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Abstract

We compute the first-order a’ corrections to well-known families of heterotic multi-
center black-hole solutions in five and four dimensions. The solutions can be either
supersymmetric or non-supersymmetric, depending on the relative sign between two of
the black-hole charges. For both cases, we find that the equilibrium of forces persists
after including the a’ corrections, as the existence of multi-center solutions free of un-
physical singularities shows. We analyze the possibility of black-hole fragmentation.
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1 Introduction

Over the last 30 years many extremal and multi-center black-hole solutions of supergravity the-
ories have been obtained, supersymmetric and non-supersymmetric.! Many of those theories
can also be viewed as low-energy effective field theories of different string theory compactifi-
cations to lowest order in a’ and in the string coupling constant. This allowed Strominger and
Vafa to establish a relation between the entropy of the corresponding solutions (stringy black-
hole solutions) and the microscopic entropy of the corresponding compactification of string
theory which, in general, includes branes and other extended objects [2].

It is natural to try to extend this relation between macroscopic and microscopic entropies
to more general solutions and, more importantly perhaps, to higher orders in a’ and in the
string coupling constant. The calculations of both the macroscopic and microscopic entropies
have to be improved to the next order, independently, to be later compared. If this comparison
is to be understood as an unbiased test of this relation and of the viability of String Theory
as a theory of Quantum Gravity, each of these separate calculations must be internally self-
consistent: the correctness of one of them cannot solely rely on its agreement with the other
one if we do not want to suffer confirmation bias.

In the macroscopic side, this suggests the following program:

1. Find the first corrections in o’ and in the string coupling constant to the relevant super-
string effective field theory.

2. Find single- and multi-center black-hole solutions to the corrected action. This can be
done perturbatively so that the known zeroth-order solutions are recovered when o’ is
set to zero.

3. Compute the macroscopic entropy associated to the corrected black hole solution. This
entropy will no longer be the Bekenstein-Hawking one, since the corrected action will
contain higher-curvature terms and can no longer be understood as General Relativity
coupled to a prescribed set of interacting matter. One has to use Wald’s entropy.

4. The macroscopic entropy must be written in terms of charges that can be unambiguously
related to a string background, i.e. charges that can be associated to numbers of branes.

Only after a satisfactory completion of this program can the macroscopic entropy be com-
pared to the microscopic one, which must have been computed independently.

For a review on black-hole solutions with many references see, for instance, [1].
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This program, though, presents many practical and conceptual difficulties:

1. We have a very limited knowledge of the corrections to the zeroth order superstring
effective action, specially of the corrections in the string coupling constant, which are
mainly unknown.

We know that the first corrections in «’ start at third order for the type II superstring
theories, but we do not have a complete knowledge of the effective action to that order.
This prevents us from doing fully reliable calculations of o’ corrections to the solutions
of these theories.

The situation with the heterotic superstring is much better: we know in full detail the o’
corrections to the effective action up to third order and in a form consistent with local
spacetime supersymmetry [3].2 In contrast, there is very limited information about the
string loop corrections [6].

2. Given the limitations in our knowledge of the string effective action we have just dis-
cussed, it is natural to focus on trying to obtain the first @’ corrections to black-hole
solutions of the heterotic superstring imposing the necessary conditions on the param-
eters to ensure that the string coupling constant is small enough that the string loop
corrections can be safely neglected.?

Furthermore, given the complexity of the corrected equations of motion, it is also natural
to consider at first, single, static, spherically-symmetric, extremal black holes with the
minimal number of charges that produce a regular event horizon and start by computing
the first-order a’ corrections only. These are the so-called 3-charge and 4-charge black
holes in 5 and 4 dimensions, respectively and all of them can be embedded in the het-
erotic superstring effective action. The 3-charge ones include a black hole dual to the
one originally considered by Strominger-Vafa [2], which is supersymmetric, together
with similar, non-supersymmetric black holes. The 4-charge ones include the heterotic
version of the Maldacena-Strominger-Johnson-Khuri-Myers black hole [7, 8], which is
supersymmetric, plus several similar non-supersymmetric black holes.*

The first-order a’ corrections to all these simplest but paradigmatic extremal black-hole
solutions have been found quite recently in a series of papers [9-13] and now it is natural
to take the next step and consider more complicated solutions: non-extremal, multi-
center, stationary...

There are good reasons to consider first, after the extremal 3- and 4-charge solutions,
the non-extremal ones, as we are going to argue when we discuss the calculation of the
macroscopic entropy. The first-order a’ corrections to some non-extremal solutions have
also been found [14, 15], but they are much harder to obtain since the general results
proven in [11] cannot be applied to the non-extremal solutions. Thus, it will be long
before the corrections to the non-extremal 4-charge black holes will be found.®

The general results proven in [11] do not seem to apply to stationary solutions either
but, fortunately for us, they do apply with little modifications for the multi-center ones,
and, in this paper we are going to profit from them to construct the first a’-corrected

2See also earlier work in Refs. [4,5].

3Actually, these and other similar conditions that guarantee that the a’ corrections are also negligible must also
be imposed on the zeroth-order solutions as well.

“An exhaustive study of the different non-supersymmetric 4-dimensional 4-charge back holes can be found in
Ref. [9].

SIn Ref. [16] the first-order a’ corrections to the 4-charge non-extremal solutions have been computed, but only
in the particular case in which two of them are equal. The case in which the 4 charges are independent still seems
out of our reach.
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multi-center black-hole solutions both in 5- and in 4-dimensions and both supersym-
metric and non-supersymmetric. They are the multi-center generalization of the single,
static, extremal black-hole solutions whose a’-corrections were found in Refs. [9-13]
and include most of them.® Before we introduce this particular work, though, it is con-
venient to discuss the rest of the program outlined above since it affects the reliability
of our results.

It is worth mentioning, though, that the solutions presented in Refs. [9-13] satisfy a
highly non-trivial consistency test: they are invariant (as families of solutions) under the
a’-corrected Buscher T duality transformations derived in Ref. [17] (see also Ref. [18]).
The multi-center solutions that we are going to present, being related to the general
solutions of Ref. [11] pass this strict test as well.

3. At lowest order in o’ and the string coupling constant, all string effective field theories
can be regarded as General Relativity (GR) coupled to particular kinds of interacting
matter and the entropy of any of their black-hole solutions is the Bekenstein-Hawking
entropy: one quarter of the area of the horizon in Planck units. This relation originates
in the proofs of the first and second laws of black hole mechanics [19, 20] (based on
Einstein’s equations) together with the discovery of the Hawking radiation [21] and the
precise relation between its (Hawking) temperature and the surface gravity of the black
hole.

At higher orders in @', string effective actions contain terms of higher order in the cur-
vatures and can no longer be regarded as GR. However, we know that their black-hole
solutions still behave as thermal objects since the phenomenon of Hawking radiation
does not depend on the dynamics of gravity. Furthermore, it can be shown that the ze-
roth law (the fact that surface gravity is constant over the horizon) [20] can be proven
without the use of the Einstein equations [22] and, therefore, it will still hold in the
a’-corrected string effective field theory actions.

In GR, the relation between the area and the entropy was hinted at by the results ob-
tained by Christodoulou and Hawking [23-25] but there are no analogous results for
other theories of gravity suggesting a candidate to be identified with the entropy. For
this reason, Wald’s derivation of the first law of black hole mechanics for arbitrary diff-
invariant theories of pure gravity [26], based on previous work with Lee [27], constituted
a great breakthrough in this field. The quantity whose variation with respect to the mass
is the inverse of the Hawking temperature must be the black hole entropy and, in this
framework, it is known as Wald entropy. In order to confirm this identification one has
to prove that this quantity also satisfies the second law. This is a much harder problem,
but there is real progress in this direction [28-30].

As we have mentioned, the string effective action is a theory of gravity coupled to very
special interacting matter. Thus, an extension of Wald’s results including matter is nec-
essary to deal with it. In Ref. [31], Iyer and Wald considered diff-invariant theories
of gravity coupled to matter fields transforming as tensors under diffeomorphisms, ob-
taining, as a result, the celebrated Iyer-Wald prescription to derive the entropy formula
which has been widely used to compute the Wald entropy of a’-corrected near-horizon
limits of stringy black holes (see, e.g. Refs. [32,33] and references therein).

This formula was used in Refs. [10-13] to compute the Wald entropy of the extremal
black hole solutions found in those same references, but it was soon realized that the

5We have not found the multi-center generalization of all the possible non-supersymmetric black holes consid-
ered in Ref. [9].
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Iyer-Wald prescription cannot be directly and reliably applied to the heterotic superstring
effective action:

(a) The entropy formula produced is different if one uses the 10-dimensional or the
toroidally-compactified actions [34].

(b) The entropy formula produced is Lorentz frame-dependent [35], which is utterly
unacceptable.

Both problems arise from the inadequate treatment of the Lorentz-Chern-Simons terms
present in the Kalb-Ramond field strength in the heterotic superstring effective action at
first order in o’.” However, ultimately, this inadequacy follows from the over-restrictive
assumptions made on the matter fields in Ref. [31], which leads to the total absence
of non-gravitational work terms in the first law of black hole mechanics, such as those
proportional to the variations of electric charges. As explained in [37], for instance, most
matter fields are not simple tensor fields under diffeomorphisms, but sections of principal
bundles or more complicated structures. The only true tensor field in the Standard Model
is the metric.®

In Refs. [37,40] we revised from this point of view Wald’s derivation of the first law
of black hole mechanics in simple theories, obtaining the expected work terms and,
as a bonus, restricted forms of the generalized zeroth laws.” In Ref. [35] two of us
applied these ideas to the (by far) more complicated case of the heterotic superstring
effective action to first order in a’, obtaining the first law of black hole mechanics with
work terms'? and a Lorentz frame-independent and gauge-invariant expression for the
entropy.

In the frame typically used to construct the solutions, the entropy formula found in
Ref. [35] can be written in the same form as the one that follows from the Iyer-Wald
prescription, except for one coefficient.

As we have argued before, it would be wrong to decide which formula is right by just
comparing the Wald entropies of the a’-corrected stringy black holes obtained by apply-
ing them with the microscopic entropies. A internal consistency check of these entropy
formulas is badly needed.!!

The property that the correct Wald entropy must satisfy is, precisely, that it satisfies the
first law: dS/dM = 1/T. It would be enough to check which entropy satisfies this
property, but this can only be done with a’-corrected non-extremal stringy black holes.
Finding an a’-corrected non-extremal 4-dimensional black hole and the non-extremal

’It should be stressed that these Chern-Simons terms are very different from those considered in Ref. [36],
present in the action and introducing additional total derivatives in its variation under diffeomorphisms: they
transform as 3-forms under diffeomorphisms, to start with.

8See Ref. [38] for a rigorous treatment of the principal bundle case and Ref. [39] for a different take on this
problem.

°Again, in the principal bundle case, this result was obtained in Ref. [38].

19Not all work terms were recovered in that article: at the time it was not known how to obtain the work terms
proportional to the variations of the magnetic charges in this formalism (a problem solved in Ref. [41]), nor the
terms proportional to the asymptotic values of the scalars found in Ref. [42] (a problem solved in Ref. [43]).
Furthermore, there are charges associated to fields that only enter the theory after dimensional reduction, such as
Kaluza-Klein vectors and it was not known how to recover the work terms proportional to the variations of those
charges using the 10-dimensional action. This problem has been partially solved in Ref. [44], but more work is
needed to understand the higher-dimensional origin of all the work terms that occur in the 4- or 5-dimensional
first laws.

1 As we have stressed, the Iyer-Wald entropy formula is Lorentz frame-dependent, and this is enough to discard
it. However, since the entropy formula of Ref. [35] gives a numerically very close result, it does not hurt to
momentarily keep it in the game for the sake of the argument.
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versions of the 3-charge black holes to carry out this test was one of the main motivations
behind Refs. [14] and [15], respectively. In both cases it was the entropy computed using
the Lorentz frame- and gauge-independent formula of Ref. [35] that was shown to satisfy
the first law.

4. Having computed by internally-consistent methods the Wald entropy of stringy black-
hole solutions whose a’ corrections have been reliably computed as well it is tempting
to proceed immediately to compare that macroscopic entropy with the microscopic one.
However, only the entropies of corresponding systems must be compared; for instance,
the entropy of the (heterotic version of the) Strominger-Vafa black hole, which can be
considered the strong-coupling limit of a set of solitonic 5-branes (S5) and fundamental
strings (F1) with momentum flowing along them can be compared withe the entropy of
the heterotic superstring quantized on such a background.

At zeroth order in a’ the identification of the branes corresponding to a given black-
hole solution is straightforward: it follows directly from the calculation of the conserved
charges of the solution. The definitions of those conserved charges and their calculation
are unambiguous at that order and it is based on integrals of terms that satisfy Gauss
laws and give the same results whether they are integrated over the horizon or at spatial
infinity. The identification of the charges with numbers of branes is also unambiguous.

At first order in a’ the definitions of the conserved charges contain a large number of
higher-order terms. All these terms are necessary to obtain integrands that satisfy Gauss
laws but, since they are very hard to compute and they vanish asymptotically much faster
than the zeroth-order terms, they are typically ignored. These integrands give conserved
charges when integrated at spatial infinity but they give different results when integrated
over the horizon because the terms that have been ignored do not vanish there. Thus, we
have different notions of charge [45] with different properties of transformation under
duality and the problem of figuring out which charges correspond to the numbers of
charges'? that occur in the microscopic entropy and study their conservation.'® This is a
difficult and not yet solved problem that will be studied in more detail elsewhere [46],*
but the reader should be aware of its existence when comparing the macroscopic and
microscopic entropies at first and higher orders in a’ because their agreement depends
on the choice of variables.

It should be clear form this discussion that this is a research program still under way and
far from having been completed: the a’ corrections of many black-hole solutions (multi-center,
rotating...) and their entropies have not yet been computed, the identification of the branes
that give rise to the corresponding string background has to be clarified and, at some point in
the future, one would like to extend all these results to higher orders in a’ and in the string
coupling constant.

In this paper, as part of this program, we are going to focus on the a’ corrections to the
well-known multi-center generalizations of the 3- and 4-charge extremal, static, black-hole
solutions in 5 and 4 dimensions. We are interested in the corrections to the geometry and to
the entropy and their consequences. In particular, we want to know whether the a’ corrections
preserve the regularity of the horizons and of the rest of the spacetime. It has to be taken
into account that solutions describing collinear Schwarzschild black holes in static equilibrium
have long been known [47,48]. These solutions, however, have conical singularities in the line

12This problem is aggravated by the a’-dependent definitions that the fields theat descend from the 10-
dimensional Kalb-Ramond 2-form suffer in the dimensional reduction [18].

BlIncidentally, this discussion casts a shadow over the results obtained using near-horizon solutions since only
the horizon charges can be computed with them.

“Nevertheless, see the discussion concerning the S5 brane at the end of Section 4.

6
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joining the centers or extending from the centers to infinity, known as struts, associated to the
external forces necessary to hold the system in equilibrium. The absence of these singularities
and the regularity of the horizons can be interpreted as a proof of the cancellation of interaction
energies and of the equilibrium of forces between the black holes [49,50] (see Figs. 1 and 2).%°
We also want to know whether the fragmentation of large black holes into smaller black holes is
entropically favored. We are going to consider supersymmetric and some non-supersymmetric
multi-center black-hole solutions to see of and how the equilibrium of forces between the black

holes depends on supersymmetry. '
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Figure 1: The absence of struts (conical singularities) joining the centers is a neces-
sary condition to interpret the solution as black holes in equilibrium without the help

of external forces.

Figure 2: The absance of struts (conical singularities) extending from the centers
to infinity is another necessary condition to interpret the solution as black holes in

equilibrium without the help of external forces.

Our calculation of the a’ corrections in mainly based on Ref. [11] in which a very general
class of a’-corrected solutions was found. This class includes multi-center black-hole solutions,

as we are going to show.

15For an extended discussion on this we refer to the Introduction of [51] and references therein.

16In the solutions that we are going to consider, the existence of unbroken supersymmetry depends on the
relative sign between two of the black-hole charges. This relative sign does not cover all the non-supersymmetric
possibilities in four dimensions, but the corrections to those not included here are much more difficult to deal

with [9].
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This paper is organized as follows: in Section 2 we review the five- and four-dimensional
multi-center black hole solutions we will work with at leading order in a’, starting with their
common ten-dimensional origin. In Section 3 we show the a’-corrected solutions and analyze
their thermodynamic properties. Finally, in Section 4 we summarize our main results and
discuss how the a’ corrections would affect the fragmentation of these extremal black holes
into smaller extremal black holes of the same kind. The appendices contain the low-energy
effective action and corresponding equations of motion of the heterotic superstring to first
order in o’ and a collection of results which are used in the main text.

2 Heterotic multi-center black-hole solutions at leading order

Let us begin with a review of two well-known families of multi-center black-hole solutions
in five and four dimensions which arise as solutions of the heterotic superstring effective field
theory compactified on a torus.!” Both families have as a common origin a very general class of
ten-dimensional solutions which depend on a choice of four-dimensional hyper-Kéhler metric
(m,n=1,2,3,4),

do? = hp, dx™dx", (D

and on a choice of three functions, Z,, Z,, Z_, which are harmonic in this hyper-Kéhler space,
i.e. they satisfy the linear equations

d *O' dZO,+,— =0. (2)

This linearity allows us to construct multi-center solutions by “superposition” of several single-
center solutions.

In terms of these four objects, the string-frame line element ds2, the Kalb-Ramond 3-form field
strength H and the dilaton field ¢ of the solutions take the form'®

1 K2 Z, )

82 — 2 2 00 —1( 71 52
ds —Z+Z_dt —Zpdo? — = [dz+ k3 (27 —1)de] —d5 ., (3)
A =d[(2e—Dkeo (21 —1)dt Adz]+%,d 2, (3b)
e 2 = e_2¢;°°Z_/ZO. (30)

The modulus (ﬁoo will correspond the asymptotic value of the dilaton if, as we will assume, the
functions Z_ and Z, asymptote to 1. Since the vacuum expectation value of the exponential

7This theory is described in Appendix A. At zeroth-order in o’ and after compactification and truncation on
T® one obtains a 5-dimensional supergravity whose supersymmetric solutions have been classified and studied in
Ref. [54]. Some of them describe muticenter black-hole solutions. Further compactification on a circle gives the
4-dimensional solutions we are going to consider. Their uplift to 10 dimensions gives the heterotic supersymmetric
zeroth-order solutions we are describing in this section. In the 5-dimensional case, changing the global sign of the
Kalb-Ramond field one trivially obtains a new solution, but breaks supersymmetry [9]. In this way one obtains non-
supersymmetric multi-center black-hole solutions. In the 4-dimensional case there are more global sign changes
that transform solutions into solutions breaking supersymmetry [9]. See also Ref. [55]. Particular cases of the 4-
dimensional multi-center black hole solutions we are considering were found by Gibbons in Ref. [56] and include
the Majumdar-Papapetrou solutions Ref.s [57, 58] (see also Ref. [50]). For a more recent account of multi-center
black-hole solutions in String Theory see, e.g. [59] and references therein.

18We use hats to distinguish the ten-dimensional fields from the five- and four-dimensional ones.
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of the dilaton is the string coupling constant, for asymptotically-flat solutions we can make the
identification,

g, = e (4)

The coordinates ¥4, periodically identified with equal periods 27t{,, where {; is the string
length, parametrize a four-dimensional torus T*# which has trivial internal dynamics, meaning
that all the Kaluza-Klein (KK) zero modes (scalars and vectors) are trivial.'® The coordinate
gz ~ gz + 27l further parametrizes a circle S; whose asymptotic radius R, is related to the
asymptotic value of the KK scalar associated to this compact direction, k.., and to £, by

R, = kool (5)

Finally, € is the supersymmetry-breaking parameter. It takes two values, ¢ = {0,1}, which
correspond to the relative sign between two of the black hole charges. It turns out that the
configuration is supersymmetric only if € = 1 [9]. We have not considered the possibility of
changing the sign of the second term in H. This sign becomes the sign of a third black-hole
charge upon dimensional reduction. At zeroth order, the effect of this change of sign is almost
trivial, but the first-order in a’ corrections are much more difficult to obtain than with the
chosen sign [9].

Many different solutions can be obtained from Eq. (3) by making particular choices of
hyper-Kéhler space and harmonic functions. Many of them are singular or have no known
physical interpretation. Let us see which choices lead to five- and four-dimensional multi-
center black-hole solutions.

2.1 Multi-center black-hole solutions in five dimensions

The simplest choice of hyper-Kihler space which allows for five-dimensional multi-center
black-hole solutions is E*. The choice of harmonic functions in E* that gives rise to multi-
center three-charge black holes is the following,%°

c qa e qa qa
Z, =1+ s Z =14+ —=, Zo=1+ 0 (6)
) >

a=

where n, is the total number of centers and
pa=(x"—xq) (x" —x7), ™)

x;' being the position of the a™ center in E*. The parameters q$,q% and g must be taken
to be strictly positive in order to avoid naked singularities and, then, they correspond to the
absolute value of the charges associated to each black hole, up to normalization factors.

The five-dimensional form of the solution is obtained by compactification over the inter-
nal manifold, T# x S;. This operation can be conveniently carried out in two steps. Firstly,
we compactify over the trivial T#. The corresponding six-dimensional solution has exactly
the same form as the ten-dimensional one except for the term —d y('j) in the metric, which is

not present in the former. Secondly, we reduce the six-dimensional solution over S;. Using the

In particular, the KK scalars associated to the T* are equal to equal to their vacuum expectation values that we
set to 1 for convenience, as they do not play any réle in our solutions.

201t has been recently proven in [52] that, in the Einstein-Maxwell theory, the standard multi-center black-hole
solutions are the only ones within the Majumdar-Papapetrou class that give rise to asymptotically-flat black holes
with regular event horizons. This extends a previous result by Chrusciel and Tod [53] to d > 4 dimensions.
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relations between the higher- and lower-dimensional fields provided in Appendix B, we obtain

ds2 =(2,2_20) 2P dt>—(2,2_2)" dx™dx™, (8a)
H = 31€mpq 0y 2o dx™ Adx™ AdxP (8b)
F=d[k}(z'—1)de], (80)
G=d[(2e—1Dke (271 —1)dt], (8d)

e 20 = e—2¢wzi/221/220—1 , (8e)
k=koo 2122712, 80

where ds% stands for the five-dimensional line element in the so-called modified Einstein frame
[60],
F=dA, G=dcC, C)

are, respectively, the field strengths of the KK and winding vector fields, A and C,
H=dB—3ANG—3CAF, (10)

is the 3-form field strength of the Kalb-Ramond 2-form B, k is the KK scalar associated to the
internal direction z and ¢ is the five-dimensional dilaton. In five dimensions, the Kalb-Ramond
field can be dualized into a vector field whose field strength is

K=d[(2;'—1)dt]. (11)

2.1.1 Thermodynamics

The solution is asymptotically flat and its only potential singularities sit at the centers x™ = x.
If the charge products q{q®qy are finite, though, these are just coordinate singularities: near
the a™ center, the metric is that of AdS, x S*, which is one of the possible near-horizon ge-
ometries of extremal black holes in five dimensions [61]. Hence, the a™ center is, actually a
two-sphere of finite radius (qiqﬁqg)l/ 6 which corresponds to the event horizon of an extremal

black hole. The Bekenstein-Hawking (BH) entropy of the a™ black hole is, then,

2

Y
SICBIH = 2G(5) V qingg . (12)
N

The entropy of the solution is just the sum of the entropies of all the black holes:

2
T
Seu= Y .Sk = =G > Jatadas. (13)
a N a

Strictly speaking, only the total mass of the solution can be rigorously defined. From the
asymptotic expansion of the tt component of the metric we find that it is given by

45(5) >(ad+q8 +qf). (14)
N a

10
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However, since the vector fields of the solution are Abelian, we can compute the charges of
each black hole independently and, as we have already mentioned, these are given given by
the parameters q¢,q", qg up to signs and normalization. An isolated extremal black hole with
those charges would have a mass given by

T a a a
= +q%+4q7). (15)
(5) (q+ 0
4Gy

a

Since the total mass is the sum of the would-be individual masses of all the black holes,

M= M. (16)

This fact implies that the black-holes mutual interaction energies (all the Einstein equations
know about [51]) are zero because there is a cancellation between all the different contri-
butions (gravitational, electromagnetic etc.) The cancellation of these interaction energies is
associated to a cancellation of the forces between the centers and, then, since the solution
is static, it is reasonable to conclude that the solution contains n, extremal black holes with
those charges and masses in equilibrium. The absence of singularities indicates that no exter-
nal forces are necessary to keep those black holes in equilibrium.

2.1.2 Microscopic description

The string-theory description of these solutions is well known: they can be understood as a
superposition of solitonic 5-branes (S5) —often referred to as NS5 branes—wrapped around
the directions parametrized by the coordinates y?,- -, y*,z, fundamental strings (F1) wound
around the circle parametrized by z and waves (W) carrying momentum propagating along
the same circle, as we illustrate in Table 1.

Table 1: Sources associated to five-dimensional black holes. The symbol x stands
for the worldvolume directions and — for the transverse directions. The symbol ~,
in turn, denotes a transverse direction over which the corresponding object has been

smeared.
t g y1 yz ys y4 xl x2 3 x4
F1 X X ~ ~ ~ ~ — — — —
S5 x x X X X X - - - _

From the lower-dimensional point of view, these fundamental objects act as point-like
sources for the three different types of charges carried by our solutions. The locations of
the sources in the non-compact space coincides with the position of the centers, where the
Laplace Egs. (2) are not satisfied unless we take into account the coupling of the sources to
the background fields. This give rise to a sum of Dirac delta functions, 6 (x — x,),?! each
of which is weighted by the fraction of the total tension/charge associated to all the sources
located at x™ = x', which in turn is proportional to the amounts of momentum, winding and
S5 branes in each of the centers, respectively denoted by n%, w* and N®.2? This is exactly the
same kind of contribution that one gets from the Laplacian of Z, _ ,, with the only difference

2Strictly speaking, this is just an effective description of the actual situation: the centers x™ = X[ are not points,
but finite-radii two-spheres from which the Abelian fields’ fluxes “emerge” in radial direction.
22These parameters are assumed to be positive.

11
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that now the delta functions are weighted by q$,q% and qg. Imposing that both contribu-
tions cancel (i.e. that the equations of motion are also satisfied at the centers), one finds the
following relation between both sets of parameters [10]:

2 /2

_gsa 2/ 7
¢4 ==p " gi=gldwt,  qg=a'NT. a”n
Z

Using these relations and the expression of the five-dimensional Newton constant in terms
of stringy variables

G® = ia/z (18)
N 4R, ’

one can rewrite the Bekenstein-Hawking entropy and the mass in terms of the source param-
eters as follows

Ser =21 Y VneweNe, (19a)
a
RZ Z
M=—+-Z2w+ N, (19b)
. o g

wheren=7) n% w=>, w*and N =), N are the total momentum, winding and number
of S5-branes respectively. As we can see, the total energy of the configuration only depends on
the absolute value of the total charges, no matter how they are distributed among the different
centers. This will no longer be the case in presence of higher-derivative corrections, as we will
see Section 3.

2.2 Multi-Center black-hole solutions in four dimensions

In order to describe multi-center black-hole solutions in four dimensions, one of the directions
of the hyper-Kihler space must be compactified, which in practice means that it has to be
isometric. Supersymmetry is preserved in the compactification along this isometric direction if
the isometry is consistent with the hyper-Kéhler structure, i.e. if the isometry is triholomorphic.
In this case, the hyper-Kahler space must belong to the Gibbons-Hawking class [62, 63].

As we will see in the next section, there is another advantage for considering Gibbons-
Hawking spaces: their contribution to the a’-corrected Bianchi identity takes a form (the
Laplacian of a function) that allows us to solve the Bianchi identity in a fully analytic fash-
ion[11].

If w ~ w4 27l is the compact coordinate adapted to the isometry, a Gibbons-Hawking
metric can be written in the form

d0? = hyy dx™dx" = (2 H 7 (dw+ 01y )" + HATE,, (20)

where H is the Gibbons-Hawking function and y is a 1-form which satisfying the equation
dy =x@3dH, 2n

where *(3) the Hodge star operator in E3. The above equation implies that # is harmonic in ES.
This property is also satisfied by the functions Z, _ ; if they are harmonic in E* and we demand
that they do not depend on the isometric coordinate w. The modulus ¢, corresponds to the
asymptotic value of the KK scalar ¢ associated to the circle parametrized by w. The asymptotic
radius of this circle is given in terms of £, an the string length ¢, by

R, ={ool,. (22)
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The choice that allows us to describe multi-center black-hole solutions in four dimensions is

ne a ne a n. a ne a
q+ q_ qO qH
Z. =1+ —, Z_=1+ —, Zy=1+ —, H=1+ —, 23
P=1H D Fo=12,0 20 @
a=1 4@ a=1 @ a=1 "4 a=1 @
where r, = ||¥ —%,||. As before, ¥, denotes the position of the a™ center in E* and the

parameters q4,q%,qg and g3, are assumed to be strictly positive.
The 1-form y is given, locally, by

x =Z:q;1_,5 cos0,d¢,, (24)
a

where r,, 8,, ¢, are spherical coordinates associated to the a™ center
X —X,=(rysinb,cos¢p,,r,sin6,sin¢,,r,cosb,). (25)

With these choices, the ten-dimensional solution can be rewritten locally in the form

ds* = Z+1Z_ de?— 02,29 (qw+ 074 - Z,Hd% 3,
2 2+ —1( 71 2 =2
—sz—_[dz+koo(z+ —1)dt]" —dy3,, (26a)
A=d[(2e— koo (21 —1)dt Adz]+Leo *3d 2y Adw, (26b)
e 2 =20z /2, (26¢)

In order to avoid Dirac-Misner string singularities we have to impose the following “quan-
tization conditions” on the g3 s”:
R, W®
5
The four-dimensional solution is obtained by compactifying the above solution on the six-
torus T® = T* x S! x S! by using (twice) the results in Appendix B. It has the following
non-vanishing fields,

a3, = weez" Va. (27)

ds? = (2,2_2yH) 2 de? = (2,2_2,H) 1 d=},, (282)

oo
(A%) = , (28b)
kX (271 —1)de

(Ca)=((2e — koo (271 —1)dt, Leoro), (28¢)

02 Zy/H 0
(Gap) = , (28d)
0 k2 Z,/Z_

(28e)
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where

e 2000 — 2o p (29)

and
Xo= .45 cos6,de,. (30)
a

2.2.1 Thermodynamics

The reasoning leading to the identification of the locations of the poles of the harmonic func-
tions with extremal black-hole event horizons is identical to that of the five-dimensional case.

Now, the near-horizon geometries are AdS, x S? and the radius of the a™ of these spaces is
aaaoa

(q +q_q0qH)1/ 4. The Bekenstein-Hawking entropy to the a™ black hole is

T
St =~ V 414°969% 31

N

and the entropy of the complete spacetime is its sum
Spu = .S%. (32)
a
We can also assign a mass M? to the a™ center

M =

1
@ (q% +q* +q3+q5,), (33)
N

and the cancellation of the mutual interaction energies follows from the relation between the
total mass M and the putative masses of the individual black holes

M:ZM“:%(ZqHZqHZqﬁZq;‘{). (34)
a 4GN a a a a

2.2.2 Microscopic description

The main difference between the four- and five-dimensional cases is that in the four-
dimensional case there is one more type of charge: the magnetic charge associated to the
Kaluza-Klein vector. The sources for these charges are Kaluza-Klein monopoles. Their topo-
logical charges are the integers W*, whose relation with the magnetic charges g3, was found in
Eq. (27) by imposing the absence of Dirac-Misner string singularities. The remaining sources
(fundamental strings, waves and S5-branes) are those of the five-dimensional black holes
smeared over the coordinate w which is transverse to their worldvolume directions, see Ta-
ble 2.

Table 2: Sources associated to the four-dimensional black holes.

t g yl yz y3 y4 w oxl x2 3
F1 X X ~ ~ ~ ~ ~ — — —
W X X ~ ~ ~ ~ ~ — — —
S5 x x X X X X ~ - = =
KK6 x x x X X X ~ - -  —

14
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Due to this smearing, the relations between the parameters g that occur in the harmonic

functions and the source parameters are no longer given by Egs. (17), but instead by [12]%®
2./2 2 ./ /
a a
qiz—gsz ne, ¢ =52 e, g8 =5 —N°. (35)
2R2R,, 2R, 2R,

In terms of the source parameters, n®, w*, N® and W¢, the entropies and putative masses
of each of the centers read

SgH =2V niwiNawa, (36a)
n® R R RIR,
a _ Z . a Z a w a
M ——+JW +g2a’ > /2W . (36b)
Z S gs a

The total entropy and mass are just the sums.

3 Heterotic multi-center black-hole solutions at first order in a’

It was shown in Ref. [11] that the first-order a’ corrections to the general ten-dimensional
heterotic background considered in the previous section and given in Egs. (3) can be analyti-
cally obtained in the supersymmetric case for arbitrary choices of harmonic functions as long
as the hyper-Kihler metric is a Gibbons-Hawking space or E*. Here we extend the results
of [11] to the € = 0 case, which does not preserve any supersymmetry. In this section we will
just describe the corrected solutions.?* They have exactly the same form as the leading-order
solutions described in Section 2 with the only difference that the functions Z, and Z; get o’
corrections.?> For any solution to the zeroth-order equations of motion of the form Eq. (3),
the corrections to these functions are given by?°

€ 8,293,29

0) /
Z, =2 —a {
(0) ~(0)

2 z7z20

+ ”H+} +0(a?), (37a)

1| 0202 8, H O3, HO

+ +Hy 4+ O(a'?), 37b
4 (Z(O))Z (%(O))2 0 (a ) ( )

where now ZJ(S)_,O and H© are the zeroth-order value of those functions (i.e. harmonic func-
tions in the hyper-Kéahler metric h,,,,) and H, and H, are arbitrary harmonic functions in the
hyper-Kéhler metric h,,,, (which does not get any corrections) which will be determined later
on by imposing appropriate boundary conditions.

Z Although we use the same symbols for the parameters that occur in the harmonic functions for the five- and
four-dimensional cases, they are different. In particular, they have different dimensions.

24Additional details are provided in Appendix D.

BThis is only true for the 10-dimensional solutions, because the definitions of some the lower-dimensional
fields (all those descending from the 10-dimensional Kalb-Ramond 2-form) have a’ corrections [18]. These will
not be needed for our purposes: we only need the lower-dimensional metrics, whose expression in terms of the Z
functions do not change.

2Here we are using flat indices in the hyper-Kihler space m,n, ..., whose metric does not get any corrections.
Thus, 0,X0,Y =h™3,X0,Y.
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The functions H and Z_ do not get any corrections, hence they are simply given by

z =294 0?), (38a)

H=HO +0(a'?). (38b)

Let us now discuss the corrections to the multi-center black-hole solutions studied in the
previous section.

3.1 Multi-Center black-hole solutions in five dimensions

Plugging the functions Z(()O) and ZJ(FO) chosen in Egs. (6) in Egs. (37a) and (37b), we get

qaqbnmnm
2,=20+a | 2e271207' Y = 49 |+ O(@?), (39a)
p3p
a,b al”'p
[ b, m_m
o~ 909ongn
Zy=20+a | 207 ey | + 0, (39b)
ab PaPp
where we have defined the unit radial vectors
nit=(x"—x")/pq- (40)

We just have to determine the harmonic functions #, and #H,. We shall impose the fol-
lowing two conditions:

1. The solutions will be asymptotically flat with the following normalization of the func-
tions: lim)y||—c0 24,0 = 1. This implies

lim H,o=0. (41)

2. The coefficients of the 1/ pg poles of Z, , which arise in the p, — 0 will not be renor-

malized. That is "
4y

Z+| Zolx—>xa ~ (42)

~ —
X=Xy 2°

Ho and H_ must be harmonic functions of the same type as Zéo) and ZELO) to preserve asymp-
totic flatness:

Po,
Hor =g+ —. (43)
a Pa
Then, the above conditions determine the coefficients ay ., B , as follows,
qu
ay=0a,=0, Be=-1, B =2e—, (44)
do
yielding
q 1
Hy=2D> .,  Ho=-— - (45)
a 0Fa a a
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Hence, the final form of the functions that get a’ corrections is

(0) (0)—1 qiqb”m”? q3
Z,=20—2¢a | 27207 Y N 10, (46a)
b PaPy « 0Pa
b,,m.,.m
1~ 9090ng N 1
Zy=2+d |27 Y AL N | L 0(a?). (46b)
b PaPh a Pa

The two conditions imposed to determine H, , have a physical motivation. The first con-
dition is equivalent to asking the non-renormalization of the asymptotic value of the string
coupling, the radius of the internal direction and, therefore, of the five-dimensional Newton
constant. These constants defined the vacuum and, therefore, we are dealing with corrected
solutions in the original vacuum. This allows us to compare the masses and the charges of the
black holes before and after the corrections.

The second condition is meant to keep unmodified the relation between the parameters
of the solution qg’ b and the physical parameters specifying the microscopic system, n?, w®
and N® Eq. (17). As we have already discussed, this is due to the fact that n*, w* and N are
proportional to the coefficients of the poles of the functions [10,12]. It is worth remarking that
this condition implies that the 1/p? coefficient in the asymptotic expansion of the functions
can be corrected. Indeed, we find

1 1 2ea’q"
Zo~1+—2(qu—a’nc)+..., Z+~1+—22(qi+ qaq+)+... 47)
Jo) - P 0

a

Another natural choice of harmonic functions , , would have been to simply set both of
them to zero. In such case, the 1/p? coefficients in the asymptotic expansion would remain
invariant, while the coefficients of the poles of the functions would be corrected, contrarily to
what happens with the choice we have made. Nevertheless, it is important to emphasize that
both choices are physically equivalent since they give rise to the same solution parametrized
in very different ways. For instance, the identifications in Eq. (17) are no longer valid if we
choose H, 4 = 0.

In any case, these ambiguities disappear once the solution is expressed in terms of the
physical quantities. The behavior of the functions near the a™ center is given by

2 /2 a 2 /..a ANE
gia'“n giaw a'N
+~52—2’ Z ~2 — ZON > (48)
RZpCl pa pa
while, asymptotically, we find
2, /2 2
a'“|Q a'|Q_ !
Z+~1+g52—|2+|, Z_~1+g5—|2|, ZO~1+a|%°|, (49)
R:p P P
where we have defined, for later convenience,
na
Q+:n+2€ZJW) Q—:(26_1)W, QO:_(N_HC), (50)
a
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which coincide with the asymptotic charges of the solution, defined as

2
(19, = g—mf e 2Pk« F, (51a)
167Gy " Js3,
g ;
Tp Q- = WJ e 2% 4H, (51b)
167Gy T4xS3,
1 A
TSSQO = WJ H, (51C)
167Gy s3,
where
Tp = L Tgs = 1 (52)
™ ona’” 57 (2me)5g2Ls°

are the string and S5-brane tensions, respectively.

3.1.1 Regularity of the corrected solutions

From the behavior of the functions near the centers Egs. (48), we see that the corrected solu-
tions describe n, regular event horizons as long as the charge parameters are strictly positive,
qi’_’o > 0. When the corrections are taken into account, though, even if we take all these pa-
rameters to be positive, there exists the possibility that the functions Z, and Z; vanish at some
points outside the event horizons, giving rise to naked (curvature) singularities. However, we
can argue that in the solutions we are considering in this paper, all eventual curvature singu-
larities that might appear must be spurious.?” The reason is simply that they are not present
in the zeroth-order solutions. Therefore, if they appear in the corrected solutions, it must be
in a regime of charge parameters where the perturbative expansion is no longer justified, as
the vanishing of the functions can only happen when the corrections cancel the leading-order
contributions, which tells us that they are equally important. This can be seen very clearly in
the single-center solutions. In this case, the corrections are given by [9]

qs | 2eq:0 (p*+q0+q-)

+0(a'?), (53a)
P2 qo(p?+q-)(p2%2+qp) (™) :

Z, =1+

do , P2+2q,
o P T2

+0(a’?). 53b
P? (p*+qo) (@) (53

ZO=1+

The function Z, is always strictly positive if g, _ o > 0. However, the function Z, can vanish
and change sign, which is far worse. However, this only happens if g, < a’ (see Fig. 3), in
which case the perturbative expansion is no longer justified. Hence, naked singularities of the
corrected solutions only arise for values of the parameters for which the perturbative expansion
breaks down and we should not worry about them. A graphic depiction of a particular solution
is givenin Figs. 6 and 7.

2’Note that this claim does not apply to the conical singularities (struts) we are also discussing in the paper.
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p/Va'

Figure 3: Plot of the function Z;, for the solution with a single center n, = 1 and for
several values of the charge qo/a’ = {0.2,1,5}. As we can see, when the value of g,
is sufficiently small, (spurious) naked singularities appear.

T
3F ]
2; ]
1F 1 — ¢ =01d
I _——
N V — g5 =020
_1} ]
i e=05a
-2F 1 do
-3+ - qg:a,
_4’\ \ \ \ \ | \ \ \ \ | \ \ \ \ | \ \ \ \ 1]
0.0 0.5 1.0 1.5 2.0
1’1/\/&

Figure 4: Plot of the function Z|, for the solution with multiple centers n. = 5 along
the plane x® = x* = 0. The plane spanned by x! and x? does not contain any of the
centers. The centers are placed in the vertexes of a 5-cell.

In the multi-center case, we have exactly the same situation. In any case, it is, of course,
important to check that the we have found solutions are free of these pathologies when we take
the charges to be large as compared to a’. We have done so numerically for several multi-center
configurations and we have found no singularities whenever the charges are larger than £, in
agreement with our general argument: even if we consider a complicated configuration (see
Fig. 4), approaching a center the corrections to Z, o reduce to those of a single BH (see Fig. 5).
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Figure 5: Plot of the function Z|, for the solution with multiple centers n. = 5 along
a direction passing through a center for several values of the charge of such center
qg/a’ ={0.1,0.2,0.5,1}. As we can see, when the value of g, is much smaller than
a’, (spurious) naked singularities appear. The centers are placed in the vertexes of a
5-cell.
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Figure 6: Plot of the g,, component of the metric in the Einstein frame Eq. (8a) for
a planar configuration of 3-charged extremal BHs in 5 dimensions. x; and x, are
the same of Eq. (7). The charges and the positions are positive and randomly picked
such that the average distance among the BHs is 5 times the average value of the
charges in units of .
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Figure 7: 3-dimensional version of the plot in Fig. 6. In this figure we do not have
infinite throats because the coordinates we are using are defined outside of the BHs
horizons where g, = 0.

3.1.2 Thermodynamic properties of the corrected black holes

The ADM mass of the a’-corrected five-dimensional black holes can be straightforwardly com-
puted from the asymptotic expansion of tt component of the metric. The result can be ex-
pressed in several ways,

R, 2€ n® n.R,
M=—+-Zw+ N+=>» ——
R, o g2a’ R, &4 N g2a/

(54)

— |Q+|+R2|Q—|+R2|QO|,
R, a’ g2a/

which highlight different aspects of the corrections to the mass, as we are going to discuss.
First, observe that we can associate a mass to the a™ black hole given by>®

a a
Ma="—(1+2—6)+sz +a' (N9 —1), (55)
R, Na o

and that it is still true that the total mass is given by the sum of these putative individual
black-hole masses, M = >, M“. Again, this is telling us that there is a cancellation of the
interaction energies between the black holes, which is precisely what allows them to be in
static equilibrium. However, contrarily to what happens at zeroth order, the total mass not
only depends on the total amounts of winding, momentum and S5-branes, but also on the
particular distribution of these objects among the different centers.

In order to discuss the corrections to the mass, we have to specify the quantities that we
keep fixed. There are two natural possibilities: either we fix the asymptotic (Maxwell) charges,
Q. _ o, or the total number of stringy sources, n, w and N. This distinction is necessary because
these quantities do not coincide when taking into account a’ corrections, as we have just seen
in Eq. (50). In fact, the correction to the mass just vanishes when the asymptotic charges are

ZThese individual masses can be found by setting n, = 1 in Eq. (54).
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kept fixed, as reported in [9]. In contrast, when fixing n, w and N, one finds that the correction
to the mass is given by

TR, &4NT g2d/ R,

Na g2

2e o n® nR, 1 [26 n®  nckZ, ] 56)

As we can see, the correction in the non-supersymmetric case (¢ = 0) is always negative
and, furthermore, it decreases linearly with the number of centers. This means that the frag-
mentation of these bound states is energetically favored in the non-supersymmetric case. We
will come back to this issue in Section 4. In the supersymmetric case, in turn, the correction
does not have a definite sign.

The entropy of these black holes can be obtained by means of the entropy formula derived
in [35]%° based on the results of [37,40], as it has recently been done in [9] for single black-
hole solutions. Since this entropy is just an integral over the event horizon, it is just the sum
of all the entropies of the individual black holes, and we can simply use the result in [9] to get

Sw= .54, —Zn\/nawaNa(1+N—) (57)
a

As we can see, the correction to the entropy for fixed n®, w® and N¢ vanishes in the non-
supersymmetric case, in agreement with the results of [33,64]. The result in the supersym-
metric case coincides with previous results in the literature, see [18, 33,34, 64,65].

3.2 Multi-Center black-hole solutions in four dimensions

Plugging Eqgs. (23) in Egs. (37a) and (37b) and choosing the harmonic functions H, , with
the same prescription as in the five-dimensional case, we obtain that the corrections to Z, and
Z, are the following,>°

o _ €2 | Lo- -1z-1 9492 ng'ny' a4 ’2
Z+=Z+ —7 Z —H ZT—ZT +0(a’?), (58a)
a,b rarb a qO H
o q b mn qa qb nmnpm 2
720+ |2 B o S 52 o,
rlr; = rirs — q5,Tq

(58b)

where, now, n' = (x™ —x["')/r, and m=1,2,3.
The behavior of all the functions that determine the four-dimensional solutions near the

black-hole horizons (r, — 0) is,
2..,/2 a 2 ./...a

g;a' n
+~ Soon L0 Z ~——, Zy~
2R2R,,T, 2R, 1,

a’N¢ R, ,W?
, H~——, (59)
2R, 1, 2r,

» As explained in that reference, in general, the Iyer-Wald formula derived in [31] using the formalism of [26,27]
is not valid in presence of matter fields because the vast majority of them have gauge freedoms that were not
correctly taken into account. In particular, in the case of the first-order in o’ heterotic superstring effective action,
the entropy formula derived using the Iyer-Wald prescription is not gauge invariant (it is frame-dependent). In
certain frames, the entropy formula derived using the Iyer-Wald prescription and the entropy formula derived
in [35] take the same form, except for a factor of 2 in one of the terms. The factor of 2 that occurs in the entropy
formula derived in [35] leads to an entropy that satisfies the first law of black-hole thermodynamics in the a’-
corrected non-extremal Reissner-Nordstrom black hole [14].

0The expressions for the harmonic functions in this case are H, = Y., 57— 2q q —and Ho =~ 51+
H'a
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where we have used Egs. (35) and (27). Asymptotically, we find the following behavior
gszallg—l a’| Q|

2..,/2

a'?|9,]

Qoo gl o)
2R2R,,r 2R, 1 2R, T

Z,~14

H~1+M, (60)
2r

where we have defined

a

2
Q,=n+2ey o, Q =(2e—Dw, Qo=—(N—ZW), Qu =W, (61)

which again coincide with the asymptotic charges of the solution.

3.2.1 Thermodynamic properties of the corrected solutions

The total mass of the four-dimensional black-hole solution is given by

n Rw RN RPRW 2 nt 2R, 1
L ) 5

R, o g2/ g20'? R, 4% N“Wa_gsza’ — wa

(62)

2
— |Q+| +Rz|Q—|+Rz|QO| RWR2|QH|
R, a’ g2a’ g2a’?

It displays analogous features to the mass of the five-dimensional ones. First, the total mass is
again the sum of the putative individual masses of each black hole, given by

n? (1+ 2¢ )+sza LB (Ne— %) +R§VRZWQ

M= —
R, Nawa

(63)
a’ g2a’ g2a’?

Again, this fact can be interpreted as directly related to the no-force condition between the
black holes. In addition to this, we observe that the correction to the mass also vanishes when
we keep the asymptotic charges constant. Instead, when we keep the parameters n,w, N and
W constant, we obtain a non-vanishing correction,

2 en k2 1
M ==1> —=N ], 64
v RZ[ i Nawe g2 & Wa} &9

which is, again, negative in the non-supersymmetric case and decreases with the number of
centers.

The Wald entropy can be computed as in the five-dimensional case, making use of the
results of [9], and it has the value

2
Sw=271 Y VniwiNewe (1 + Na‘fva) . (65)
a

4 Discussion

Our main results can be summarized as follows: we have computed the first-order a’ correc-
tions to multi-center black-hole solutions in five and four dimensions which provide effective
descriptions of bound states of fundamental strings, momentum waves, solitonic 5-branes and
KK monopoles. We have shown that the first-order a’ corrections do not introduce any singu-
larities and that, therefore, the equilibrium of forces between them is preserved.
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We have also seen how the relation between the asymptotic charges and the numbers
of fundamental objects is altered by the a’ corrections, see Egs. (50) and (61). As a con-
sequence, we have seen that the mass can have corrections when n, w, N and W are kept
fixed even if the corrections for the asymptotic charges vanish. Interestingly enough, we have
observed that when the total number of fundamental objects is kept fixed, the masses of the
non-supersymmetric solutions receive negative corrections that decrease with the number of
centers, indicating us that black-hole fragmentation is energetically favored. The question
now is whether this process is allowed or not.

Clearly, a necessary condition for the fragmentation process to be allowed is that the con-
served charges of the initial and final configurations are identical. At the two-derivative level,
the conserved charges are proportional to the total numbers of the different fundamental ob-
jects, which means that these numbers must not change. The number of centers n, can, in
principle, change, but it does not appear explicitly in the entropy formula at this order. Then,
at this order, the fragmentation is, in principle, allowed, but entropically disfavored.

As already mentioned, in presence of a’ corrections (which introduce Chern-Simons
terms), one can define several notions of charge and not all of them are necessarily con-
served [45]. Therefore, the first thing we have to do is to figure out which notions of charge
are conserved and which are not. A thorough analysis of all the possible notions of charge,
their physical interpretation and their properties in this context requires much more work and
will be carried out elsewhere [46]. Thus, here we will just focus on one of them, the solitonic
5-brane charge. The presence of S5 branes modifies the Bianchi identity of the Kalb-Ramond
2-form B as follows:

§32 S Z/A aA N B Y
———|dH 4R(_) B AR 4 | = *Jss - (66)

The current Jg5 describes the coupling of external sources (S5 branes) to the magnetic dual
of the KR 2-form. Following [45], we refer to it as the brane-source current. By definition, it is
localized, which in this context means that it vanishes whenever the sourceless (supergravity)
equations of motion are satisfied. For instance, in the five-dimensional configurations we have
studied, the brane-source current associated to S5 branes is given by

g5 = —82Tss ZNa 6@ (x—x,), where f x 6W(x—x)=1, (67)
a E4

since it is precisely at the centers where Egs. (2) are not satisfied. Therefore, the brane-source
charge, defined as the integral of %Jgs, is proportional to (minus) the total number of S5
branes,

J *gs = —82Tss ZNa =—§2TssN . (68)
E4 a

As explained in [45], brane-source charges are not conserved quantities in presence of
Chern-Simons terms. The heterotic case is, however, a bit peculiar because, when taking a
exterior derivative in (66), we arrive to

A/
d3Jgs = —22 PR AR =0 (69)
5= SRy L% =0,
327600 O

if the Bianchi identity of the curvature tensor of the torsionful spin connection IA{(_)&IA’ , defined
in Eq. (A.2), is not modified by the presence of sources, that is

DyR(—)ap = DRyy, = 0. (70)
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This implies that the total number of 5-branes, N, must remain constant in the fragmen-
tation process. The same happens with the Maxwell solitonic 5-brane charge, which in the
five-dimensional case is given by Q, = —(N —n,), see Eq. (50). Hence, it is evident that
the fragmentation is forbidden if both Maxwell and brane-source charges are conserved. An
analogous analysis in the four-dimensional case yields the same conclusion.
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A The heterotic superstring effective action

The a’ corrections that appear in the effective action of the heterotic superstring were first
studied in [3-5], see also [6, 66-69] for more recent studies. Here we are following [3],
adapting their results to the conventions of [ 1]. Working with a consistent truncation in which
all the gauge fields are trivialized, we have that the effective action of the heterotic string that
includes the first-order o’ corrections®! is given by

A ,
A gs 10 A _243 [A N2 1 ~o A A AA AAB :|
S=—2__ | d'%% e R—a4(8¢)2+ —H2— =Ry, LR AP 1 (A
16nGI§1°)J 8] (@9) 5.3 g Rony bR e (A1)
where
R =dQy" — Q" AQL) S, (A.2)

is the curvature of the torsionful spin connection,

Lpoa, g

0ty =0t —SH e (A.3)
and, in their turn, (f)di} is the Levi-Civita spin connection and
AHO® =dB, (A.4)

is the zeroth-order the 3-form field strength of the Kalb-Ramond 2-form B. The first-order field

strength is given by
/
A=dB+=0l ), (A5)

where 5
) =00 AL = 300" A0 A0 (A.6)

31Some terms of second order in o’ are implicitly included in this expression, in order to give it a more convenient
form, but they should be consistently ignored.
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is the Chern-Simons 3-form of fl(_)ai). Thus, H satisfies the Bianchi identity

/

A a A A A 7
dH = ZR(_)QB /\R(_)ba . (A.7)

A.1 Equations of motion

In order to derive the equations of motion, it is highly convenient to use the lemma proven in
[3], which states that the variation of the action with respect to the torsionful spin connection,
6S/6 Q(_)ai), yields terms of order O(a’?) when evaluated on-shell. Since we are ignoring
such higher-order terms, we can simply obtain the equations of motion by varying the action
only with respect to explicit occurrences of the fields (i.e., those which do not occur through
the torsionful spin connection). Doing so, one obtains

N . 1. e o o B
Rps =2V0s@ + ZHapoHsP7 — TR p R 0 = O™, (A.82)
agy—Ltorg_ L, Tp o ap mvh o2 A.8b
(09)° =5V — 5 H + SR R a = 0@, (A.8b)
d(e «f) = 0(a'?). (A.80)

B Torus compactification

The reduction of the heterotic superstring effective action over a torus to first order in a’ has
been carried out in Ref. [70]. Here, however, we only need to know the relation between the

lower- and higher-dimensional fields at leading order in the a’ expansion:>?

8ur = 8uv— GapA®uA’ (B.1)
8ua =—GapAP (B.1b)
8ap =—Gaup (B.1c)
B,y =By —A%Cph» (B.1d)
Biiw = Cap—BupAy, (B.1e)
Byp =Cap, (B.19)

d=¢+ %logdet(Gaﬁ). (B.1g)

32Here we are using the first letters of the Greek alphabet for the internal indices instead of the Latin letters
m,n,---, to avoid possible confusions with the indices of the hyper-Kahler space. We are also using an unconven-
tional C for some of the fields descending from the Kalb-Ramond 2-form.
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The inverse relations are

8uv = &ur— 8P 8ualop (B.2a)
A =886, (B.2b)
Gop = _gaﬁ > (B.20)
By =B, + 8P 8a1,Bup (B.2d)
Cap=Buu+Bup8" 8., (B.2e)
Cap =Bagp, (B.20)

¢ = ¢ — 5 log|det(Zqp)l - (B.2g)

C Curvature components

For convenience, we change coordinates introducing the coordinate u = t — k2. The com-
putations will be performed in the following vielbein basis

du
¢t =—

zZ
5 ¢ =dt—Fdu, em=zvm, €D

where v™ is a vierbein of the hyper-Kihler metric, namely do? = v™"5,,,. In the following
we will use J,, to indicate the partial derivative with respect to the flat indexes of the hyper-

Kéhler vielbeins v™, i.e. we use
O = Vi 20, - (C.2)

C.1 Torsionful spin connection

The components of the torsionful spin connection Q(_) ab = Dap — %I—AI (OZ é¢ are given by
ca

A € n

Q(_) 4—= Wam log Z_em y (C.Ba)
0

A € n

Q(_)_m = Wam log Z_e+ B (C.Sb)
0

A Z_ 1—

Oyim =~ 248" + Tjam log Z_¢", (C.30)

2z z]
ep

Oy mn = [ Bprn + M08, 108 Zo | (C.3d)

mnpq ~q Z1/2 ’

0
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where @, is the hyper-Kahler spin connection® and M, . = &pupp
anti-self-dual so(3) subalgebra of of s0(4).

Oqin — %emnpq are the

C.2 Curvature 2-form

The non-vanishing components of the curvature 2-form are

A N 1
Ry = ATAL M [vnam log Z_— Eam log Z2_3,log Zy—M,,, 0,log Z_0,log ZO] , (C.4a)
0
A Z_enNet 1
R(—)+m = 2—20 VnamZ+ — 58,1 log ZOBmZ+ +(e— 1)8m log Z_anZO
e"Ne”
—€0,2,0,logZ_|+(1—¢€) V.0, log Z_
0
1
_Ea’“ log Z_d,log 2, — Mg 0,1log Z_0, log Zo] , (C.4b)
R(—)mn = Rmn + F'mn , (C.40)
where
Ry = d @y + By A By 5 (C.5a)
Frn=dAn, +A,, AA,,, (C.5b)
and
Apn =M ,,,0,108 2o vP. (C.6)

When computing the mn components of the curvature 2-form, Eq. (C.4) it is crucial that
the spin connection @,,, and the connection A,,,, satisfy opposite self-duality relations,

- 1 . x 1 -
Omn = +§6mnpq Wpg > Apn = 5 €mnpgApq > (C.7)
i.e., each of these connections belongs to one of the two orthogonal subspaces, s0..(3), in which

50(4) = 50,(3) ® s0_(3) splits.

D The general a’-corrected solution

The a’ corrections to the equations of motion and Bianchi identity are encoded in the so-called
T-tensors [3], which are given by

A (Z) _ 1 A N Ad‘/\

T =—7RoacaeRop ™ D.1)
IO =R ARS™, (D.2)
PO =150, (D.3)

1t is defined through dv™ + &™, Av" = 0.
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Using the calculations displayed in Appendix C, one can check that all the T-tensors are
equal to those of the supersymmetric case [11] except for Tﬁ), which simply vanishes in the
non-supersymmetric case. Since the left-hand side of the ++ component of the Einstein equa-
tions is proportional to the Laplacian of Z,, this function does not receive o’ corrections when

€ = 0. Hence, we find [11]

ea’ 3,295,290

(0)
Z, =27

(0) 7(0)

2 z7z0

+0(a'?), (D.4)

where ZS)_’O are the functions that determine the zeroth-order solution through Egs. (3). As
discussed in the main text, the solution for Z, is only specified up to a harmonic function,
which corresponds to the freedom we have to fix the boundary conditions. The correction to
the function Z, can be found by solving the Bianchi identity (A.7). Given that T does not
depend on ¢, the solution is the same as the one found in [11], namely

o [0.278,280 5 1©®a 1©®

/2
2 (Z(()O))Z + (HO)2 +O(a'?). (D.5)

Zo=Z"+
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