack brane whose absorption probabilities we will attempt to
reproduce.

The absorption probability for a minimal scalar field gwith frequency (3.2)
on the background of a near-extremal black threebrane has been computed
in [22]°. There are a few errors and misprints in that calculation, however,
that we will now correct.

The radial equation of motion for the £h partial wave is

2 5p*—pi pil+4) “(p +RY)
ap¢ +p(p4_p%) ap¢ pi—pi ¢ Pt —ph)? ¢ (34)

where following [22] we have defined

p=wr, py=wr, R= wR(3.5)

The calculation in [22] assumes that

Po KR < 1. (3.6)
In the outer region p»p,, (3.4) reduces to

4
a§¢+§ap¢ +(1+§—4—’(;+24))¢ =0. (3.7)

Notice that the ratio between the second and third terms inside the large
parentheses is oforder

R* wR?\* wR*\* w2

- () <) -

where we have made use of (3.3) and (3.2). So in the outer region,
/ndependent/y of whether or not r»R(p»R), the R*term in (3.7) can be
dropped’. The first term inside the large parentheses, on the other hand,

®*The same work also computes the probability in the opposite regime,w»T, correcting the
prewous results [23].

In [22], the outer region is defined instead as r»R, but then it would not overlap with the
inner region, which, as we will see below (and contrary to what is stated in [22]), must be
restricted to r«R.
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will be relevant for p » 1, and so cannot be dropped. The resulting equation
is related to Bessel's equation, and the general solution can bewritten as

o(p) = ;—élnz@) + %Nuz ®). (3.8)

Using the asymptotic form of the Bessel functions for p»1, the ingoing flux
at infinity then follows as

, B 12
g — lim f(T)T (¢(zn)* ) — ¢(m)ar¢(in)* _ _ lA+iB] . (3.9)

e _‘r—>oo 2w *

On the other hand, for p «1 (which includes in particular the region
Po“p «R), we have

$(p) = i B'Z'”““)'(a 10)

21+2(l+2)| +1

Consider now the inner region po< p« R«1. Defining x = p’/p*as in [22],
(3.4) can be rewritten as

_1+x? 10+4) RY/PE+PE/x2 o _
aXd) x(1—x2) aX¢ 4x2(1—x2)¢+ 4x(1-x2)2 ¢ - 0(311)

The p2/x2 term can be neglected in comparison with R*/p3, since this just
amounts to the statement that p«R, which defines the inner region®. At the
same time, by assumption we know that R*/pZ= (w/nT)«1, and so the last
term in (3.11) is seen to be completely irrelevant unless one is very close to
the horizon, x=1, where it gives the dominant contribution and implies that
0(P) « (1 — x2)*iR*/408, Choosing the lower sign in order for the solution to be
purely ingoing at the horizon, one is thus led to the conclusion that

$(@) = (1 - x2) 7R/ (), (3.12)
where, to leading order in R?/p,, ¢(«)satisfies equation (3.11) with the last
term omitted, and is by construction regular at the horizon, « = 1.

Given (3.12), the ingoing flux at the horizon follows as

R, = 1M 107 (45,0~ 9a,97) = P03 13)

T T r > o 2

Comblnlng (3.9) and (3.13) we can write down the desired absorption
probability’

r~>r0 1
p®O(w;N,T,) = W =2 R2p3ll¢£ ;' (3.14)

70

®As mentioned in the previous footnote, in [22] the inner reglon is defined simply as po<p«
1, anéi it is incorrectly stated that throughout this region po/xzcan be dropped compared to
R " /pé

*The factor o1 )| was erroneously omitted from the calculation in [22], so their absorption
probabilities are off by this (/-dependent) constant.



To complete the calculation, we need to determine ¢(1)andp(z «1) (which
compared against (3.10) will allow us to identify Aand Bj. As explained in
[22], the function ¢@(«)can be expressed in terms of
hypergeometricfunctions:

@) = Diy1x) + Cip20)(3-15)

@1(x) =x2+1/2F(1+£,1+£;Zé; x2), (3.16)

92 (x) = x7V2F (=5, = 15— x%)(3.17)
The coefficients D;Cmust be determined by requiring ¢to be smooth at
a=1, with help of the relation

rc)f(c—a-»n)

F(a,b;c;z) :mF(a,b;a+b—c+1;1—z)+

ricor(a+b—c)

e (ORO)

F(c—a,c—b;c—a—-b+1;1-2).

Since in our case ¢ = a + b, the above relation must be regularized by letting
c—c +e. Depending on the value of / there are three different cases to
consider [22]:

« For oddvalues of( the log(1 — a°)singularities in @i« —1) and @(x —>1)
cancel if we chosse.

_rez+ 1/2)r(=1/4)?

=1 a=rqa ey

One can then deduce that

— (_1\(-1)/2 r(2+1/2)
e)=(-1) 27Tr(1+l/4)2'

whereas for « «1(p»py) we have
o (x) = (x) = Ci(p/po)".

Matching this with the outer region's solution (3.10), we see that to this
order

~ 2l+2 ~
Ay = 2M42(1 4 2)1Cpp 1By = 0.

Employing this and the value of@(1) in the master formula (3.14), we finally
conclude that

2-2-1g3r(_1/2)2
PO(w;N,T) = mwz“srgl”Rz,(&lS)
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withry (N, T)and R(N)given by (3.3).

eFor Jand]/2 even, ostill has a logarithmic singularity, but @,becomes a
Legendrepolynomial,

nl?

020 = s B2/ = 1)

We can then set D=0, C= 1, and deduce that

n!?
(2n)!

(1) =

and

(x € 1) = (p/po)t = A, = 2*2(1 + 2)1p5’, B, = 0.
@ p/p p

so in this case

2723 (1 /4yt
PO@;N,T) = s 0 5rgR2(3.19)

* Forleven, [/2 odd,,is still singular and @,is ill-defined (and its regularized
versidn is proportional to ¢;). The desired non-singular solution can be
expressed in terms of Meijer's G function [24],

1 1
o) = G+ |—1/41 + 1/4)'
which implies that
¢(1)=1
and™

(1/2)!

221+ 2)1(1/2)!
r(1+1/4)2

vy P Bl

plx < 1) = (p/po) = A =

It follows that

2723 (141 /4)*
PO(w;N,T) = 7(”2)7; 27 w5 rE+3R2,(3.20)

Which is in fact the same formula as (3.19).

Using the identity ['(z)=mn/[sin(n2)[(1-2)],the result (3.18) for odd fan
be putin the form

D( - _ 2 4/t orts 2043 p2
P()((IJ;N,T) —mw + ) R ,(3.21)

Which agrees with (3.20) and is therefore seen to hold for all values of [

“The (1/2)! factor is missing in [22].



3.2Predictions of the brane-antibrane model

In the previous subsection we have seen that the absorption probability for
an N = 4 SU(N) SYM gas with temperature T takes the form (3.21), with R
and r, the functions of N and T specified in (3.3). We will now use this result
to determine the explicit form of the microscopic absorption probabilities
(3.1).

As we reviewed in section 2, the model predicts that the numbers of branes
and antibranes are given by (2.8), and the temperatures of the two gases
are as indicated in (2.10). Combining these with (3.3), we see that the
parameters to be used in (3.21) are

_2 _
R? = %rhze“, ro=2"Y4,, R = %rhze‘“ro =27"141,.(3.22)

Plugging this into (3.21) and then (3.1), we get our final prediction for the
microscopic absorption probabilities,

! 275215 A (141 /4)*
P( )( ) = T GE A (wr,)?*5 cosh a.(3.23)

4 Comparison with supergravity

4.1 Neutral case

Let us now compare the microscopic predictions (3.23) against the actual
supergravity results, specializing first to the case of the neutral black
threebrane, a=0, which is equivalent to the Schwarzschild black hole in
seven space time dimensions. The corresponding absorption probabilities
for arbltrary partial waves of a minimal scalar field have been computed in
[25]*:

0} _ 2733 02r(a+1/4)? 2045
Py (@) = (l+z)!2r(1/z+z/4)2(wrh) {(4.1)

The functional dependence is in perfect agreement with (3.23) for a=0.
Despiteappearances, using the identity
I'(x) = 2172*\/rT'(2x)/ T'(x + 1/2)the numerical coefficients can also be seen
to agree, except for a power of two:

l 1
%(G)(w) = 23/4+1/2 PF(T)((‘))

Notice that this numerical discrepancy can be summarized in exactly the
same manner asthe one found for the entropy in [1]: if each gas could
somehow carry twice the energy thatis avallable to it, then according to
(2.9) T and Twould increase™ by a factor of 2% whichas seen in (3.3)
increases rpand 7, by the same factor, implying in turn, through (3.21)and

EThe I= 0 case had been worked out previously in [26, 27].
It is perhaps worth pointing out that even in this case the Hawking and microscopic
temperatures would not agree, but instead T= 2T,
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(3.1), that P}y — 23/4+1/2PFT)F0rl = 0 this is not a new result, for in fact
thecomparison in (4.2) is, for the special case of the s-wave, precisely the
entropy comparisonmade in [1]: the absorption probabilities are of course
proportional to the correspondingcross sections, and for the s-wave, the
latter reduce at low frequencies to the respectivehorizon areas [26, 27],
which are in turn, according to the Bekenstein-Hawking formula,
proportional to the entropies.

4.2 Charged case

To the best of our knowledge, the absorption probability for the black
threebrane arbitrarily far from extremality has not yet been computed, so
we will need to work it out here, restricting again to the low-frequency
regime (3.2). Fortunately, this will just amount to a simple generalization of
the calculation in section 3.1.

The radial equation of motion is again (3.4), now with the replacements
po—Prand R'> p;‘{sinzawhere pr= wry. In the outer region p»py, we still have
the Bessel solution (3.8). The difference is that now, contrary to (3.6), we
do not have a clearseparation between p,and pyVsinh @, and so we must
define the inner region simply as p,<p« 1, implying that both terms in the
numerator of the last term of (3.11) are comparable. It is still true,
however, that the last term of (3.11) is relevant only very close to the
horizon (2=1). We conclude then that, at the order we are interested in,
the only change in the calculation is the modification of the exponent in

(3.12) to
. 4, . 2 .
_L /M 2 _L
2 2 +pi = 4phcosh a.

Carrying this change through in (3.13) and (3.14), and comparing with the
result (4.1) for the neutral case, we deduce that for a0 the absorption
probability is modified into

27337 2r(141/4)°

(O] _
Psg (W) = (1+2)121(1/2+1/4)?

(w1)?*5 cosh a,(4.3)

exactly as predicted by the microscopic result (3.23)! We conclude then
that, for arbitrary charge,

Ps(cl;)(w) = 23/4+1/2 PF(P(w). (4_4)

As explained in the previous subsection, this comparison was bound to
work for = 0, since in that case it is simply a rephrasing of the entropy
comparison in [1]. The non-trivial results obtained in this paper are the
infinite number of successful comparisons (4.4) for £50.



5 Hawking radiation

Given the absorption probabilities (4.3), the corresponding absorption
cross-sections follow as [28]

o) = 22 (1 + DU+ 220 + )PP ()(5.1)

These in turn allow us to compute the rates of Hawking radiation into each
of the partial waves,

drid(w) = “j"’/(T“’)’“ dw(5.2)

whereaslG (w) plays the role of greybody factor.

From the microscopic perspective, given that the brane and antibrane
subsystems are decoupled, we expect, in analogy to (3.1),

dr(w) = dr®(w; N, T) + dr®(w; N, T),

where the rates on the right-hand side refer to bulk radiation emerging
from the two N =4 SYM gases. But again, through the AdS/CFT
correspondence, these should be equivalent to the rates of emission for the
corresponding near-extremal black threebranes, which are given by
formulas analogous to (5.2). We thus have

(L) OYPRE T
(l) opr (W;N,T) | opp(w;N,T)
7(w) = [Fgw/rq + Ll wdw,(5.3)

which does not resemble (5.2) in any obvious way.

In the low-frequency regime (3.2) where we are working, the supergravity
and microscopic emission rates simplify to

r(”( ) = JS(ZG)(w)THdw(SA)
and
(l)(w) = [O’FT((U N,T)T + o}r(w; N, T)T]dw (5.5)

respectively. Using (5.1), we see that the comparison between these rates is
equivalentto the comparison of
P (@) Tyvs. PO(w; N, 7T + PO(w; N, T,

which is clearly independent from the successful match between (3.1) and
(4.3). Nevertheless, combining (4.3) and (2.3) we see that
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-31-3 2
2 nr(1+1/4) 2l H5 2Lt
A+2)21(1/2 +1/4)? ’

l
Rg(g) (w) TH =

Where as using (3.21) with (3.3), (2.8) and (2.10) we obtain

—51/2-3 4
2 / r(l + 1/4) w21+5thl+4
(T+2)21(1 +1/2)? ’

p®P(w; N, T)T + PO(w; N, DT =

so that we again have a perfect functional match!

Just like in the previous section, despite their superficial dissimilarity the
numerical coefficients also agree, except for the power of two that
corresponds to doubling the energy of each gas (which translates into
increasing T and Tby a factor of 2%/4, and setting r, =# =m,, rather
than271/4r, as in (3.22). In short, we have found that

r(w) = 24218 (0).(5.6)

Equally important, we have learned that, at least to lowest order in the
frequency, the separate Hawking radiation rates for the D3-brane and D3-
brane stacks agree with one another,

drO(w; N,T) = dr(w; N, T). (5.7)

This is in spite of the fact that the two gases have different temperatures.
As a matter of fact, using (3.3) in (3.21) one sees that the
product PO (w; N, T)Twhich controls the D3-brane emission rate depends
on Nand Tonly through the combination N?T*, which is of course the
energy density (2.9) of the corresponding gas. We conclude then that the
D3 and D3 radiation rates agree precisely because the two gases have equal
energies! At the very least, this is an important self-consistency check for
the model: since one postulates that the two gas energies are the same, it is
satisfying to see that this equality will not be disturbed when the black
brane radiates, which is part of what it does for a living. But one can
actually view this as an explanation of the equal-energy condition: if the
energies wereinitially different (for instance, on account of the gases having
equal temperatures), then the gas with higher energy would radiatemore,
and the energies would tend to equalize. It is only the equal-energy case
that is in this sense 'stable’.

On the other hand, we have seen in the previous section that the D3 and
D3 absorption probabilities are in fact different, which implies that, when
we disturb the black brane by throwing some radiation at it, the component
with the lowest temperature (or, equivalently, the largest number of
branes) will absorb more energy. This suggests that the supergravity
counterpart of the microscopic system with unequal gas energies is some
type of excited state of the black brane, which will eventually relax back the



preferred equal-energy configuration. Notice that the corresponding
solution will in general not possess the same symmetry properties as the
original threebrane solution. For instance, after absorption of [ >0
radiation one would expect the black brane to become distorted into some
configuration that is no longer spherically symmetric.

It would clearly be of great interest to establish whether the above findings
continue to hold at next-to-leading (or perhaps even higher) order in the
radiation frequency, or if they are just somehow a special property of the
lowest-order terms. Leaving a detailed study of this question for future
work, let us just remark at this point that at higher order the stability
analysis would be more involved, for one would for instance have to take
into account the possibility that part of the radiation emitted by one of the
stacks is absorbed by the other.

6 Conclusions

6.1 Summary of results

We have demonstrated that the brane-antibrane model formulated in [1]
can correctly account for the low-frequency absorption probabilities and
Hawking emission rates of the black threebrane arbitrarily far from
extremality, for arbitrary partial waves of a minimal scalar field. Our main
results, the comparisons (4.4) and (5.6), amount to an infinite number of
new tests of the microscopic model. Notice that these tests are indeed
independent from one another. One might for instance suspect that since
the passage from one partial wave to the next involves an additional
derivative in the brane-bulk coupling, it is bound to give rise to a factor of
w?, and by dimensional analysis, 7%, in the absorption probability. In this
way all of the absorption results for higher partial waves would be related
to the [ = 0 case, which, as explained in section 4.1, is in fact nothing but
the entropy comparison in [1]. That this is in general not the whole story
can be seen by noting that the [-dependence of the exponent of the
frequency is not the same in, for instance, the extremal (P « w**8) [29,
30] and near-extremal (P « w?'*%)[22] cases. And in any event, dimensional
analysis obviously does not control the comparison between the numerical
coefficients in the microscopic and supergravity sides, which has been seen
to be successful for all partial waves, up to the same factor of 2 in the gas
energies.

It is interesting that, as can be seen by combining (2.9) and (3.3), the equal-
energy condition amounts to the statement that the horizon radii of the
two near-extremal branes employed in the microscopic side coincide, 1y =
7o, and then the rescaling needed toresolve the numerical discrepancy
identifies these with the horizon radius of the brane in the supergravity
side, r, = 7, = 1, as noted for instance above (5.6). This is essentially the
agreement [1, 4, 5] mentioned in the Introduction between rpand the
transverse size of the microscopic system,,/(®2), except that here we are
keeping track the numerical coefficient.
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One possible source of confusion is the fact that, as in previous analyses of
the model, we have employed supergravity for the calculations in the
microscopic side (see sections 3.1 and 5). More concretely, what could
seem suspicious in this paper is that the microscopic and supergravity
absorption probabilities are obtained by solving the same equation of
motion, namely, (3.4). One should not however lose sight of the fact that,
as was emphasized in [1, 3], the results to be compared are extracted from
two completely different regimes (near-extremal vs. arbitrarily-far-from-
extremal) of (3.4). Moreover, in the microscopic side the parameters ry and
R are not chosen in an ad hoc manner, but fixed by a maximization
procedure. (The only condition that is imposed by hand is the equality of
the energies of the two gases.) And, perhaps most significant of all, we do
not simply compare one supergravity absorption probability against
another, but one against the sum of two others, in a setup where the three
corresponding brane charges are in general all differentfrom one another.

To bring out more clearly the precise sense in which the agreement found
in the absorption calculation is non-trivial, imagine we had access to the
exact absorption probability that follows from the equation of motion (3.4),
which we could denote as Pg(w;m, (R/n)? . Then the supergravity
probability is of course

PO () = Pyy(w;my, sinha).

The prescription of the model, on the other hand, proceeds in three steps.
We first consider the near-extremal limit of the full absorption probability,
Py (w; T, (R/19)?, which by definition is just the leading term of Py (w;ry, (R/
15)?, for arbitrarily large (but finite) (R/r;)?. Second, we apply this formula
separately to the brane and antibrane subsystems with the parameters
predicted by the model, namely, (3.22). To avoid the numerical
discrepancy, for the purpose of this discussion we will from the start set
19 = Ty = 1y, rather than 27'/*r, . Third, the microscopic absorption
probability is obtained from the sum of the brane and antibrane
contributions, i.e.,

) NE e’ NE e
PFT((,O)ZP([) a);rh,7 +P(l) w;rh,T .

For Pjy(w; 1y, sinh a)an arbitrary function, there is clearly no reason
whatsoever for p (w) to agree with »% ). Nevertheless, we have found that,
to lowest order in the frequency, Py(win, (R/r)? takes the
formp(wr, /1 + (R/r)*, which is precisely as required to pass this test. It is far
from obvious whether this pattern can continue to hold at higher order.

As we have emphasized in section 5, the comparison of the Hawking
radiation rates brings in an entirely new requirement. From a physical
perspective, the agreement (5.6) between the microscopic and
supergravity emission rates is perhaps even more strikingthan that
between the absorption probabilities, in particular because it is completely
independent from the entropy match found in [1]. Notice, however, that at
least at this order the black brane does not strictly speaking 'know' that it is



made of two independent components that emit radiation independently,
because the two different temperatures are not directly visible in the
supergravity side. This is unlike the situation in, e.g., the D1-D5 system,
where inclusion of the greybody factor is explicitly seen to convert the
single thermal factor for emission at the Hawking temperature into the
product (rather than the sum, as we have in our case) of two thermal
factors corresponding to different temperatures [31]. The difference
between the two cases is of course due to the emission mechanism: while
in [31] the emission of a massless closed string into the bulk necessarily
involves an interaction between the two gases, in our case the two gases
are free to radiate independently. A higher-order calculation might
conceivably allow one to see the two independent temperatures somewhat
more explicitly in the supergravity side, but of course it is far from clear
whether the agreement between the microscopic and supergravity
emission rates can persist in such a calculation.

From the Hawking radiation analysis we have also learned that (at least for
low frequencies) the rate of emission for each of the two components of
the microscopic system depends only on the energy of the corresponding
gas. If the gas energies were not equal, then the gas with higher energy
would radiate more, and so the energies would tend to equalize. Our
results can therefore be viewed as an explanation for the equal-energy
condition, which up to now has been simply a postulate of the model. As
we have also discussed in section 5, however, the fact that the D3-brane
and D3-brane absorption probabilities are different implies that it should
be possible to achieve unequal gas energies when we disturb the system by
throwing radiation at it. This in turn suggests that the supergravity
counterpart of the microscopic configuration with different gas energies
should be some type of excited state of the black brane.

As has been noted already at various points in the above discussion, it is an
important outstanding problem to establish whether the absorption and
emission probabilities continue to agree at higher order in the radiation
frequency. We hope to report on this question in future work.

To summarize, in this paper we have found significant new evidence in
favor of the brane-antibrane model, and have moreover thrown light on the
equal-energy condition which was heretofore one of its most puzzling
aspects.

6.2 Critical assessment of the model

In spite of the successes of the model (which include in particular the
results reported in this paper), the situation is not yet entirely satisfactory,
and more work will be needed to conclusively validate the model. In
preparation for it, it seems useful to include here a list of the various
assumptions of the model that could be in need of more careful scrutiny:

1 The model assumes that the D3-D3 pairs do not annihilate even
partially, or in other words, that the open string vacuum is, at the
relevant temperatures, stable. A calculation supporting this
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assumption was included in [1], and additional evidencehas been
provided by the numerical analysis in [4]. As mentioned in the
introduction, the interpretation of [6, 8] can perhaps be viewed as a
relaxation of this assumption.

It is assumed that all 3-3 open strings acquire large masses and
consequently cannot be excited. In other words, the model
incorporates gases with O(N?)and O(N’) degrees of freedom, but
not O(NN).The lowest 3-3 mode is of course the tachyon, which
must by definition acquire a large positive mass-squared if the brane-
antibrane system is to be stable. One must also consider the 3-3
fermions (arising from the Ramond sector) that would at zero
temperature be massless. The analysis of [1] provided some evidence
that both of these modes indeed become massive enough to
decouple.

The model does not include any binding energies. As emphasized in
[4], at least naively one would in fact expect this to be wrong. In
particular, it seems difficult to see how (e.g., gravitational) D3-D3
binding energy could be avoided. This would be expected to arise
from closed string exchange between the two stacks, or equivalently,
from loops of 3-3 open strings (which could contribute through
virtual effects even if on-shell they are postulated to have large
masses). If present, this type of binding energy would bring in some
NN-dependence.

The model involves a restriction on the types of brane-antibrane
pairs that contribute: even arbitrarily far from extremality it is
assumed that there is no contribution from D1-D1 pairs. To
understand this, it seems natural to try to extend the model to the
case of the black brane which has both five-form and three-form RR
charge [32]. A preliminary analysis appears to indicate that indeed
D1-D1 pairs disappear altogether when the three-form charge is
taken to approach zero [33]. Other potentially relevant observations
may be found in [34].

The model assumes that the component gases have equal energies,
and consequently different temperatures. It is perhaps worth
pointing out that one can in fact reproduce the supergravity entropy
with a model bases equal-temperatura gases, as long as one is
willing to pay the price of fixing the number of branes and antibranes
by hand, instead of choosing the value of N that maximizes the
entropy. In this new scenario one would also lose many of the other
successful predictions of the equal-energy model. It is therefore
satisfying that the results of the present paper appear to provide for
the first time a rationale for the equal-energy condition, in terms of
'stability' of the system with respect to Hawking emission.

The model assumes a specific form for the dynamics of the relevant
gases:theformulasemployedare those of strongly-coupled N = 4 SYM
(or equivalently, a near-extremalblack threebrane). Since the
relevant temperatures are much lower than the stringscale one



would naively expect a' corrections to be suppressed. But in fact,
whenone writes down, e.g., the Born-Infeld action, there are some
additional factors of N hidden in the non-abelian nature of the field
strength, which can be seen toimplythat the higher-derivative
corrections are controlled not by [but by the scale R=
(4mg;N)tl,, which is of course the throat radius of the corresponding
supergravity solution [29, 35, 36]. What is very peculiar about the
model is that, as can be seen by comparing (2.10) against (3.22), the
predicted gas temperatures are precisely of order 1/R, and so a priori
one would have expected the higher-derivative corrections to play an
important role®, in which case we would not be entitled to employ
the SYM/near- extremal formulas.

It is clear from this list that the status of the brane-antibrane model is still
open to debate. At the same time, the list certainly makes the body of
evidence that has by now accumulated in favor of the model seem all the
more remarkable.

The two most questionable assumptions are items 3 and 6. Notice that
these two points are in fact not unrelated: the higher-derivative corrections
of item 6 arise from massive open string modes, whose cummulative effect
in loops is equivalent to closed string exchange, and is therefore associated
with binding energy, this time of D3-D3 or D3-D3 type. A remarkable fact is
that, if one attempts to incorporate the effect of these expected higher-
derlvatlve corrections into the energy and entropy formulas by dimensional
analysis'®, then after the maximization procedure one concludes that the\é
modify the final entropy-mass relation only through a numerical factor!*
This might very well be, then, the origin of the ubiquitous factor of 2.
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