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ABSTRACT: We consider the well-known solution of the Heterotic Superstring effective
action to zeroth order in o that describes the intersection of a fundamental string with
momentum and a solitonic 5-brane and which gives a 3-charge, static, extremal, supersym-
metric black hole in 5 dimensions upon dimensional reduction on T°. We compute explicitly
the first-order in o' corrections to this solution, including SU(2) Yang-Mills fields which
can be used to cancel some of these corrections and we study the main properties of this
o/-corrected solution: supersymmetry, values of the near-horizon and asymptotic charges,
behavior under «’-corrected T-duality, value of the entropy (using Wald formula directly
in 10 dimensions), existence of small black holes etc. The value obtained for the entropy
agrees, within the limits of approximation, with that obtained by microscopic methods.
The o corrections coming from Wald’s formula prove crucial for this result.
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1 Introduction

Ever since Strominger and Vafa’s computation of the microscopic entropy of an extremal,
static, 3-charge black hole in 5 dimensions [1], showing perfect agreement at first order
with the macroscopic (Bekenstein-Hawking) entropy, there has been a keen interest in
going beyond this approximation both at the microscopic and macroscopic levels.

Going beyond the first approximation at the macroscopic level involves considering
corrections to the superstring field theory effective action and finding solutions of the
corresponding equations of motion valid to the required approximation level that describe
black holes. Then one needs to use an entropy formula such as Wald’s [2, 3] to take into
account the corrections to the action and not just the corrected geometry of the solution.

Independently of their origin (string or worldsheet loops) the corrections to the su-
perstring effective action are terms of higher order in the curvatures and take a very
complicated form, specially after compactification. Thus, no successful attempts to solving
the corrected equations of motion for black holes have been made so far and researchers



in this field have adopted different strategies to simplify the problem: either considering
only a number of tractable corrections (the Gauss-Bonnet term is one of them) which may
appear integrated in the structure (the prepotential) of an otherwise normal, quadratic,
N = 2,d = 4 supergravity (see, e.g. ref. [4] and references therein) or by dealing only
with the near-horizon solution through different approaches (see e.g. ref. [5] and refer-
ences therein).

In both cases it is argued that the most important corrections are being captured,
basically because the expected result is found, but a definite proof is not available. Deal-
ing with near-horizon geometries, for instance, leads to the problem of finding the total,
asymptotic charges of the black holes which occur in the mass formula and some of the
corrections to the entropy are attributed to the difference between near-horizon and total
charges which, actually, are not known. Furthermore, the calculation of the entropy is also
affected by the lack of knowledge of the complete action, even if the near-horizon geometry
is known (by hypothesis).

The fact that, in general, the microscopic entropies are reproduced by these methods
can only be regarded as circumstantial evidence of their validity. Only the explicit knowl-
edge of the complete (near-horizon to infinity) o’-corrected black hole solutions and the
subsequent calculation of the entropy using the full action can clarify the situation.

In this paper we carry out this program for the same 3-charge 5-dimensional black hole
considered by Strominger and Vafa in the context of the Heterotic Superstring effective
action, to first order in o/: we find the explicit o/ corrections to all the fields of the solution
and then we apply Wald’s formula to the complete action obtaining an unambiguous answer
that reproduces the microscopic result found in ref. [6]. As we will show, this is possible
because we carry out all the calculations directly in 10 dimensions and, for these black-hole
solutions all the o corrections are the Laplacian of a function which provides the correction
to the harmonic functions of the zeroth-order solution.

We have found it convenient to add a SU(2) instanton field to Strominger and Vafa’s
solution because, as we will see, it can be used at pleasure to make arbitrarily small or
cancel identically many of the o’ corrections. This cancellation takes place not just at the
level of the field strengths and curvatures, but also at the level of the Chern-Simons term
via a mechanism that we will explain in full detail in a coming publication [7].

Since the corrections associated to the gauge fields have the same form as those associ-
ated to the curvature of the torsionful spin connection, it also helps us to better understand
the latter and the nature of the so-called symmetric 5-brane, found in ref. [8] which is known
to be an exact solution of the Heterotic Superstring effective action to all orders in o’.

This paper is organized as follows: in section 2 we review the Heterotic Superstring
effective action, its fermionic supersymmetry transformations and its equations of motion
to O(a’). Since most of this work will be carried out in 10-dimensional language, this
section sets the basis and the conventions for the rest of the paper. In section 3 we propose
a 10-dimensional ansatz for the o'-corrected solution that reduces to the Strominger and
Vafa’s 3-charge black hole when o/ = 0, we show that it preserves 4 out of 16 supercherges
(section 3.1), plug it into the equations of motion of the previous section, and solve for the
undetermined functions. In section 4 we start the study of the o’-corrected solution by



computing the numbers of branes that source the solution and trying to understand their
relation with the total, asymptotic charges of the fields. In order to gain a better under-
standing of this point, in section 5 we explore the behavior under T-duality of this solution
using the a/-corrected Buscher T-duality rules proposed in ref. [9]. Both the solution and
the T-duality rules pass the test.! In section 6 we study the o/-corrected geometry of the
5-dimensional black hole that one obtains by compactification of the solution on a T°.
Finding the form of all the 5-dimensional fields is very complicated (it requires performing
the compactification of the corrected action), except for the metric and the dilaton, which
are the 5-dimensional fields that interest us the most. This allows us to find under which
conditions there is a regular horizon and compute the area of the horizon (the entropy of
the zeroth-order solution) and the mass of the solution. Then, in section 7 we compute
the corrections to the entropy using Wald’s formula in 10-dimensional form. We find two
possible corrections to first-order in o', one of which vanishes identically due to the very
special properties of the 10-dimensional near-horizon geometry [11]. The o/-corrected en-
tropy reproduces the expected result once the difference in conventions have been taken
into account. In section 8 we study the issue of the existence of small black holes with
classical vanishing area. Finally, in section 9 we study the limits under which the solution
can be considered a good first-order in o’ approximation to an exact solution of the full
Heterotic Superstring effective action. Section 10 contains our conclusions.

2 The Heterotic Superstring effective action to O(a’)

The Heterotic Superstring effective action to O(«’) can be written in the string frame in
the following concise form [12]:2
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Let us now review the definition of the different terms that appear in it. First of all, ¢ is

the dilaton field and the vacuum expected value of ¢? is the Heterotic Superstring coupling
constant gs. The 10-dimensional Newton constant Gg\lfo) is given in terms the string length
s (with o/ = ¢2) and g, by

S

Gg\l,o) = 8754248 . (2.2)

R is the Ricci scalar of the string-frame metric g, . T© is one of the three “I-tensors”
associated to o/ corrections and which are defined as

TW = 6o/ [FA ANFA+ R(_)ab A R(_)ba] ,
T(Q)HV = 20/ [FAWFAVP + R(—)upabR(—)Vpba} J (2.3)
7O = T(Z)“u.

'n ref. [10], essentially the same o/-corrected T-duality rules have been used to show the invariance of
the temperature and entropy of the BTZ black hole in a simplified model.

*We follow the conventions of ref. [13] for the spin connection and curvature and for the gamma matrices.
See also ref. [14].



In these definitions, R(_)% is one of the two Lorenz curvature 2-forms R(4)%, of the two
torsionful spin connection 1-forms 4%, that can be constructed by combining the Levi-
Civita spin connection w® 1-form with a torsion piece proportional to the Kalb-Ramond
field strength H. F4 is the SU(2) Yang-Mills field strength and H is the Kalb-Ramond
field strength 3-form. All these objects are defined by

1

Q(i)ab = wab + §H#abd.%'u,

Ry = d)" = Qe A Q)
FA = dAY + %eABCAB A AC

H = dB + 2d/ (wYM —|—wg1)> )

In the definition of H, w¥M and w%_) are, respectively, the Yang-Mills and Lorentz Chern-
Simons terms

wM = dAA A AN 4 %ABCAA ANAB A A, (2.8)
L a b 2 a b c
Wiy = A" A Qy’a = 300 "% A Ly e A a (2.9)

Then, the Bianchi identity of H is
dH — %T(‘l) =0. (2.10)

The above action contains an infinite number of implicit o/ corrections which arise due
to the recursive way in which H is defined: H depends on the Lorentz Chern-Simons form
of w(L_), which depends on _), which, in its turn, is defined in terms of H. At the order
at which we are working, it is enough to keep in the definitions of {2(1) only the terms of
zeroth order in o/, that is

1
Q(i)ab = w“b + QHﬁo)abdx“ s where H(O) =dB. (2.11)

Furthermore we will ignore all the o/ terms in the action.

The equations of motion that follow from this action are very complicated and, in order
to deal with them, we proceed as in section 3 of ref. [15]: we separate the variations with
respect to each field (gw,, B, ¢, Aﬁ) into those corresponding to the explicit occurrences
of the fields in the action (i.e. when they do not appear in £2(_y%;) and those corresponding
to implicit occurrences via (_)%:
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Written in this way, we can then make use of the lemma proven in section 3 of ref. [12]:
§5/682_y% is proportional to o’ and to the zeroth-order equations of motion of g,., By,
and ¢ plus terms of higher order in /. Thus, for any solution of the zeroth-order equations
which is exact or up to terms of order o/, these terms are, at least, of order a’? and can be
safely ignored for our purposes.

The variations with respect to the explicit occurrences of the fields are, after some

manipulations
Ry —2V,0,6 + %HupaH,/” -7?, =0, (2.13)
(0¢)? — %v% - %S!H2 + éT(O) =0, (2.14)
d (e—2¢ X H) ~0, (2.15)
a’62¢’©(+) <e*2¢ *FA> =0, (2.16)

where D4y is the exterior derivative covariant with respect to the SU(2) group and with
respect to the torsionful connection €24y, that is

e¥d <e—2¢’ X FA) + eABCAB AW FC L xH A FA =0, (2.17)

The three non-trivial zeroth-order equations can be obtained from these by setting o/ = 0.
This eliminates the Yang-Mills fields, the T-tensors and the Chern-Simons terms in H.

We are also going to need the supersymmetry transformation laws of the gravitino v,,,
dilatino A and gaugini x* for vanishing fermions, to find the unbroken supersymmetries of
the field configurations under study. These are given by

1
Sethy = V;(f)e = (au — 4(2(“#) €, (2.18)
1
66)\ - <@¢ - 12H> €, (219)
ooy = —io/FAe. (2.20)

In these expressions H includes the Chern-Simons terms, which provide the first o/ correc-
tions.

3 o corrections to the d = 10 Heterotic Superstring background

We are interested in the following 10-dimensional field configuration

2 1 oy
ds* = ——du (dv - 22+dU> = Zo(dp? + p*dQy)) — dy'dy’,  i=1,....4,
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where the functions Z _ g are assumed to be of the form

20:1+§20+a’fo(p), Zizl—l—czzi—i—a’fi(p), (3.2)

where, in their turn, f4 o are functions of p to be determined. Observe that all the functions
in this ansatz depend on the radial coordinate p of a R* space, which is adequate for
single, static, branes and black holes. The connections and curvatures for this ansatz are
computed in appendix A in a slightly more general form, using Cartesian coordinates ="
with 2™ma™ = p?.

When the undetermined functions fi _ o and the SU(2) gauge field are set to zero,
this field configuration is a well known 1/4 supersymmetric solution of the zeroth-order
equations of the Heterotic Superstring effective action [16, 17] describing an intersection
or superposition of

1. Solitonic (S) or Neveu-Schwarz (NS) 5-branes [8, 18],% lying in the directions u, v,
y',---,y% The R* space parametrized by the coordinates ™, m = 1,--- ,4 is their
transverse space and it is the common transverse space of the whole solution. They
are described by the function Zy and their charge is represented by Qg at this order.

2. A fundamental string (F1) lying in the directions u,v and smeared over the rest of
the S5-branes’ worldvolume directions ¢, i = 1,--- ,4. It is described by the function
Z_ and its charge (winding number) is represented by Q_ at this order.

3. A gravitational pp-wave (W) carrying momentum along the v direction (i.e. along the
F1). It is described by the function Z_ and its charge (momentum) is represented by
Q. at this order. The interchange between Q, and Q_ under T-duality at zeroth
order in o’ corresponds to the interchange between winding and momentum of the F1.

Upon dimensional reduction over a T?, this solution gives a static,extremal, 3-charge,
1/2 supersymmetric black hole in N' = 1,d = 5 supergravity, which is dual to the one
studied by Strominger and Vafa in ref. [1].*

In ref. [22] we considered the addition of the above SU(2) gauge field, which is nothing
but a BPST instanton, in the context of Heterotic Supergravity. Heterotic Supergravity
is just N = 1,d = 10 supergravity coupled to vector supermultiplets and can be obtained
from the Heterotic Superstring effective action in eq. (2.1) by eliminating all the terms
containing the torsionful spin connection €(_y. Thus, it only contains part of the o terms
of the Heterotic Superstring effective action. However, it is exactly invariant under super-
symmetry [12], which makes it easier to use supersymmetric solution-generating techniques
and, indeed, using these techniques in N' = 1,d = 5 gauged supergravity it was shown that
with fy given by

2 2
folo) = 5 2

_ 3.3
pQ + 52)2 ’ ( )

3We feel more inclined to use the name S5-branes.
“See also refs. [19-21].



and fi = f_ = 0 the above field configuration is an exact supersymmetric solution which,
upon dimensional reduction over a T? gives a static, extremal, 3-charge, 1/2 supersymmet-
ric black hole in N' = 1,d = 5 supergravity with non-Abelian hair [22-25].

To be more precise, fo(p) is defined up to an arbitrary harmonic function. In eq. (3.3)
the harmonic function has been chosen so as to make fy(p) regular at p = 0 while keeping
the normalization of Zj at infinity. We will always use the same convention to choose the
arbitrary harmonic functions that can be added to fo+ —(p). With this convention, the
only 1/p? pole in p — 0 limit of the a’-corrected Zj is the original term Qg/p? where Qg
is proportional to the number of S5-branes [8, 18].

Further shifts by harmonic functions can always be absorbed into a redefinition of Qg
Observe that, in the p — oo limit, the coefficient of the 1/ p2 term is not Qg but Qg + 8«’.
The difference is due to the contribution of the BPST instanton which sources a “gauge
5-brane” [26, 27] which in its turn increases to the total charge of the NS 6-form B dual
to the Kalb-Ramond 2-form B measured at infinity. In this case, the difference between
these two quantities, number of S5-branes and total 5-brane charge at infinity, has a simple
explanation in terms of a delocalized gauge 5-brane but, as we are going to see, other
o corrections lead to very similar differences between “near-horizon” and “asymptotic”
(total) charges which do not have a (known) similar, simple, interpretation.

The fact that the o/ corrections associated to the torsionful spin connection () have
the same structure as those associated to the gauge fields should not come as a surprise:
the theory treats the Yang-Mills and the torsionful spin connection on exactly the same
footing [28] and the curvature of the latter occurs as that of another non-Abelian gauge field
sourcing the Einstein equations. The main difference is that the torsionful spin connection
is not an independent field and, furthermore, its “kinetic term” occurs in the action with
the wrong sign.

Thus, on general grounds, one expects additional o/ corrections in fi _ o(p) similar to
eq. (3.3), with opposite sign and depending on Q, Q_, Qq instead of k. These corrections
cannot be assigned to something like a “gravitational 5-brane”, as far as we know, but
they are similarly delocalized and they will generically contribute to the total charges at
infinity. This may give rise to the problem of how to count the number of branes through
the computation of the charge.

Remarkably enough, when the instanton field is included together with the rest of first-
order o/ corrections, some of of these contributions to the total charge disappear completely
and the total charge at infinity has the same value as the “near-horizon” (p — 0) charge, as
it happens at zeroth order in o/. Actually, since, according to the previous discussion, the
structure of those corrections is the same as that of those associated to the Yang-Mills fields
we can cancel them against each other, eliminate completely the first-order o’ corrections
and (probably, we conjecture) all the higher order corrections. It is likely that the addition
of more general gauge fields can be used to solve this problem for all charges and also to,
eventually, cancel all the o/ corrections [29].

We will discuss this issue at length in section 4.

Right now our goal is to determine the functions fi _(p) so that the above field
configuration is a solution of the Heterotic Superstring effective action to first order in o’



(i.e. up to terms of O(a'?)). However, before doing it, we are going to show that these
field configurations preserve 1/4 of the supersymmetries for any value of the functions
Zi,Z_, 2y and for any Yang-Mills field strength which is self-dual in the 4-dimensional
space R* transverse to the S5-branes to first order in o.

3.1 Unbroken supersymmetries of the ansatz

Using the Zehnbein basis and results in appendix A for the torsionful spin connection 4,
the different components of the supersymmetry transformation rules egs. (2.18)—(2.20) take
the following form for our ansatz:

[ 1Z.0.2
(5Ew+ = 8+ + 41724_me+] €, (34)
L =
[ 10nlogZ_
Sep_ = |O_ + 4““)1g/2rmF+] €, (3.5)
L =
[ 10,log Z )
(5ewm = 8m + g%(MJm)nprnp(l - F)] €, (3'6)
L 0
dethi = Ose, (3.7)
1 -
b = —— T [am log Z_ T~ T+ — 9, log Zo(1 — r)] € (3.8)
2Z,
1 -
oA = — 7 o FA(1 —TD)e, (3.9)
82,
where T’ = I'2% g the chirality matrix in the R* space transverse to the S5-branes. All

these transformations vanish identically for constant spinors satisfying the constraints
Te = +e, I'e=0, (3.10)

which reduce the number of independent components to 1/4 of the 16.

3.2 Explicit computation of the o’ corrections

We just have to plug the supersymmetric configuration eq. (3.1) in the equations of mo-
tion (2.13)—(2.16) as well as in the Bianchi identity eq. (2.10) and try to solve them for
f+.—0(p). Our ansatz assumes implicitly that no more components of the metric are nec-
essary to this order and that its structure and symmetries will remain intact. Only the
functions associated to the different branes can receive corrections. These assumptions
based in our experience with the non-Abelian black hole of ref. [22] will prove correct, as
we are going to see.



The terms of order o/ in egs. (2.13)—(2.16) are proportional to the T-tensors defined
in eq. (2.3), which were computed for this ansatz in ref. [22]. They are explicitly given by®

4 2
T ~ o I:(FLQ :”_ G %p2)4] dpp® Asin0do A dV A dg, (3.11)
pe) 3229t [Q+ Q0 (2 +30%) + Q2 +3Q p” +3p] (3.12)
. (Qo+p2)" (- + )’ ’
~ 4
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T(Q)” = 0/51.].487[)5 2 _ (4> (3.13)
(Qo+ %) (K2 +p?)
< 192p*
T — _o K302 + 4k502 2
T (@t D o
—k" Q8 + 40307 +4Qop® + p®) + 4k2Q%p° + Q3p%] . (3.14)

Observe that, while all the scalar invariants that one can construct with these T-
tensors, and which occur in the action, depend on the parameters Qp and 2 only, the
component T(Q)uu, which occurs in the equations of motion, depends on Q,Q_ and Qp
but not on k2. T®),, vanishes identically at p = 0, where we expect the horizon to be,
and it also vanishes asymptotically at p — oo, but it is relevant at finite values of p. Thus,
arguments solely based on the behavior of the scalar invariants as functions of Qg and x>
miss completely this correction. Furthermore, this correction disappears if one considers
near-horizon geometries only.

Let us consider, first, the Yang-Mills fields. It can be seen that, given the structure
of the fields in our ansatz, independently of the actual values of the Z-functions, the
o/-corrected Yang-Mills equation eq. (2.16) is satisfied automatically provided that F4 is
self-dual in the 4-dimensional Euclidean space transverse to the S5-branes, that is, 4 F' A=
+F4, which is a property of our ansatz.

Next, we consider the Bianchi identity eq. (2.10) for the 3-form H in eq. (3.1). Sub-
stituting the ansatz the identity takes the form®

———— (P22 ) dpp® AsinfdO A dU A dp =
8p® dp (p dp> S i
24/ [ 9% ] dpp® Asinfdf A dV Adg +O(a?).  (3.15)
(K,2 + p2)4 (QO + p2)4

This leads to the following equation for fy

d ( sdfo) _ 3 k! B o
dp (P dp) =—192p [(F&2+,02)4 (Qo + p2)*| (3.16)

5P g computed explicitly in appendix A.
5We do not simplify the common factors in the left- and right-hand sides.



that can be integrated immediately, giving”

2 2 2
p~+ 2k p~+29 Co
b=ty " vap] Tt 10

Here ¢y and dy are integration constants corresponding to the arbitrary shift by a harmonic
function of Zj discussed at the beginning of this section. There we also convened to choose
co so that fg has no 1/p? poles in the p — 0 limit and dg so that fq vanishes asymptotically
to preserve the asymptotic normalization of the full metric. This has already been done in
the expression above, which is finite in the p — 0 limit and vanishes in the p — oo limit.
Therefore, co = dg =0

Observe that, if Qyp = 0, the second term in eq. (3.17) should not be there at all.
However, the above expression gives a spurious —1/p? pole when Qp = 0. Thus, we will
have to treat the cases Qg = 0 and Qpy # 0 independently. The same is also true for the
k = 0 case, since in this limit the instanton just gives an Abelian-like contribution that can
be interpreted as 8 S5-branes.® Then we may simply reabsorb these 8 additional S5-branes
into Q.

The first term in fy is just the one in eq. (3.3) and is associated to the FA A F4 term.
The second is associated to the Ry, A R(_)ba term and has exactly the same structure
because, as we said, {2_) behaves exactly as another gauge field. The presence of two
terms with the same structure but opposite signs ensures that the coefficient of the 1/p?
pole in the p — 0 limit is the same as the coefficient of the 1/p? term in the p — oo
limit: the contribution of the gauge 5-brane to the charge of B is cancelled by another
contribution which cannot be assigned to any known brane. Typically, the latter is the
only o/ correction considered in the literature in the context of black holes, where uysually
non-Abelian fields are not introduced.

The presence of two corrections with the same functional form but opposite signs
not only suppresses the difference between “near-horizon” and asymptotic, total charge
of B: setting k% = Qq the whole first-order o/ correction vanishes identically. With this
identification between the instanton size parameter and the S5-brane charge, the component
of the full solution described by Zj is nothing but the so-called symmetric 5-brane, found in
ref. [8], which is known to be an exact solution of the Heterotic Superstring effective action
to all orders in /. Finding the symmetric 5-brane solution in this form sheds new light on
its origin and meaning. Of course, the complete solution has additional fields which give
rise to some o corrections of their own even if k? = Qp, via T(z)uu.

Finally, notice that if Qp > 2 the second term is irrelevant compared to the first one,
except in the asymptotic limit p — oo, where both are comparable. In ref. [22] this fact
was used to argue that the solution of Heterotic Supergravity that includes the instanton
suffered only small o corrections to first order. In section 9 we will study the issue of o/
and other corrections from a more general point of view.

"This result is obtained in appendix A.1 in a more transparent way. The integrability of this equation
is due to a set of very interesting properties of this class of ansatzs that will be explored in more generality
in ref. [7].

8The Yang-Mills field becomes pure gauge in this limit except at p = 0.

~10 -



Next, let us consider the equation of motion of B, eq. (2.15). It yields the following

d [ 5df-\ _
#%) - o

equation for f_

which means that f_(p) is just a harmonic function, which we absorb into a redefinition
of @_ according to our general prescription. Therefore Z_ does not receive any first-order
o’ corrections.

Now we can turn our attention to the Einstein equations eq. (2.13). We have checked
that with the present configuration all of them are satisfied up to O(a’?) except for the uu
one, which gives the following equation for f:

1d < 3df+> _ 128040 (QF + Q2 +3Q0p* +3Q-p* +3p* + QQ-) (3.19)
pPdp \" dp (Qo+p?)3(Q- +p?)? -
where the right-hand side is proportional to 7®,,. This equation is solved by
16Q,.9_
f+(p) = - ((;g )’ (320)
P82, 22

up to an arbitrary harmonic function ¢, /p? to be chosen according to our prescription.
In the p — 0 limit the above fi(p) diverges as —16Q,Qy"/p? if Qy # 0. Then, we
choose ¢y = +16Q 9y L and we are left with

1694 (p*+ Q0+ Q)
) = gt o010

(3.21)

which has the same structure as fy(p) without the corrections associated to the instanton.”
Thus, since in this case there is no contribution to the gauge fields that could cancel this
o/ correction, the “near-horizon” charge and the total, asymptotic charge associated to Z
(total momentum) are different and we are faced with the problem of deciding which of
them represents the momentum of the string. We will discuss this issue in section 4.

If Qo = 0, fy ~ 1/p* when p — 0 and there is no need to shift it by a harmonic
function.

Finally, one can check that the dilaton equation is satisfied up to O(a'?) terms.

Summarizing the results of this section, we have constructed a solution of the Heterotic
String effective action to first order in o/ of the form given in eq. (3.1) with the Z functions
given, for Qg # 0 by
PP 4262 p? 4209
(> + 522 (p?+ Q)?
z =294 00?, (3.23)

Q. (p*+ Qo+ 9-)

Qo(p? + Qo)(p* + Q-)

9Up to a factor of 2 it is identical to it if we set Q_ = Q.

2y = 2" 4 8/ +0(a?), (3.22)

z, =29 4 160/ +0O(a?), (3.24)
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and for Qg = 0 by

2 2
P~ + 2K
ZO = 1 + SO/m + 0(06/2) 5 (325)
z_ =291 0?, (3.26)
0.0

2z, =2 — 160’ +0(a?), (3.27)

pt(p* +Q-)
where Zéo), ZE_LO ) are the pieces of the functions Zéo), Zj(co ) of zeroth order in o , namely the

Q0,+,—
P

We would like to stress at this point that the O(a’?) terms that we have ignored in

harmonic functions in E*

20 =1+ (3.28)

the equations of motion derived from the action eq. (2.1) are proportional to products of
the Chern-Simons 3-forms that occur in in H. We will discuss in detail in section 9 when
it is justified to disregard these terms as well as the rest of the terms of higher-order in
o/ and in the string coupling constant that enter in the Heterotic Superstring Effective
action so, rather than just a solution to the first-order equations of motion of the Heterotic
Superstring Effective action, we can consider that this is a first-order solution of the full
effective action with second-order corrections in o' and one- and higher-loop corrections
which are negligible when compared with the above solution.

Let us close this section by commenting the relation of these solutions to the ones
described in [30], which were also argued to be exact solutions at first order in o’. Those
can be obtained from egs. (3.22) by removing the 1’s from the harmonic functions Z(()f:)_’_,
but this has the effect of removing as well all the o’ corrections except the one due to
the SU(2) instanton. The reason is that at zeroth order in o such solutions are just
AdS3 x S3 x T4, for which R(_) vanishes identically [11] — see also section 7. Hence, only
corrections coming from the Yang-Mills fields appear in that case.

4 The a’-corrected charges

Before doing any explicit calculation, it is good to have a more qualitative discussion on
the meaning of the charges that we are going to calculate.

As we have discussed in the previous section, the o’ corrections introduce delocalized
terms in the the fields which, generically, give contributions to the total charges of the
fields computed at spatial infinity. The term in Z; associated to the presence of the
BPST instanton (let us ignore the second one due to the curvature of the torsionful spin
connection) contributes to the total charge at infinity of the NS 6-form B dual to the
Kalb-Ramond 2-form B and its contribution, which can be explained in terms of a gauge
5-brane [26, 27] is equivalent to that of 8 S5-branes:

p—r00

20"+ (Qo+8) /P - (4.1)

If we are interested in finding how many S5-branes there are in the background this contri-
bution to the total charge must be taken into account and we could say that Qg = Ngza’'.
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Alternatively, one can look at the “near-horizon” charge which will be determined by the
coefficient of the 1/p? pole in the p — 0 limit. By convention, this is always the coefficient
in Z(O), Qo:
0
20"~ Qo/p? + (4.2)

Now, let us take into account the second term in fy associated to the R(_y A R(_) term.
This term contributes to the total charge at infinity as -8 S5-branes:

Zo "1+ (Qo + 8/ —8d)/p? + - - (4.3)

and, therefore, the total charge and the “near-horizon charge” which is always given by
eq. (4.2) are both equal to Qg in this case. We do not know of any delocalized extended
object to which this negative contribution to the charge can be attributed to but the net
effect is that we do not need to worry about the different contributions to this charge.

Now we can try to use more rigorous definitions (which, of course, will give the same
result).

In order to compute 5-brane charge we need to use NS 6-form B dual to the Kalb-
Ramond 2-form B. The equation of motion of the latter can be written in the form

d (e*% « H + O(a')) =0, (4.4)

where, according to the discussion in section 2 the +O(a) terms are related to the zeroth-
order equations of motion. Locally, the equation of motion is solved by

e ¥xH+0W)=dB, = H=¢*«H, with H=dB+ O(d). (4.5)

The 6-form equation of motion can be obtained from the Bianchi identity of H eq. (2.10)

d(62(ZS * ij) —2a/ (FA AFA 4 R(_)ab A\ R(_)ba> =0, (4.6)
and, if we couple the system to Ngs solitonic 5-branes lying in the directions %(u—i—v),
yt, -,y it takes the form!

d(*62¢f{) —2d/ (FA A FA + R(_)ab A\ R(_)ba> = 47(’2()/N55 *(4) 5(4)(p) . (4.8)

This identity means that the expression in the left-hand side is sensitive to the 1/p? poles in
the p — 0 limit and, therefore, the “near-horizon charge” Qg essentially counts the number
of Sh-branes in the background, as we explained before. This can be checked explicitly

"Here we have used the normalization of the Heterotic Superstring effective action in eq. (2.1), the nor-
malization of the Wess-Zumino term of the S5-branes Ng57Ts5 gf f (;3*3 and the values of the 10-dimensional
Newton constant eq. (2.2) and the S5-brane tension in terms of the string length ¢2 = o’ and the string
coupling constant gs, which are given by

1
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by using the form eq. (A.27) for the Bianchi identity in the above expression, and the
conclusion is that!!

Qo = Ngs . (4.9)

If, instead of the number of S5-branes, we wanted to calculate the total 5-brane charge
at infinity, we should move the o/ terms to the right-hand side

d(*€2¢ﬁ) = 47T20/NS5 *(4) 5(4) (p) —2d/ (FA AFA + R(_)ab VAN R(_)ba) , (4.10)

and integrate over the 4-dimensional transverse space to the 5-branes. The total charge
would be (Ng5 + 8Ngs — 8Nys)a’ where Ngs is the number of gauge 5-branes and is equal
to the instanton number of the gauge field and Nys is the number of “unknown 5-branes”
associated to the torsionful spin connection {2(_y and is equal to its instanton number too.
In our solution Nys = 1, and, is we include the SU(2) instanton, Ngs = 1. Then, the total
5-brane charge is, again, given by eq. (4.9).

Finally, observe that, in the end, the o’ terms in the Bianchi identity are simply those
in eq. (3.15) and, as discussed above, only the 1/p? poles in fo give contributions to the
d-function.

Let us now move to the fundamental string charge (winding number), described by Z_
which is not affected by o corrections. Repeating the discussion at the beginning of this
section we would conclude that the “near-horizon charge” and the total charge at infinity
should both be equal to @_ which, in its turn, should be proportional to the winding
number.

In fact, following ref. [22] if we have Np; fundamental strings lying in the direction
(u —v) we have
g

(10)/ d (*6_2¢H + (9(0/)) , where Tr =
167Gy 7 Jve

Tr Npy = (4.11)

1
2ra’’
where O(a/) are terms associated to the zeroth-order equations of motion, as we have
discussed, and where V¥ is the space transverse to worldsheet parametrized by « and v,
whose boundary is the product T x S2.. The O(’) terms do not contribute to this
integral for the same reason they do not introduce o/-corrections in Z_, which remains a
harmonic function whose pole is the sole contribution to the above integral (see eq. (3.18)).
Therefore, using Stokes’ theorem and the value of volume of the T4, (27fg)*, we get again

Q. = g’Np . (4.12)

Following the same reasoning, the strings’ momentum can be found by just looking
at the coefficient of the 1/p? pole in Z, which we have denoted, according to the general

convention, by Q. :
24
gsls
Q. = R2 Ny . (4.13)

1YWhen k = 0 there is an additional contribution to the pole equivalent to 8 S5-branes that, as we said
before, we will simply absorb into a redefinition of Qg so the above identification will always hold.
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However, in this case, the total momentum at infinity is different because there is a
first-order in o/ delocalized contribution in fi (p) which is not cancelled by the Yang-Mills
field’s contribution:

Z P14 04 (14+1607/Q0) Jp* + -+ (4.14)

If Qg is small, the difference between the string’s momentum, which we have argued
should be measure in the near-horizon limit, and the total, asymptotic momentum, which
is assumed to be the momentum of the string in some of the literature, can be large and
with important physical consequences, as we are going to see in section 8.

5 «a'-corrected T-duality

In ref. [22] we arrived to the relation between Q. and Nw eq. (4.13) via a T-duality
transformation of the solution, which is commonly understood to interchange momentum
and winding of a fundamental string wrapped on a circle. We can call

NE‘IZNW7 N\,N:NFla (51)

the “microscopic T-duality rules”. However, these microscopic T-duality rules come form
the study of the Heterotic String spectrum on M'® x S1, in absence of any other background
field, but the system under consideration contains a non-perturbative S5-brane wrapped
around the T-duality direction and it is conceivable that the string spectrum and the
microscopic T-duality rules eq. (5.1), which should be supplemented by

g = gsls/ Ry, R, =0/R,, (5.2)

suffer o/ corrections.
In order to clarify this point we are going to perform a T-duality transformation of the
solution in the direction of propagation of the wave x = % (u — v) using the o/-corrected

2
Buscher T-duality rules of ref. [9] (for u,v # x):
Gpw = G + [QHGQMGQV - QGﬁGg(MgV)g] /Gix,
B;/w = BIW - GQ[MGV@/GQ7
9/@ = _ggu/Gﬁ"‘gﬁG@u/G?ﬂa Blgu = —Buyu/Goe — Gap/Gaa (5.3)
Jpa = 9oa/Gra s e = e 2|Gal
A’f = —AQ/Gﬂ7 A;f‘ = Aﬁ‘ — AQGM/GH,
where G, is defined by
Giav = G = By — 20/ { A1 A%, + 9,0 )0} - (5.4)

Notice that these o’-corrected T-duality transformations are only well-defined if G, #
0. This corresponds to the first-order deformation of the non-vanishing radii condition
at zeroth-order, which is gz, # 0. This issue becomes relevant for the exotic solutions
presented in section 8, for which it is not possible to apply the transformation.
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We only need the components Gyz, Gz, G- Taking into account that, in terms of
the coordinates t,z,z™,y’, the metric and the Kalb-Ramond 2-form (given in eq. (A.29))
take the form!'?

2-Z 2+ Z Z o
ds? = ¢ = +) g2 _ ; +) g — 2Z—+dtdax — Zyda™da™ — dy'dy’,  (5.5)
2 1
B = —Zdt/\d:n—i— ZQO cosOdp A dip , (5.6)

that Aﬁ =0 and

a b a b a b -1 -2
Q(_)£ bQ(—)g a = Q(—)t bQ(—)g a = Q(_)Q bQ(—)t a = 220 Z- amZJr@mZ,

1 160,09
=5z <f+(/)) - p;) ) (5.7)
the only non-vanishing components of G, we are interested in are given by
_ 1694
Gmx:_z_l 24+ Z —a/( _ >:|
zz [( +) f+(p) Oop?
- 169,
= -z 2420 + } : 5.8
[ * Qop? (58)
2—Z
Gy = (z+) — 24/ 251 2720, 2, 0m 2
_ 16Q
=z 2- (204 *)] 5.9
- [ ( - Qop? (5.9)
Gmt = sza (510)

where f is the function given in eq. (3.21) and ZJ(FO)

o/ defined in eq. (3.28).
Observe that ZJ(FO) always occurs in the combination

is the piece of Z, of zeroth order in
A 0 Q ~
© :1+p—;, Q=04 (1+16d//Q) , (5.11)

where, in view of eq. (4.14) Qy is the total, asymptotic, momentum.
Applying straightforwardly the above T-duality rules gives the following solution

2 1 o
ds? = ————di |dbo — =(Z_ + o/ f)du| — Zodz™dz™ — dy'dy" ,
2+ 2 2
1 1
B = 7A(O)da A dv + ZQO COSQCZ@ VAN d’l?b s
L (2A+ Z.7) (5.12)
AA = AA
5(0)
020 — o200 2+2)

Zy ’

120bserve that here it is not possible to shift away the harmonic —w%7+g_ pole. Its presence here is the

root of the microscopic T-duality rules that we are going to obtain.
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where

160,Q_

fLlp) =- SONE (5.13)
P22+ 20)
and where we have defined the light-cone coordinates
V=2t w=a. (5.14)
Observe that, at this order in o/, we can replace Q4 by O, in f’:
160,90
f/—(p) = - (0) + ~(0)y ’ (515)
PPZy 2+ 27)
and, then, rewrite the combination
_(1—16a/ _(3p? »
Zo4af =142 (1= 160'/Q0) | 4o L=(30"+ Qo +39+) +0?),  (5.16)

p? (P2 + Qo) (3p% + Q1)

or

. ) .
60/97(3/) + Qo +394) N

Z 4+df =2 +1 . O(a'?), 5.17
(P + Qo)(3p* + Q1) () (5:17)

where we have defined
Z =1+ %2‘, 0 =09 (1-16a'/Qp). (5.18)

Thus, the T-dual configuration, including the first-order o/-corrections, can be obtained
by replacing everywhere in the original solution

20 _ o 200 (5.19)
z0r— 20 '

Since the constant part of the function Z, in the original configuration can be shifted
via coordinate transformations v — au for any constant a,'® we conclude that the net effect
of the T-duality transformation at the level of near-horizon charges is

Q =0, =0,(1+160'/Qy),

R 5.20
=0 =0 (1-16a//Q). (5.20)

At first sight, these transformation rules are inconsistent with the relations between the
charges Q4 _ and the winding and momentum numbers Np;, Nw in egs. (4.12) and (4.13)
and the microscopic T-duality rules egs. (5.1) and (5.2), but there are some encouraging
signs. For instance, this transformation is an involution to O(a'?) as long as 16a’/Qy < 1:

Qf = QL (1£160//Q) = Qg1 — (160//Q0)*] ~ Qz + O(a?). (5.21)

131t can also be eliminated by T-dualizing in a slightly different direction [7].
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Then, using eqs. (4.12) and (4.13), the transformations eqgs. (5.20) and the T-duality
transformation of the moduli eq. (5.2), which is still valid in the o/-corrected context,'* we
arrive at the following microscopic T-duality transformations that replace eq. (5.1) in this
context:

Npy = Nw(1+16/Ngs) , N{y = Nr1(1 —16/Nss), (5.22)

and which are involutive to second order in 1/Ngs if Ng5 > 16.

The correctness of these rules cannot be showed using the effective field theory methods
used in this paper. It should be mentioned that, had we adopted the point of view that
the asymptotic O, = g2¢*Ny /R2, the rules eq. (5.1) would still hold. However, since
9, = Q+(1 — 16a//Qy), it can become negative for small values of Ngs, giving rise to
5-dimensional black holes with regular horizon and negative or vanishing mass. These
pathological solutions disappear if Ng5 > 1 because the first-order o/ corrections become
very small. We will discuss in section 9 if it is necessary to impose this condition or not.

6 o’ corrections to the 5-dimensional non-Abelian black hole solution

When we compactify the Heterotic Superstring Effective action to first order in o/ on a
T3 we get a very complicated action with higher-order terms in curvatures which is very
difficult to work with. The definitions of some gauge fields are also affected by the presence
of the Chern-Simons term of the torsionful spin connection 2(_). However, we can just focus
on the metric and the two scalar fields of the 5-dimensional solution ( the 5-dimensional
dilaton field ¢ and the Kaluza-Klein scalar of the 6 — 5 compactification, k), which are
obtained from the 10-dimensional one exactly as in absence of o/ corrections and take the
form [22]

ds? = f2dt® — f~1(dp® + p?dQy)

2o

e = 624’“’2 , (6.1)

k= koo(fZ+)3/4,

where ¢, and ko, are the asymptotic values of ¢ and k, the metric function f is given by
f3=202,2_, (6.2)

and the Z functions take the form given in egs. (3.22) and (3.25).

Observe that the o/ corrections of Z; cancel identically in the p — oo limit, unless
Qp = 0, in which case only the term associated to the Yang-Mills field contributes. The
value of its contribution in that limit is independent of the value of k but, according to
the previous discussions, when x = 0 this contribution must be understood as that of 8
S5-branes and we will simply absorb them into Qy = 0.

Taking these considerations and conventions into account, and expressing all the 5-
dimensional constants in terms of the 10-dimensional ones using egs. (2.2), (4.9), (4.12)

“They follow from egs. (5.3) by restoring the radius of the x direction so that g ~ (R /£s)? at infinity.
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and (4.13) the mass of this family of black-hole solutions is given by
_T

5
e
R, R, N 1 N N ;
20 Nt R w(l+16/Nss), for Qy#0, (6.3)
M= —[8a/+Q +Q]

4Gy

R, R,
2e e

M = [Qo + Q4 (1+160//Q) + Q]

Nss +

1
N1+ —Nw for Qy=0. (6.4)

=38 2 R.

The mass depends on the total, asymptotic charges and, therefore, written in terms
of the numbers of branes (“near-horizon charges”), contains additional terms from the
delocalized fields.

The area of the horizon, which will give the leading contribution to the entropy, as we
will see in section 7, is given by

Ay = 212/000,90_, for Qy#0, (6.5)
AH:271'2\/—160/Q+Q,, for Qy=0.

In the Qg = 0 case one of the two non-vanishing charges has to be negative for the
horizon to exist at all. If Q_ < 0 then Z_ will vanish at p? = |Q_|. If Q_ < 0 the
vanishing of Z, depends on the values of @ and Q_ and we will explores the different
possibilities in section 8 even though the near-horizon geometry is singular in d = 10.

In the next section we consider other possible contributions to the entropy.

7 BH entropy

In order to find the entropy, we would need to compactify the action down to 5 dimensions
and use there Wald’s entropy formula [2, 3]

L)
S = —271'/ d3z\/|h ( €ab€ed s 7.1
H A ORapeq " ! (7.1)

where h is determinant of the 3-dimensional metric induced on the horizon ds%{, €qp 18 the
binormal to the bifurcation surface, normalized as e e = —2, L5 is the 5-dimensional
Lagrangian and Ryp.q is the 5-dimensional Riemann tensor.'?

This formula is valid for diff-invariant theories. The 10-dimensional action eq. (2.1) is,
by construction, exactly diff-invariant to first order in o/, and so would be the 5-dimensional
theory that follows from the direct compactification to 5 dimensions. Therefore, Wald’s
formula can be applied to it and no terms such as those considered in ref. [31] need to

be added.

15 A1l the indices in this expression run from 0 to 4. 10-dimensional indices will be distinguished with
hats in this section.
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Compactifying the o’-corrected action is a very involved calculation that, quite under-
standably, we would like to avoid carrying out. Thus, we try a different strategy, directly
applying this formula to the 10-dimensional action.

First of all, we have to identify the part of the 10-dimensional Riemann curvature that
corresponds to the 5-dimensional one. The decomposition of the 10-dimensional metric in
5-dimensional variables is given by [22]

45 = 070 | (k ko) 22ds® — WA2] — dy'dy’ (7.2)
where A is the 1-form
jL/3
A=dz+ 2= (A' + A?), (7.3)

V12

and A', A? are certain 5-dimensional vector fields.
If we decompose the 10-dimensional flat and curved indices as, respectively, a = a, 2,1
and fi = p, 2,1, the, Fiinfbein e, is related to the components €, of the Zehnbein édﬂ by

&%, = e0=9)/2(f /g )30, (7.4)

so the 5-dimensional Riemann curvature Rgp.q is related to the Rabcd components of the
10-dimensional Riemann curvature R;.; by

Rapea = €979 (k /kioo)*/* Rapea + - - - - (7.5)
Furthermore, the 10-dimensional Riemann curvature enters the curvature tensor of the
torsionful spin connection R(_) abeg 10 this way
A N A N 1 - N B
Ry abed = aped — ViaHzjoq + 5 HialeeHpgya > (7.6)
SO
R yapea = € 7% (k/koo)*’® Rapea + . . . - (7.7)

Taking into account these relations, Wald’s entropy formula eq. (7.1) can be rewritten
in terms of the 10-dimensional Lagrangian and the 10-dimensional Riemann tensor for the

family of metrics under consideration as'®
/0§ oL
S =—2r / M9 o) g g y23 000 (7.9)
HxS!xT4 \/7 ORuped

where |g| is the absolute value of the full 10-dimensional metric and we we are integrating
over the co-dimension 2 surface H x S' x T4, and where the binormal e, is intrinsically

16The reason why the metric function appears explicitly is because it is the optimal way of taking into
account the rescalings the action goes through in the dimensional reduction. We can write, for these metrics,

VIRILE) = \/7?5@) = \/7? L10) (7.8)

because the Lagrangian density is the same in any dimension.
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5-dimensional. In the Vielbein basis, though, €, has the same components both in the
5-dimensional and in the 10-dimensional basis.

Let us apply this formula to the different pieces of the 10-dimensional action that
contain the 10-dimensional Riemann tensor, manifestly, or via ]:2(_).

Applied to the Riemann-Hilbert term, we have

86(10) B 1

- _ e_Q(QAS—(jA)OO)ﬁaC,f/bd’ (710)
ORapea 167G\
VIBL Ly 486600 (/)25 (o £ sin (7.11)

JI 8

where, evidently 7% = 1%. Then, taking the p — 0 limit, substituting in the formula
and integrating over the 5 compact dimensions whose coordinates take values in [0, 27/5),
and over the 3-sphere, and using ko, = R./ls, we get the zeroth-order contribution to the
entropy
g0 _ A
1G9

where Ay is the area of the horizon, computed in eq. (6.5) and where the 5-dimensional

(7.12)

Newton constant is /3
1 21l ) (2T R,
= = (2m )(l(o)ﬁR ). (7.13)
Gy Gy

Using the result eq. (6.5) and the relations between the 5- and 10-dimensional con-

stants, this zeroth-order contribution is, in terms of the brane numbers

SO = 927\/Ngs Npi Ny (7.14)

which is the classical, zeroth-order in o' result.

There are two terms that contribute to Wald’s formula at first order in o’ through
the occurrence of }?(_): the kinetic term of the Kalb-Ramond field, whose field strength
contains R(_) in the Lorentz-Chern-Simons term, and in the 73 tensor. Let us start with
the latter.

The contribution of the 7 tensor term of the action to Wald’s formula is clearly
proportional to R(_). However, when evaluated on AdSs x S3 x T4, R(_) vanishes identi-
cally [11]. It is easy to prove this fact explicitly: the Riemann tensor takes the form

~ 2 .. 2 . .
Riped = <L29&[égd”]ga Lﬂa[eQ,ﬂgﬁ) ) (7.15)

in a more or less obvious notation in which each factor corresponds, respectively, to AdSs,
S3 and T4, and L is the common radius of AdS3 and of the sphere. Only the indices
corresponding to those subspaces are active in each factor, but we will not introduce new
indices to keep the notation as simple as possible.

On the other hand, the 3-form field strength can be put in the form

.2
H = 2 (=dll; + dVs) | (7.16)
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where dII3 is the volume form of the AdSs3 factor (with unit radius) and dV3 the volume
form of S3 (of unit radius too). Then, His covariantly constant, VH =0, and we can see
that, in the same notation,

~ ~

A 4 . 4
HigeeHg " = <+L29&[égd]év —Bga[agcz]g,0> : (7.17)

which implies, according to the definition eq. (7.6) R(—)ai)éd = 0. Since AdS3 x S% x T4 is
the near-horizon of extremal black holes as the ones we are considering, we conclude that
for these extremal black holes the 7(®)-tensor term in the action does not contribute to
Wald’s entropy formula.

Then, the only possible first-order contribution comes from

~ —2(¢p—¢oo) |
s — —27r/d8:8V|‘q| e*(¢*¢oo)(k/koo)2/3 ? L e m H? Y} eapca
\/7 ORuped 23! 167TG§V )

= 1 /d%\/@e3(¢¢oo)(k/koo)2/3ﬁéfg 8Héfg

— — ——€ab€ed
48G%0) \/7 a-Rabcd o
o / 8A\/’§‘ —3(¢p— 2 abd A
= BBV e7307900) (| [ koo )P H®I ) - “epeeq (7.18)
e vai ()d
The binormal has the following components:!'” €op = 1, where et = f‘l/ 2dp and,
therefore,
, -
1y _ _« 8- V19l _3(6—u) 2/3 710895y O
S 2G§\1,O)/d x—\/jc e (k/koo)" /2 H 8 _y 4" . (7.19)

In appendix A we have computed explicitly the components of H (eq. (A.6)) using the
Zehnbein basis eq. (A.2), but this is not the basis related by a simple rescaling to the
Fiinfbein basis in which €p; = 1. The relation is

1 1
50 — — zZ. Z A+ -
ol — .\ /z,. Z ¢t — e~ .
27;/?6 me , (7.20)
et = Lém’
p
and leads to
0 _ l5g_\/z+7ﬁg+mf +5é+$ﬂﬁ*m+, (7.21)
2 1% \/Z+Z_ P
A 1 ., 1 ™ A
Q% =0 (V22 Q) T "0y, 7.22
(-)8 g<2\/+ PR R Y- s e LR ) (7.22)
0 op 2" " (1A I &
H ﬁgQ( ) f— —7H+_m? <2Q(—)+—n+ z. z Q(—)-i--i—n)
1
= 5z 0nlog Z- (Oplog Z2_ + 0plog Z) . (7.23)

7The global sign is irrelevant, as it appears twice in the formula.
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Observe that, in the near-horizon ( p — 0) limit, 0,log Z_ (0,log Z_ + d,log Z) ~
1/p?%, and the above term will only be finite if, in the same limit, Zy ~ 1/p?, i.e. if Qg # 0.
Nevertheless, what really matters is the p — 0 limit of the product of this term with
(pSf~3)1/2, and this limit is finite if the separate limits of the two factors are finite (this
is what happens when all the charges are finite) or when Qp = Q4 = 0, a case in which
there is no classical horizon. For small black holes, this contribution will be divergent.

Then, plugging this result into the above expression for S() and evaluating it for
Qp # 0, we get
8a’

0
and, to first order in o/, and for Qg # 0 the entropy is given by

S = 2w/ Ng5 Np1 Nw (1 + 8/]\785)
~ 2m+/(Nss + 16)Np1 Nw, for Ns; > 16.

s = 422 g0) (7.24)

(7.25)

8 Small black holes

Another potentially interesting feature of these o/-corrected solutions which has been ob-
served in the literature before,'® is the emergence of regular horizons in certain configura-
tions with only two non-vanishing charges which, in our case, must be Q4 and Q_. For
Qo = 0, the area of the horizon is given by the second equation in (6.5), which we rewrite
here for the sake of convenience:

Ap = 21%/—160/Q1 Q. (8.1)

This expression can be real and finite, and Z_ > 0Vp, if @y < 0 and Q_ > 0. Now we
have to study if there are values of these constants for which Z,(p) > 0 V p, making the
5-dimensional metric completely regular. This function can be written in the form

160/ Q_
z+—1—|%2+| 1—/)2(/)2+QQ_) + 0(a?). (8.2)
It is not difficult to see that there are values of Q, < and Q_ > 0 for which the
regularity condition is satisfied. The orange-shaded region in figure 1 corresponds to the
values of @, Q_ for which the black holes have a regular horizon due to the o/ corrections.
The blue-shaded area corresponds to the small black holes with [Q1| > Q_, which have
negative or vanishing mass.
For Q_ > < it is possible to see that the condition on the other charge is 0 > Q4 >
—64a’. Thus, the small black holes are confined to the region of small Q.

9 Range of validity of the solution

So far we have studied the solutions ignoring whether they are really good solutions of the
complete Heterotic Superstring effective action to first order in o’ and to zeroth order in
the string coupling constant, everywhere.

18Gee, e.g. refs. [32, 33], the review ref. [4] and references therein.
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Figure 1. Location in Q,-Q_ charge space of the small black holes (Qy = 0) whose horizon area
is rendered finite due to the o’ corrections in their geometry. .

Let us start with the possible loop corrections. These will be small if

e =eP>\/2,/Z_, (9.1)

whose vacuum expectation value gives the string coupling constant, is small. For Qg # 0,
it is easy to see that, at spatial infinity, this requires

e¥> =g, < 1, (9.2)
while at the horizon (and also at intermediate values of p) this requires
Q< Qo, or Npp> Ngs. (93)

For Qg = 0, the dilaton vanishes at p = 0 and there is no need to impose any more
conditions.

Another important condition that the solution must satisfy is that the radius of com-
pactification of the 6th dimension, measured in ¢4 units by | gzzll/ 2 in the 10-dimensional
string frame

|gzz|1/2 _ k‘eé((b_(%o) — koo ’ , (94)

is much larger than the self-dual'® radius ~ ¢, at which new massless modes appear in

the string spectrum that invalidate the effective action we have used because they have not

’1/2

been taken into account in it. At infinity, this condition, |g.. > 1, translates into

kso>1, = R.>/,. (9.5)

19Self-dual under T-duality.
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If Qp =0, ]gzzll/ 2 diverges in the p — 0 limit and, again, no conditions must be imposed
on the remaining charges. If Qg # 0, we find the following condition

9. 2Q-, = Nw> Npr. (9.6)
All these conditions can be summarized into
Nw > Np1 > Ngs . (9.7)

For the case Qp = 0 the only conditions that need to be satisfied are those affecting
the moduli, namely gs; < 1, koo > 1. These solutions, however, have many other problems:
their metrics are singular at p = 0 in d = 10, to start with and the reason why they are
regular in d = 5 is that the compactification radius is also singular there.

Finally, we must find if and when the solution of the first-order in o/ equations that we
have obtained can be considered a first-order in o/ approximation to a solution of the full
Heterotic Superstring effective action. Clearly, this happens if and when the higher-order
corrections to the Z-functions are very small, compared with the first-order solution.

It is not easy to assess the relevance of higher-order corrections without actually com-
puting them, which becomes increasingly difficult. Since the higher-order corrections of the
action and equations of motion are expected to contain powers of the first-order corrections,
many of them codified in the so-called “T-tensors” and in the Chern-Simons terms present
in H, it is reasonable to expect that the higher-order corrections will be smaller than the
first-order corrections if the first-order corrections are small enough. Since the first-order
corrections are proportional to the T-tensors and to the Chern-Simons terms, they will
be small if the later are also small. Actually, a necessary criterion for a supersymmetric
solution to be exact to all orders in o’ is the vanishing of T-tensors and the Chern-Simons
terms [15].

The origin of the T-tensors is the need to supersymmetrize the Yang-Mills and Lorentz
Chern-Simons terms. There may be other terms in the action with a different origin such
as the well-known ((3)R* term, but very little is known about them. When Qg # 0, it is
usually argued that these terms as well as other invariants occur in the action as inverse
powers of Ngs, once the factors of o have been taken into account. The consequence is
that Qg is usually taken to be large so Ngs is very large.

However, we would like to stress that it is not enough to study the scalar invariants
constructed from the curvature or from the T-tensors because, as discussed in the paragraph
following eqgs. (3.11)—(3.14), some components of the curvature and of the 7" tensors that
occur in the equations of motion and source the first-order o’ corrections such as T(Q)uu
disappear in the scalar invariants. Thus, even if all the curvature invariants vanish, one
can expect non-vanishing o’ corrections to the solutions such as those occurring in Z,.

The 3 T-tensors are defined in eq. (2.3) and their values, computed for this kind of
solutions in ref. [22] to O(a'?), are given in egs. (3.11)—(3.14). Tt is convenient to analyze
the corrections for the cases Qg # 0 and Qy = 0 separately.

(2

When Qy # 0, all the components of these tensors, except for T ), as well as

the combined Yang-Mills- and Lorentz-Chern-Simons terms, become arbitrarily small for
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k? ~ Qp. In fact, in agreement with this, the correction to Zy, which we write here for

convenience
/ p2+252 B PQ+QQO
P+ =P (P + Q]

also becomes arbitrarily small in this limit, independently of the value of Qg, which is

8«

(9.8)

usually necessary to assume very large.

For k? = Qy all the components of the T-tensors, except for T(Q)uu, and the correction
of Zy vanish identically. As mentioned before, if we set Q. = Q_ = 0 we recover the
so-called “symmetric 5-brane” solution of ref. [8] which has been argued to be an exact
solution to all orders in o ( 7@, = 0). In the general case we have to consider the effects
of the non-vanishing 7®@,,. At first order, it sources the uu component of the Einstein
equations, which only affect Z,. At higher order, it cannot occur in any invariant, as we
have explained. It can only appear multiplied by invariants sourcing the same component of
the Einstein equations. Those invariants can be made as small as wanted with k% ~ Qg and,
therefore, since the first-order correction of Z4 (f4(p) in eq. (3.21)) is regular everywhere,
it is reasonable to expect that the higher-order corrections will also be finite but much
smaller.

The conclusion, thus, is that for Qp # 0, and Qp > ¢/, taking x? ~ Qy we get a very
good approximation to an exact solution of the Heterotic String effective action.

For Qp = 0 (small black holes) the corrections associated to the gauge 5-brane are
finite and at higher orders, multiplied by higher powers of o/, much smaller, but cannot be
completely cancelled. We can simply remove the gauge 5-brane to simplify the problem,
eliminating these corrections. The main problem, though, is the correction in Z, associated
to 7?,,,,, which diverges at the horizon and which will diverge there at higher orders even
if we multiply it by small numbers, as long as they are non zero. The divergence of the
first-order correction, by itself, only indicates that the zeroth-order solution is not to be
trusted at the horizon. The first-order solution can be trusted if the rest of the corrections
vanish which, according to the previous discussions, may happen if we remove the gauge
5-brane.

Nevertheless, as we have pointed out before, the small black-hole solutions are singular
in 10 dimensions and the o’ correction to their entropy seems to be divergent. Furthermore,
their T-dual is singular because @' = —|Q.| < 0 and Z’ with vanish at p?> = |Q|. These
properties suggest that these solutions, which may have negative mass in d = 5, are not
good solutions of Heterotic String Theory.

10 Discussion

In this paper we have computed explicitly the first o/ corrections to a 3-charge 5-
dimensional black hole to which we have added an SU(2) Yang-Mills instanton, and we
have studied some of the effects that these corrections have on the geometry, entropy and
mass of the solutions. We have also studied the effect of an o’-corrected T-duality trans-
formation in the o/-corrected solution, testing simultaneously the validity of our solution
and of the T-duality rules proposed, long time ago, in ref. [9]. Studying the effect of these
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o/-corrected T-duality transformations requires the knowledge of o’-corrected solutions,
which is very scarce in the literature.

The fact that the corrections can be computed explicitly is, by itself, a remarkable
fact. The computability of the corrections to the Zj function is due to the surprisingly
simple form of the Bianchi identity for the configurations we have considered: a linear
combination of Laplacians, a “coincidence” that can be generalized to more complicated
supersymmetric configurations [7].

Finding the o' corrections to the S5-brane solution in presence of a gauge 5-brane
has also allowed us to gain better understanding of the symmetric 5-brane solution found
in ref. [8].

Furthermore, we have shown how the o’ corrections to the entropy of the 5-dimensional
black holes can be computed using Wald’s formula directly in 10-dimensional language.
Our calculation is very clean and transparent and shows the relevance of the Lorentz-
Chern-Simons term in the corrections and the irrelevance of the curvature-squared terms
(which was already known since ref. [11]). Our results concerning the invariance under
o/-corrected T-duality (up to interchange of numbers of branes) of the family of solutions
considered here, implies the invariance of the o’-corrected entropy formula under the same
transformations, in agreement with the results of ref. [10].

Of course, we must compare our results with other results about higher-order o’ cor-
rections to supersymmetric black-hole solutions in the literature.?’

Most of the work done in this field deals with solutions to ungauged 4- and 5-
dimensional N' = 2 (8-supercharge) supergravities obtained via Calabi-Yau compactifi-
cations from M-theory or type II theories and (at least some of) the lst-order in o’ cor-
rections are said to be effectively encoded in corrections to the prepotential (in d = 4), for
instance. This obscures the origin of the corrections, which may or may not represent all
the corrections one finds in higher dimensions (see, e.g. [34]), and makes it very difficult
to say anything about the relevance of corrections of orders higher than 1. Furthermore,
the absence of non-Abelian fields forbids the use of the “symmetric” mechanism we have
used to make very small or cancel many of the corrections and argue the validity of our
solution.?! Finally, it is unclear where the relevant contribution of 10-dimensional Lorentz-
Chern-Simons term to the first-order corrections is to be found in 4 or 5 dimensions. Thus,
comparing our results with those obtained within this approach is very difficult.

Some work has also been done using a 10-dimensional approach to the computation
of the corrections in Heterotic Superstring Theory,?> but only near-horizon geometries
were studied,?® while we have studied and computed the corrections to the full black-hole
geometry from infinity to the horizon. While we have concluded that the parameters of
interest are the “near-horizon charges”, because they count the number of string-theory

208¢e, for instance, refs. [4, 5] and references therein.

21Tt has been explored with Abelian fields, though. See ref. [35] and references therein. An early use
of this mechanism applied to a configuration related to that studied here can be found in ref. [36], but it
does not have enough charges to be a regular extremal black hole in lower dimensions. In a forthcoming
publication we will show the relation between that configuration and the one studied here [7].

*2See ref. [5] and references therein.

Z3They have also been used in the context of the entropy-functional approach [37].
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objects sourcing the solution, of course, the total charges, measured at infinity and these
constants are related, and the relation can be computed explicitly in our o'-corrected
solutions because they describe both regions. Writing the entropy or the mass in terms of
one or the other is a matter of choice, but, after they are written in terms of numbers of
branes and other quantized quantities that are expected to be strictly positive, one expects
the solution to have sensible physical properties. It is not hard to see that, when all the
charges are different from zero, if the asymptotic charges were identified with the quantized
charges, it would be possible to find negative-mass solutions.

The value found for the o'-corrected entropy, eq. (7.25) seems to disagree with the
value of the microscopic entropy computed in ref. [6] as written in ref. [5], but the value
of @/ in that reference is 8 times ours and, therefore, they coincide, although the route
followed to arrive at the same result is totally different.

The fact that the o/ corrections associated to the torsionful spin connection have the
“wrong sign” as compared with those of the Yang-Mills fields is clearly the source of some
of this pathological behavior, already hinted at by the results of ref. [38], in which the
o’-corrected black holes were shown to be repulsive. The addition of Yang-Mills fields can
correct some of these effects, making some of the o’ corrections very small or zero, but not
all of them. It is, however, likely, that a more general kind of Yang-Mills fields which give
rise to non-Abelian dyons in 5 dimensions can cancel all of them. Work in this direction is
in progress [7].
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A Connection, torsionful spin connection etc.

In this appendix we are going to compute explicitly the connections and curvatures of the
ansatz eq. (3.1). While that ansatz is spherically symmetric in a 4-dimensional space, it is
more convenient to do some of the computations using a slightly more general ansatz and
then particularize to spherical symmetry.

Thus, here, we are interested in 10-dimensional metrics of the form

2 1 .
ds? = 5 u [dv — 22+du] — Zodz™dx™ — dy'dy’ (A1)
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where m,n,i,j = 1,2,3,4 and the functions Zi, Zy, H are functions on the first 4-
dimensional space with coordinates ™. Thus, the metric is independent of the light-cone
coordinates u,v and of the 4 spatial coordinates y°.

A simple choice of Zehnbein is

1 . .
et =27V, e =dv-— §Z+du, e = Zé/Q dz™, €' =dy', (A.2)
and the inverse basis is
1 _
el =2 (au + 22+av> Coen =0y, em=2y"0m, e=0, (A.3)

where 0, = 0, and 0; = 0;.
Using the structure equation de® = w®, Ae® we find that the non-vanishing components
of the spin connection are given by

Wogm = Wi = wms = 325 P00 l0g 2, wimy = =22 2,1%0,,2, )

W = 25260 Z0 '

We are also interested in 3-form field strengths of the general form
H=duNdvNdZ~" + *4ydZo, (A.5)

where x(4) is the Hodge dual in the first 4-dimensional space with the orientation eM23 — 41,
Their non-vanishing flat components are

Hpyo =250 log Z_ | Honp = 252 €unpg0y log Zo - (A.6)
Then, the non-vanishing flat components of torsionful spin connection (_gp. = Wape —
%Habc are
QU ysim = 52-25 P0mZs, Qs = 25 POmlog 2, (A7)
QU ymie = 2yt s U ymmp = 20> (Mg )npy log 2o, '
and those of the torsionful spin connection (1) = Wabe + %Habc are given by
Uiyiim = §2-25 0n 2y, Qsy—tpm = 25 POmlog 2, (A8)
Q(+)mnp = Zo_lm(M%q)npaq log Zp , .

where the 4 x 4 matrices Mﬁq are the self- and anti-self-dual parts of the generators of

SO(4):

Mgy = (Mgl = Doy, Moy =2 <Mmq + ;smqum> NN
The components with curved indices are given by
Qs = Omlog Z_, VU yum = —Z9 0,271, A10)
QU yusm = 225 002, U ymp = Mg )npy log 2o, '
. ) =1z, 2 9) = 2, 0,108 2
(H)ut+m 20 m<4 (H)v+m 0 m 108 Z—, (A.11)

Q(—i—)mnp = (M;gq)npaq log Zo 5
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A.1 Solving the Bianchi identity for H

Observe that 2(_)my, coincides with the form of the 't Hooft ansatz for SU(2) Yang-Mills
multi-instanton solutions using SO(4) indices.?* Furthermore, this is the only piece of
Q(_)uap that contributes to the Lorentz-Chern-Simons term:

2
L 2 A
w(_) = dQ(_)mn AN Q(_)nm + gQ(_)mn A Q(_)np AN Q( = *(4)d(6 log ZO) . ( -12)

—)pm

Then
Ry AR s = dwi' ) = d x4y d(Dlog Z9)* = 0,0 (0 1og Z0)*d*x, (A.13)

where d*z is the volume form of E*. To obtain this expression we have used the local
connection (), given in (A.10), which is well defined in R* except at the pole of Z at
p = 0, where it becomes singular. Since the quantity computed in (A.13) is gauge invariant,
the result obtained is valid everywhere except at this isolated point, which is not covered
by our local connection. Evaluating explicitly the right hand side, at zeroth-order in o/,
we obtain

2 2
p°+ 29 4] [ p +2Q0} (4)
— = | =0,,0m, [4——"TT=1| — 46 .
(PP +Qo)2  p2] L (PP + Qo)? (v)
(A.14)
While the first term in that expression is a continuous, regular function, the second term

— OO (010g Z87)2 = 0,0, |4

just introduces a pointlike singularity at p = 0 that, according to the preceding discussion,
should be interpreted as spurious.

Since the components of the 4-form R_ )% A R(_)ba are continuous, at this stage it is
clear that at this order in o/ we have®

R \% AR\ = O [4p2+2Q°] dz* = — 9,0 [(alog z(o))Q] dw,  (A15)
(=) (=) &= “m¥m (p? + Qp)2 = ~Ymtm 0 \o ) :
where Z(go) is the piece of Zy which is of zeroth order in o, which is the harmonic function
in E* defined in eq. (3.28). Here we have introduced the symbols {\®} to indicate that the
(harmonic) singular term should be removed from the term within squared brackets.

It is convenient to use the 't Hooft ansatz with SO(4) indices for the gauge field as
well. We can write it in the form

A= M;wap log Zymdz™ (A.lﬁ)

where Zyyp is the harmonic function on E*

I€2
Zym =14+ ? . (A17)

24The same is true, with opposite self-duality, for Q4 )mnp, but we will focus on 2(_)mn, only, because
it is the one whose Chern-Simons 3-form and curvature occur in the equations of motion.

25This result is also obtained by performing a (singular) local Lorentz transformation that would render
the torsionful spin connection regular at p = 0, in virtue of the removable singularity theorem of Uhlenbeck
ref. [39].
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Using the result obtained for the w(L_),%
wYM = — *(4) d(@ log ZYM)2 5 (A.22)
FANFA = dw™ = 9,,0,, [(91og Zv)?] diz, (A.23)

where, following the same reasoning as before, the singular contribution must be removed.
Thus, taking into account the general form of the 3-form H in eq. (A.5), the Bianchi
identity of the 3-form field strength eq. (2.10) can be written in the form

— OmOm {Zo + 20/ [(alog Zym)? — (9log zéo))ﬂ\ } =0, (A.24)
©

The above equation is solved by

2o =29 + 20/ [(a log Z\”)2 — (dlog ZYM)ﬂ o O(a?), (A.25)

where we have used that Zy = Z(()O) + O(d). In the language of section 3,

p>+25%  p*+2Q
p2 + ﬁ2)2 (p2 + Q0)2

which is the same result as in eq. (3.17). Upon substitution in the Bianchi identity, it

folp) =2 <alogng>>2_<a10ngM>2]\®:8[( ] . (A26)

reduces to the Laplacian of a harmonic function on E*:
— OmOmZ0=0. (A.27)

As usual, this equation is not satisfied at the singularities of the harmonic function and the
corresponding J-functions will give contributions to the S5-brane charge (see eq. (4.8)).

Using these results in the definition of H eq. (2.7) we arrive at the following equation
for the Kalb-Ramond 2-form B:

dB = d [Z-du A dv] + xgyd 2" . (A.28)

The integrability condition is satisfied if Z(()O) is harmonic in E* and for the value in
eq. (3.28), it is given by

1
B=ZYdundv+ ZQo cos Odp A dip (A.29)

and receives no o/-corrections to this order.

26We have to take into account that the anti-self-dual SO(4) generators have the normalization
T‘I‘(M;LnM;q) = _2(M;nn)1711 ) [M(;z7 M(;j] = EijkMak ) 1= ]-a 2a 3. (A18)

Therefore, using the above representation,

F=dA+ANA, (A.19)
w™ = —Tr dA/\A—&-%A/\A/\A , (A.20)
FANFY = —TrF AF. (A.21)
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