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ABSTRACT: We construct and study the first supersymmetric black-hole and black-string
solutions of non-Abelian-gauged N’ = 1,d = 5 supergravity ( N = 1,d = 5 Super-Einstein-
Yang-Mills theory) with non-trivial SU(2) gauge fields: BPST instantons for black holes
and BPS monopoles of different kinds (’t Hooft-Polyakov, Wu-Yang and Protogenov) for
black strings and also for certain black holes that are well defined solutions only for very
specific values of all the moduli. Instantons, as well as colored monopoles do not contribute
to the masses and tensions but do contribute to the entropies.

The construction is based on the characterization of the supersymmetric solutions
of gauged N' = 1,d = 5 supergravity coupled to vector multiplets achieved in ref. [1]
which we elaborate upon by finding the rules to construct supersymmetric solutions with
one additional isometry, both for the timelike and null classes. These rules automatically
connect the timelike and null non-Abelian supersymmetric solutions of ' = 1,d = 5 SEYM
theory with the timelike ones of N' = 2,d = 4 SEYM theory [2, 3] by dimensional reduction
and oxidation. In the timelike-to-timelike case the singular Kronheimer reduction recently
studied in ref. [4] plays a crucial role.
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1 Introduction

The search for classical solutions of General Relativity and theories of gravity in general

has proven to be one of the most fruitful approaches to study this universal and mysterious

interaction. This is partially due to the non-perturbative information they provide, which

we do not know how to obtain otherwise. It is fair to say that some of the solutions

discovered (such as the Schwarzschild and Kerr black-hole solutions, the cosmological ones

or the AdS5xS® solution of type IIB supergravity) have opened entire fields of research.



Some of the most interesting solutions are supported by fundamental matter fields
and a large part of the search for gravity solutions has been carried out in theories in
which gravity is coupled to different forms of matter, usually scalar fields, Abelian vector
and p-form fields coupled in gauge-invariant ways among themselves and to scalars, as
suggested by superstring and supergravity theories, for instance. The solutions of gravity
coupled to non-Abelian vector fields have been much less studied because of the complexity
of the equations. Most of the genuinely non-Abelian solutions found so far, such as the
Bartnik-McKinnon particle [5] and its black hole-type generalizations [6], in the SU(2)
Einstein-Yang-Mills (EYM) theory, are only known numerically, which makes them more
difficult to study and generalize.

Supersymmetry can simplify dramatically the construction of classical solutions, pro-
viding in some cases recipes to construct systematically whole families of solutions that
have the property of being “supersymmetric” or “having unbroken supersymmetry”, or
being “BPS” (a much less precise term) because these solutions satisfy much easier to solve
first-order differential equations.! These techniques can be applied to non-supersymmetric
theories if we can “embed” them in a larger supersymmetric theory from which they can
be obtained by a consistent truncation that, in particular, gets rid of the fermionic fields.

In order to apply these techniques to the case of theories of gravity coupled to fun-
damental matter fields we must embed the theories first in supergravity theories. d = 4
EYM theories can be embedded almost trivially in N'=1,d = 4 gauged supergravity cou-
pled to vector supermultiplets, but there are no supersymmetric black-hole or more general
particle-like solutions in A/ = 1,d = 4 supergravity: all the supersymmetric solutions of
these theories belong to the null class? and describe, generically, massless solutions such as
gravitational waves and also black strings (whose tension does not count as a mass). This
could well explain why there are no simple analytic solutions of the EYM theory.

Embedding of d = 4 EYM theories in extended (N > 1) d = 4 supergravity theories
turns out to be impossible, since the latter always include additional scalar fields charged
under the non-Abelian fields which cannot be consistently truncated away. On the other
hand, these scalar fields (or part of them) can also be interpreted as Higgs fields and we
can think of those supergravities (which we will call Super-Einstein-Yang-Mills (SEYM)
theories) as the minimal supersymmetric generalizations of the Einstein-Yang-Mills-Higgs
(EYMH) theory. Actually, some solutions of the SEYM theories are also solutions of the
EYMH theory, but this is not generically true and we cannot say that the EYMH theory
is embedded in some SEYM theory.

At any rate, analytic supersymmetric solutions of SEYM or more general gauged su-
pergravity theories should be much easier to find than solutions of the EYM theory and,
at the same time, much more realistic, since we know there are scalar fields charged under
non-Abelian vector fields in Nature.

This expectation turns out to be true. In 1991 Harvey and Liu [8] and in 1997 Chamsed-
dine and Volkov [9, 10] found globally regular gravitating monopole (“global monopole”)

LFor a general review on the construction of supersymmetric solutions of supergravity theories, including
some of those that we are going to study here, see ref. [7].

2The Killing spinor of the supersymmetric solutions in the null (resp. timelike) class gives rise to a null
(resp. timelike) Killing vector bilinear.



solutions to gauged N' = 4, d = 4 supergravity, a theory that can be related to the Heterotic
string. In 1994, a 4-dimensional black-hole solution with non-Abelian hair was obtained
by adding stringy (Heterotic) o/ corrections to an a = 1 dilaton black hole [11]. This
solution was singular in the Einstein frame.? More recently, the timelike supersymmetric
solutions of gauged N' = 2,d = 4 and N = 1,d = 5 were characterized, respectively, in
refs. [2, 13] and [1, 14],* so the form of all the fields in those solutions is given in terms of
a few functions that satisfy first-order equations.

In the 4-dimensional case, these first-order equations are straightforward generaliza-
tions of the well-known Bogomol’nyi monopole equations [15] whose more general static and
spherically symmetric solutions for the gauge group SU(2) were obtained by Protogenov
in ref. [16]. Then, the characterization of timelike supersymmetric solutions was immedi-
ately used to construct, apart from global monopole solutions, the first analytical, regular,
static, non-Abelian black-hole solutions which cannot be considered as pure Abelian em-
beddings [2], showing how the attractor mechanism works in the non-Abelian setting [2, 3].
Colored black holes® and two-center non-Abelian solutions were constructed, respectively,
in [17] and [12] by using, respectively, “colored monopole” and two-center solutions of the
Bogomol'nyi equations.

In the N =1,d =5 SEYM case, the characterization obtained in refs. [1, 14] has not
yet been exploited. Doing so to construct non-Abelian black-hole and black-string solutions
is our main goal in this paper. It is a well-known fact, one that also holds in the Abelian
(ungauged) case, that the vector field strengths of the timelike supersymmetric solutions
of these theories are the sum of two pieces, one of them self-dual in the hyperKéahler base
space, i.e. an instanton in the base space. In the non-Abelian case we are interested in, this
fact can be exploited in an obvious way to add non-Abelian hair to black hole solutions.

As we are going to see, it will be convenient to refine the general characterization ob-
tained in those references to obtain a simpler recipe to construct supersymmetric solutions
with one additional isometry. These solutions are still general enough and can also be
related to the timelike supersymmetric solutions of N' = 2,d = 4 SEYM. In the timelike-
to-timelike reduction, we recover the relation between self-dual instantons in hyperKéhler
spaces with one isometry and BPS monopoles in E? found by Kronheimer in ref. [18]. As
we have shown in ref. [4] this redox relation brings us from singular colored monopoles
to globally regular BPST instantons and vice-versa and it will allow us to obtain regular
black holes with a BPST instanton field.

The recipes we have obtained can be applied to any model of N' = 1,d = 5 super-
gravity coupled to vector multiplets in which a non-Abelian subgroup of the perturbative
duality group can be gauged. The explicit solutions we will construct will belong to a
particular model, the ST[2, 5] model which is the smallest of the ST[2,n] family of models
admitting a SU(2) gauging. These models are consistent truncations of N' = 1,d = 10

3We will see, though, that it is closely related to the 4-dimensional black-hole solutions studied in [12]
and to the 5-dimensional ones presented here.

4In the N = 1,d = 5 case, the null supersymmetric solutions were characterized as well.

5Colored black holes have non-Abelian hair but vanishing asymptotic charges. The charges must be
screened at infinity because they contribute to the near-horizon geometry and to the entropy.



supergravity coupled to a number of vector multiplets on T° and, for low values of n, they
can be embedded in Heterotic string theory. The SU(2) gauging can be associated to the
enhancement of symmetry at the self-dual radius U(1)xU(1) —U(1)xSU(2), although, in
order to study the details of the embedding of our model in Heterotic string theory (which
will be our next goal) more work will be necessary.

This paper is organized as follows: in section 2 we review the gauging of a non-
Abelian group of isometries of an N' = 1,d = 5 supergravity theory coupled to vector
multiplets. The result of this procedure is what we call an N’ = 1,d = 5 Super-Einstein-
Yang-Mills (SEYM) theory. In section 3 we review and extend the results of ref. [1] on the
characterization of the supersymmetric solutions of N' = 1,d = 5 SEYM theories, giving the
recipe to construct those admitting additional isometries and showing how they are related
to the analogous supersymmetric solutions of N' = 2,d = 4 SEYM theories characterized
in ref. [3, 13]. We will then use these results in section 4 to construct black holes and black
strings (in the timelike and null cases, respectively) of the SU(2)-gauged ST[2, 5] model of
N = 1,d = 5 supergravity and to study their relations, via dimensional reduction, to the
non-Abelian timelike supersymmetric solutions (black holes and global monopoles) of the
SU(2)-gauged ST|2,5] model of N' = 2,d = 4 supergravity (see ref. [12]). Our conclusions
are given in section 5. Appendix A reviews the reduction of ungauged N = 1,d = 5
supergravity to a cubic model of N = 2, d = 4 supergravity, with the relation between the
5- and 4-dimensional fields for any kind of solution (supersymmetric or not). This relation
remains true for gauged supergravity theories under standard dimensional reduction (which
does not change the gauge group). Finally, appendix B review the spherically-symmetric
solutions of the Bogomol'nyi equation in E3 for SU(2).

2 N =1,d =5 SEYM theories

In this section we give a brief description of general N’ = 1, d = 5 Super-Einstein-Yang-Mills
(SEYM) theories. These are theories of N' = 1,d = 5 supergravity coupled to n, vector
supermultiplets (no hypermultiplets) in which a necessarily non-Abelian group of isome-
tries of the Real Special manifold has been gauged. These theories can be considered the
simplest supersymmetrization of non-Abelian Einstein-Yang-Mills theories in d = 5. Our
conventions are those in refs. [1, 19] which are those of ref. [20] with minor modifications.

The supergravity multiplet is constituted by the graviton e“,, the gravitino %Z and the
graviphoton A,,. All the spinors are symplectic Majorana spinors and carry a fundamental
SU(2) R-symmetry index. The n, vector multiplets, labeled by = 1,....,n, consist of a
real vector field A”,, a real scalar * and a gaugino AT

The full theory is formally invariant under a SO(n, + 1) group® that mixes the matter
vector fields A*, with the graviphoton A, = AOM and it is convenient to combine them
into an SO(n,, + 1) vector (Al,) = (A°,, A%,). Tt is also convenient to define a SO(n, + 1)
vector of functions of the scalars h!(¢). These n, + 1 functions of n,, scalar must satisfy a

5The theory will only be invariant under a subgroup of SO(n., + 1).



constraint. A = 1,d = 5 supersymmetry determines that this constraint is of the form

Crixh' ()h (9)h" (¢) = 1, (2.1)

where the constant symmetric tensor Cyjx completely characterizes the theory and the
Special Real geometry of the scalar manifold. In particular, the kinetic matrix of the vector
fields ars(¢) and the metric of the scalar manifold g,,(¢) can be derived from it as follows:
first, we define

hy = Crygh’h™, = hih =1, (2.2)
and
I I ahl I 1
hl=—V3n , = - 387535, hiz = +V3hre, = hihl =h'hp =0. (2.3)

Then, ayy is defined implicitly by the relations
hr = arsh?, hie = arsh?’,. (2.4)

It can be checked that
ary = —QC’[JKhK + 3hrhy. (2.5)

The metric of the scalar manifold g,,(¢), which we will use to raise and lower z,y
indices is (proportional to) the pullback of ay;

Gay = argh’oh”y = =2C1 b B (2.6)
The functions k! and their derivatives hl satisfy the following completeness relation:
ary = hrhy + ga:yh?hz- (27)

By assumption, the real Real Special structure is invariant under reparametrizations

generated by vectors k% (¢)”

8¢° = clks®, (2.8)

satisfying the Lie algebra®
[k kg = —fr"kx. (2.9)

The invariance of the metric g, implies that the vectors k;*(¢) are Killing vectors. The
invariance of the constraint eq. (2.1) implies the invariance of the Cr i tensor

—3f1M Creryn = 0. (2.10)
Multiplying this identity by h”h¥hl we get another important relation:

f15h he = 0. (2.11)

"Some of these vectors may be identically zero. This is the price to be paid for labeling the gauge vectors
and the Killing vectors with the same indices.

8Some of the structure constants may vanish identically, but it is assumed that some of them do not
because, otherwise, we would be dealing with an ungauged supergravity.



The functions h!(¢), in their turn, must be invariant up to SO(n, +1) rotations, that is
ki*0.h! — fre’ WS =0, = k® = —V3fr,5hm%h’, = Kk =0. (2.12)

If the real special manifold is a symmetric space, then the tensor C7 i satisfies the
identity
1
CYECmCnpk = ﬁél(LCMNP) : (2.13)

where C!/5 = C k. In these spaces we can solve immediately h! in terms of the hy

1
=210 8 hshye, = C”KhIthK:ﬁ. (2.14)
To gauge this global symmetry group we promote the constant parameters ¢ to arbi-
trary spacetime functions identifying them with the gauge parameters of the vector fields
Al(z) ¢! - —gAl(z). The gauge transformations scalars ¢, the functions h! and the Af,

take the form

or9" = —gN k", (2.15)
oAb’ = —gfi ATRE, (2.16)
SaA, = 0N + gfs' AT A =D, A (2.17)

where D, is the gauge-covariant derivative. @uhf has the same expression as @uAI and
have the same gauge transformations as h! and A’. We also have

D,hr = Ouhr + gfrs™ A7 b, (2.18)
9,Crx = 0. (2.19)

On the other hand, the gauge-covariant derivative of the scalars is given by
D,0" = 00" + gA' k", (2.20)

and transforms as

oAD" = —gAN O k1D 0" (2.21)

The gauginos ' transform in exactly the same way as ®¢® and their gauge-covariant
derivatives are identical to the second covariant derivative of ¢*:

0,0,¢" = 0,D,¢" —T1,D,0" + T'y."D,0YD,¢° + gA' 10,k "D, ¢V (2.22)
The gauge-covariant vector field strength has the standard form
FIM,, = 20[MAIV} + ngKIAJuAKV. (2.23)

The bosonic action of N =1,d =5 SEYM is given in terms of ay, 9zy, Cryi and the
structure constants fr 7K by

ghvpoa

FIHVFJpO'AKa

1 1 1
S=[d°z R+ =0y D, "D Y — —ay  FIW R, + C
\@{ 59ayDud" D" —2ary w575 IJK\@[



1 1
_§gfLMIFJ,uVAKpALUAMa + 1092fLMIfNPJAK,LLALVAMpANUAPa] } (224)
Observe that this action does not contain a scalar potential V' (¢) because
3
V(9) = 50" W W kr"k 1V guy (2.25)

(the expression that follows from the general formula in ref. [20]) vanishes identically for
the kind of gaugings considered here, owing to the property eq. (2.12). This fact is asso-
ciated to the vanishing of the corresponding fermion shift in the gauginos’ supersymmetry
transformations.

The equations of motion for the bosonic fields are

1 55

Ew =
= /g W e
1 1
=G — 9017 (FIMpFJVp - 49uVFIpaFJpo)
1 Yy 1 P AHY
+§g:ty ,u¢ szd) g/u/ p¢ £y ¢ (2'26)
1 98
b ygoAn,
D (ars P 4 S G BT P o+ ghy D (2.27)
= ~v \a1J 1JK v oo Iz .
43 g g
TY
o — 97005
Vg 09V
1
@M@quz + ngyayaIJFIpaFJpo- (228)

The supersymmetry transformation rules for the bosonic fields are

i— a,i
deey = fei'y Vs
5 AT, = “[hf &, + hfemw (2.29)
5ed” = %aw.

and the corresponding transformation rules for the fermionic fields evaluated on vanishing
fermions are

i ) 1 (e )
567/1H = VME - 7hIFI p (’Y,uozﬁ - 49#04’75) €, (230)

8f

SN (z&w — fh i ) (2.31)

where V€' is just the Lorentz-covariant derivative on the spinors, given in our conventions

by
V€ = <8M - i@) e (2.32)



The equations of motion and the supersymmetry transformation rules are the straight-
forward covariantization of those of the ungauged theory, except for the addition of a source
to the Maxwell equations corresponding to the charge carried by the scalar fields.

3 The supersymmetric solutions of ' = 1,d = 5 SEYM theories

In this section we are going to review first the results of ref. [1] particularized to the case
in which there are no hypermultiplets nor Fayet-Iliopoulos terms. We will simply focus on
the final characterization of the supersymmetric solutions. Then, we will analyze the form
of the solutions that admit an additional isometry and can, therefore, be dimensionally
reduced to d = 4, following refs. [19, 21].

Let us start by reminding the reader that a solution of one of the ' =1,d = 5 SEYM
theories is said supersymmetric if the so-called Killing spinor equations

ey, =0, ST =0, (3.1)

written in the background of the solution can be solved for at least one spinor ¢! (x), which is
then called Killing spinor. The supersymmetric solutions of these theories can be classified
according to the causal nature of the Killing vector that one can construct as a bilinear
of the Killing spinor V® = ig;y%" as timelike (V*V, > 0) or null (V*V, = 0). These two
cases must be discussed separately.

3.1 Timelike supersymmetric solutions

The fields of the timelike supersymmetric solutions of N' = 1,d = 5 SEYM theories are
completely determined by

1. A choice of 4-dimensional (obviously Euclidean) hyperKéahler metric
d§? = hyy (x)dz™dz"™ . (3.2)
Fields and operators defined in this space are customarily hatted.

2. Vector fields defined in the hyperKihler space, A, such that their 2-form field
strengths, '/ (/1) are self-dual
R = 4P (3.3)

with respect to the hyperKéhler metric. This implies that Al defines an instanton
solution of the Yang-Mills equations in the hyperKéhler space.

3. A set of functions in the hyperKéhler space fl satisfying the equation?

oA 1 A
D2 f; — ECUKFJ CFEK =0. (3.4)

Given hyp, Al f], the physical fields can be reconstructed as follows:

9The coefficient of the second term is wrong by a factor of 2 in refs. [1, 19] although all subsequent
formulae are correct.



1. The functions f; are proportional to the hi(¢) defined in eq. (2.2). The proportion-
ality coefficient is called 1/ f:
hi/f = fr. (3.5)

The functions hj(¢) satisfy a model-dependent constraint (analogous to the constraint
satisfied by the functions h!(¢), eq. (2.1)). This constraint can be obtained by solving
eq. (2.2) for the k! and substituting the result into eq. (2.1). Therefore, the constraint
has the form F(h.) = 1 where F' is a function homogeneous of degree 3/2 in the h;
and, substituting the above equation, one gets

P =F(f). (3.6)
Using this result in eq. (3.5) one gets all the h; as in terms of the f]
hr = frF25(1), (3.7)

and, using the expression of the k! in terms of the h;, one also gets the A in terms
of the functions fl.

If the real special scalar manifold is symmetric, then we can use eq. (2.14) to get
2 =21C R f1f) e (3.8)

2. The scalar fields ¢ can be obtained by inverting the functions hy(¢) or hi(¢). A
parametrization which is always available is

¢" = hy/ho = fu/fo. (3.9)
3. Next, we define the 1-form @ through the equation
Nt 3 .
(faw) = \ghIF” . (3.10)

4. Having solved the above equation for @ we have determined completely the metric of
the timelike supersymmetric solutions, which is given by

ds® = f2(dt + @) — f L hpndz™da™ (3.11)
5. Also, the complete 5-dimensional vector fields are given by
Al = —/Bhle® + Al where € = f(dt +&), (3.12)
so that the spatial components are
Al = AT, — V3R fo, . (3.13)
The field strength can be written in the form
FI = —/39(n'e) + F, (3.14)

where D is the covariant derivative in the hyperKahler space with connection Al



3.1.1 Timelike supersymmetric solutions with one isometry

We are particularly interested in the supersymmetric solutions that have an additional
isometry. Following refs. [21, 22] we assume that the additional isometry is a triholomorphic
isometry of the hyperKéhler metric (i.e. an isometry respecting the hyperKahler structure),
in which case, as shown in ref. [23] it must be a Gibbons-Hawking multi-instanton met-
ric [24]. Assuming z is the coordinate associated to the additional isometry, these metrics

can always be written in the form
hpnda™daz™ = H Y (dz + x)? + Hda"dz", r=1,2,3, (3.15)
where the z-independent function H and 1-form x = x,dx" are related by
dx = *3dH , (3.16)

x3 being the Hodge operator in E?. Assuming now that the rest of the bosonic fields of
the timelike supersymmetric solutions are z-independent one can simplify eqgs. (3.3), (3.4)
and (3.10).

Let us start with eq. (3.3) and let us assume that the selfduality of F'/ has been defined
with respect to the frame and orientation

e*=H Y%z + ), er = HY25" da" 2123 = +1. (3.17)

Then, following Kronheimer [18],1° eq. (3.3) can be rewritten as Bogomol'nyi equations for
a Yang-Mills-Higgs (YMH) system in the BPS limit in E? [15]

v 1 o
9,0l = §sthfst, (3.18)

where the 3-dimensional Higgs field and the vector fields are given by!'!

2/601 = HAL,

o N N 3.19
2\/6A£ = Al 4+, Al,. (3.19)

Thus, we can always construct a selfdual YM instanton in a Gibbons-Hawking
space from a (monopole) solution of the Bogomol'nyi equation of a YMH system in E3
(®! ,;115) [18]. Many solutions of these equations are known, specially in the spheri-
cally symmetric case.'? In ref. [4] this relation has been explored precisely for the SU(2)
monopoles and instantons we are interested in, and we will make use of those results later.

We can now use this result into eq. (3.4), rewriting the 4-dimensional gauge vector
in terms of the 3-dimensional gauge vector and Higgs field defined above and using the
harmonicity of H and the Bogomol’'nyi equation to get rid of FI and 926! (which vanishes
identically). The result is the equation in [E3

D2 f1 — g fro” frM @7 DK foy — 8C1 K D? (CI)J@K/H) =0. (3.20)

98ee also ref. [4].

'We have rescaled the 3-dimensional fields by a factor of —1/(2v/6) to conform to the normalization of
the fields in A/ = 2, d = 4 supergravity. See appendix A.

12See ref. [16] for the SU(2) case and ref. [25] and references therein for more general gauge groups.

,10,



Defining A
fr=L;+8Cx®’ o5 /H, (3.21)

and using the condition eq. (2.10) we find a linear equation for the functions L;:
DL — ¢ fr  fre M@’ ®K Ly = 0. (3.22)
Finally, let us consider eq. (3.10). Defining @ as
W =ws(dz+x)+w, where w=uwydz", (3.23)
eq. (3.10) gives an equation for ws whose general solution is
ws = M +16vV2H 2Cr @ ®/ oK + 3vV2H 'L ®! | where dxsdM =0, (3.24)
and the following equation for w:

wy dw = HdM — MdH + 3v/2 (@fz“)LI . Lfbcbf) , (3.25)

whose integrability condition d?w = 0 is satisfied wherever the above equations for
H, M, &', L; are satisfied.

Summarizing: we have identified a set of z-independent functions M, H,®!, L; and
1-forms w, A’, x in E? in terms of which we can write all the building blocks of the 5-
dimensional timelike supersymmetric solutions admitting an isometry as follows:

hi/f = L; +8Crx® oK /H (3.26)
('D:w5(dz+X)+w7 ( )
ws = M +16vV2H2C jx @'/ 0K + 3v2H L7, (3.28)
AT = 26 B0 (dz 4 x) - AT | (3.29)
FL = 2V6H™ [ 90 A (dz + ) — = HDP! | (3.30)

provided that they satisfy the following set of equations:

dxzdM =0, (3.31)

wgdH —dy = 0, (3.32)

*x30® — FT =0, (3.33)

D°L; — ¢ fr  fretMT K Ly, = 0, (3.34)

Kgdw — {HdM — MdH + 3V2(®'DL; — Lfbcbf)} = 0. (3.35)

For symmetric real special manifolds we can use eq. (3.8) to write the metric function
f explicitly in terms of the tensor C7 i and the functions M, H, ol Ly

f_g = 3SCIJKL[LJLK + 34 . 23CIJKCKLML[LJ@L@M/H

(3.36)
+3- 290,07 Clp 7KDL H? 4 20 (Cryn® 075 /HE.
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Let us compare the above formulae with those of the ungauged case (in ref. [19] in
our conventions). It is easy to see that all the functions M, H,®!, L; become standard
harmonic functions in E3. Furthermore, the functions ®! are related to the functions K7’
used in that reference by

1
L e 3.37
Wi (3.37)
3.1.2 Dimensional reduction of the timelike supersymmetric solutions with

one isometry

The supersymmetric solutions that admit an additional isometry can be dimensionally
reduced to supersymmetric solutions of N' = 2,d = 4 supergravity using the formulae in
appendix A.'® Performing explicitly this reduction will allow us to simplify the tasks of
oxidation and reduction of supersymmetric solutions.

First of all, the metric of the 4-dimensional solutions obtained through the dimensional
reduction takes the conventional conformastationary form of the timelike supersymmetric
solutions of the N' = 2,d = 4 theory

ds? = 2V (dt +w)? — e Vda"da" (3.38)

where the 1-form w = w,dz” is precisely the 1-form given in eq. (3.25) and the metric
function e~2Y is given by

e = 2\/(f_lH)z;p(w5H2)2 . (3.39)

We can compare the equations satisfied by the building blocks of the timelike super-
symmetric solutions of gauged N' = 1,d = 5 supergravity (3.31)—(3.35) with the equa-
tions satisfied by the building blocks of the timelike supersymmetric solutions of gauged
N = 2,d = 4 supergravity ref. [3, 13|, which we rewrite here for convenience adapting
slightly the notation to avoid confusion with the different accents used to distinguish the
different gauge fields:

1 <A PA
—— wyDIN - PN =0, 3.40
Nl (3.40)
y 1
D27, — 592 s a5 12T = 0, (3.41)
xgdw — 2 |TADIN — TADT,| = 0, (3.42)

where D is the gauge covariant derivative associated to the modified gauge connection in E3
AA@ = AAm - wmAAt . (3.43)

The notation that we are using has implicit the identification of the gauge potentials
A coming from 5 and 4 dimensions, except for A = 0. Using the formulae in appendix A

3These formulae are valid for any field configuration, supersymmetric or not.
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with the modifications explained in the last paragraph we can identify!*

Xm = —2V24°,, (3.44)
which leads to the identifications
1 2
ol = —ﬁz”l , Li=3Ti, H =21°, M= -T. (3.45)

These are the only formulae we need to relate timelike supersymmetric solutions in N/ =
1,d = 5 supergravity with one additional isometry to timelike supersymmetric solutions in
cubic model of ' = 2,d = 4 supergravity with Z° # 0.15

For symmetric real special scalar manifolds we can use the explicit form of f in
eq. (3.36) together with the expression for ws in eq. (3.28) to get

33
e 2V =9 {4HCUKL1LJLK — 22Ny @ T DK 1+ 2. 31OV E e s L Ly BE DM

¥ (L) — 2 mmrne - e v (3.46)
2 I \/§ I 4 . .

Then, using the identifications eqgs. (3.45) together with the second of egs. (A.1) we get

g 2 . 2 4 ;
20 — 9 { (dwkzjzl — 3zof> (dilmzlzm + 3IOL> + 5T T'L
(3.47)

1/2
—(IOI()—FIZIZ)2} .

3.2 Null supersymmetric solutions

The general form of the null supersymmetric solutions of AV = 1,d = 5 SEYM is quite
involved [1], but it simplifies dramatically when one assumes the existence of an additional
isometry so that all the fields are independent of the two null coordinates u and v. These
are the solutions which will become timelike supersymmetric solutions of N' = 2,d = 4
SEYM upon dimensional reduction and, therefore, we are going to describe only these.

3.2.1 w-independent null supersymmetric solutions

The metric of the general null supersymmetric solutions of ' = 1,d = 5 SEYM can always
brought into the form [1]'6

ds? = 20du(dv + Kdu + V2w) — £ 2dx"dz" (3.48)

where the functions ¢, K and the 1-form w = w,dz" are v-independent. We are going to
assume also u-independence of all the fields throughout.

! The Oth components are never gauged if the dimensional reduction is simple (not generalized).

5Those with Z° = 0 are related to null supersymmetric 5-dimensional solutions.

Y6We have changed the notation and normalization with respect to [1] to avoid possible confusions between
the objects that appear in the null and timelike cases.
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After the partial gauge fixing A’, = 0, the gauge fields are decomposed as'”
Al = Al du — 2V6AT Al = Al da" (3.49)
and the vector field strengths take the form!®
FI = (/2/3*h) 3 dw — ) A du+ V353 D(h!/0), (3.50)
where the 1! are some 1-forms in E? satisfying
hrpt =0, (3.51)

to be determined and ® is the gauge-covariant derivative on E3 with respect to the con-
nection A’.

Finally, the scalar fields will be determined by the equations obeyed by the scalar
functions h', which follow from the equations of motion.!?
Let us start by analyzing the Bianchi identities of the vector field strength. They lead

to the following two sets of equations:

1 . y
——— %39O/ —F =0, 3.52
WAk (h'/0) (3.52)
DAL, — /2/302h! w3 dw + ! =0 (3.53)

Eq. (3.52) is the Bogomol'nyi equation on E? and, thus, we define the Higgs field
b
2v2

Multiplying eq. (3.53) by h; and using eq. (3.51) together with hyh! = 1 we get the
equation that defines w

v = hl/e. (3.54)

dw = \/3/2072 x5 {h;bAIE} . (3.55)
Defining the functions
K;=Crpx’ A%, (3.56)

the above equation takes a much more familiar form
do = 46 *3 {zfi)KI - Klbzf} : (3.57)
whose integrability condition is
SID2K; =0. (3.58)

Given the functions ¥/, K7 and the gauge fields Al we can solve this equation for w.
It should be possible to find the functions A’ » in terms of Y1 K% and, plugging these
result in eq. (3.53), compute directly the 1-forms 1’.

17 As the notation suggests, the gauge fields A’ are the same as the N = 2, d = 4 fields denoted with the
same symbols, according to the general formulae of appendix A. The same is true of the 1-form w.

18 All the operators in the r.h.s. are defined in E3.

9The field configurations that we have just described are automatically supersymmetric, but not neces-
sarily solutions of all the equations of motion and Bianchi identities [1].

20This will certainly be the case for the particular model we are going to study, but we have not found
(even for just the symmetric case) a general way of solving eq. (3.56) for A',,.
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From the Maxwell equations one obtains the equations that determine the functions
Ki:
O?K; — > frot fren M2/ SE Ky =0, (3.59)

from which the integrability condition eq. (3.58) follows automatically.
Finally, defining
N =K V24" Ky, (3.60)

the last non-trivial equation of motion, from the Einstein equations, takes the simple form
V2N =0. (3.61)

Summarizing: we have identified a set of wu-independent functions %!, K;, N and
1-forms w,/i[ on E3 in terms of which we can write all the building blocks of the
5-dimensional wu-independent null supersymmetric solutions, assuming we can solve
eq. (3.56) for Al,, as follows:

hlj0 = —2v2%!,
K = N +V2AL K7,
Al = Al du + 2V6 AT
FI = DA, A du+ V343 D(h!)0),

provided the following equations are satisfied:?!

xOn! —FT =0, (3.66)
O’K; — ¢ fri et Me/ K Ky = 0, (3.67)
dw — 4v/6 3 {E%KI - bezf} ~0, (3.68)
V2N = 0. (3.69)
Using eq. (2.1), we find a general expression for ¢:
073 = =290 uI e vk (3.70)

3.2.2 Dimensional reduction of the u-independent null supersymmetric solu-
tions

Using the general formulae in appendix A, the u-independent solutions that we have con-
sidered can be dimensionally reduced to timelike supersymmetric solutions of N' = 2,d = 4
SEYM along the spacelike coordinate z defined by

1 1
uzﬁ(tq%z), v:ﬁ(tfz), (3.71)

with metrics of the form eq. (3.38) where the 1-form w = w,dz" is precisely the 1-form

—2U

given in eq. (3.48) and the metric function e is given by

e = JIB1—K) = \/_29/201JK212J2K(1 N~ V2AILK). (3.72)

2!The gauge coupling constant is the 4-dimensional one.
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In order to express entirely the metric function in terms of the functions K, ¥/, N we
need to solve eq. (3.56) for A, as a function of K7, %!, which we do not know how to do
in general. We can still compare the equations satisfied by these functions (3.66)—(3.69)
with those satisfied by Z*, Zy in N = 2,d = 4 SEYM (3.40)(3.42) knowing that the vector
fields A” and the 1-form w are the same objects. We find that

s g Ag::—4171¢H (3.73)
7 2v3
while N must be proportional to either Z° or Zy. Since a wave moving in the internal z
direction should give rise to a 4-dimensional electric charge, it must be

N ~ Ty, (3.74)

but the precise coefficient cannot be determined from this comparison alone. We have to

find a more explicit expression for e 2V,

4 5-dimensional supersymmetric non-Abelian solutions of the SU(2)-
gauged ST[2, 5] model

In this section we are going to consider a particular model of N' = 1,d = 5 supergravity
that admits an SU(2) gauging. This model is related to the SU(2)-gauged ST[2,5] model
of N' = 2,d = 4 supergravity some of whose solutions we have studied in ref. [12]. We will
use the relations derived in the previous section to find relations between the non-Abelian
supersymmetric solutions of both theories.

We start by describing the 4- and 5-dimensional models and their SU(2) gauging.

4.1 The models

The ST[2,5] model is a cubic model of N' = 2,d = 4 supergravity coupled to 5 vector
multiplets i.e. a model with a prepotential of the form

1 dp XP AT XF
:_glﬂkT’ i=1,2---,5 (4.1)

where the fully symmetric tensor d;;; has as only non-vanishing components
diag = Nap, where (n.5)=diag(+—---—), and o,f=2,---,5. (4.2)

The 5 complex scalars parametrize the coset space

SL(2,R) SO(2,4)
SO(2) "~ SO(2) x SO(4)’

(4.3)

and the group SO(3) acts in the adjoint on the coordinates o = 3,4,5. These are the
directions we are going to gauge and we will denote them with capital A, B, .... This is the
only information we need in order to construct supersymmetric solutions, but more details
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on the construction of this theory can be found in ref. [12]. We will need the form of the
metric function in terms of the functions ZM:

e = 2\/(T0TPnap + 21OD) (LoZon® — 21\T0) — (I°Tg — T'Ty + T0Ta)?.,  (4.4)

The models of the ST[2,n| family are related to the effective theory of the Heterotic
string and compactified on 7°® by a consistent truncation: the 10-dimensional effective
theory is N/ = 1,d = 10 supergravity coupled to 16 10-dimensional vector multiplets with
gauge group U(1). Upon dimensional reduction on a generic 7% one gets N' = 4,d = 4
supergravity coupled to 16 + 6 = 22 vector multiplets, whose duality group is

SL(2,R) S0(6,22)
SO(2) ~ SO(6) x SO(22)

(4.5)

Observe that SO(6) acts on the 6 vectors in the supergravity multiplet and SO(22) on
the 22 matter vector fields. The coset SL(2,R)/SO(2) is parametrized by the only scalar
in the supergravity multiplet. A consistent truncation to N’ = 2, d = 4 eliminates 4 vectors
from the A/ = 4 supergravity multiplet and one of the remaining two vectors becomes a
matter vector field from the N = 2 point of view and comes in the same multiplet as the
complex scalar that parametrizes the coset space SL(2,R)/SO(2). The result is a ST|[2, 23]
model from which one can consistently eliminate vector multiplets to arrive to the ST[2, 5]
model we are dealing with.

This is the story at a generic point in the moduli space of the Heterotic strings on 7.
At certain points, though, there is an enhancement of gauge symmetry usually associated
to an increase in the number of massless vector fields that we must take into account in the
effective theory. Our SU(2)-gauged model of V' = 2, d = 4 supergravity can be interpreted
as the effective theory describing the simplest of these situations in which the enhancement
of gauge symmetry arises in the sector of the 16 original 10-dimensional vector fields.

The ST|[2,5] model is related to a model of N' = 1,d = 5 supergravity coupled to 4
vector multiplets determined by the tensor C_1 ;_1,-1 = %dijk so its only non-vanishing
components are

1
Cozy = énxy ,where (1) =diag(+—---—), and z,y=1,---,4. (4.6)

The 4 real scalars in the vector multiplets parametrize the coset space

S0d.3). (4.7)
SO(3)

Now the group SO(3) acts in the adjoint on the coordinates x = 2, 3,4 and, if we gauge it,
the theory goes to the gauged 4-dimensional model we just discussed. It should be obvious
after the 4-dimensional discussion that this model can be interpreted as a truncation of the

effective theory of the Heterotic string compactified on 7.
Again, we do not need many more details of the theory in order to construct super-
symmetric solutions. For timelike supersymmetric solutions admitting an additional isom-
etry we will need the metric function, which follows directly from the generic expression
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eq. (3.36)

F— — 1 T T T

ft=H0" {4 (6H Lo + 813y @ ®Y) [9H*n"Y L, Ly, + 48HP L, ®
13 (4.8)

+64(2%)%1,, O D] }

This metric function and the 4-dimensional one e~V are related by eq. (3.39) using

eq. (3.28) and the relations between the functions ZV and H, M, Ly, ® in eqgs. (3.45),
which we rewrite for this specific pair of models for convenience:
1 1 1
7', @' = -7 ot = ——T74
V2 V2 V2 (4.9)

2 2
M:_IU, LOI*IM L1:§IQa LA:§IA7

For u-independent null supersymmetric solutions we first need to solve eq. (3.56) for
Al,,. For this model, we find

H=21" &%=

¥k, — SOk, VK, (nS%) — S (SVE, — S0Ko)
Ay =67 A%, =6 Y Y 4.10
SO D R (%) S
where (nXY) = 1., X", so that
e = 2,/ (T0TPnap) LaZon®® + TH(1 — N)| — (~I\Ty + ToT,)2 . (4.11)

and we arrive at the following identifications
_Lzl - _LIQ nA _LIA
V2o |
1

Jf vz (4.12)
N=1+2Ty, Ko=-—~=T1, Ki=———~Ty, Ko=———T4.
0 0 2\/§1 1 2\/32 A A

0=1°, »0 =

4.2 The solutions

We are ready to put to work the machinery developed in the previous sections. We are
going to consider the simplest cases first.

4.2.1 A simple 5d black hole with non-Abelian hair

In order to add non-Abelian fields to our solutions it is exceedingly useful to consider
metrics with one additional isometry, because, then, we can make use of our knowledge
of the spherically symmetric solutions of the Bogomol'nyi equations of the SU(2) YMH
system found by Protogenov in ref. [16]. However, this isometry cannot be translational
if we want to find spherically-symmetric black holes because, then, the full 5-dimensional
solution will have a translational isometry. Thus, we will start with the choice H = 1/r
(r? = y"y")?? which, as we have shown in ref. [4], relates the colored monopole solution?
to the the BPST instanton, which is spherically symmetric in E?.

22We need to distinguish between the Cartesian coordinates in E®, which we will denote by y” and the
Cartesian coordinates in E*, which we will denote by ™. The former are not a simple subset of the latter.
23This monopole is characterized by a vanishing magnetic charge.
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We are, thus, going to consider a configuration with the following non-vanishing func-

tions: 1
li 9 LO 110 0 ) Ll 411 . 9 1 } (T)é T‘y’r7 (113)
r 4r 4r

where qg, q1 are electric charges in some convenient normalization, Ag, A; are constants to
be determined through the normalization of the metric and the scalar fields at infinity and
f(r) is the function (not to be mistaken by f) that characterizes the Higgs field in the
spherically-symmetric monopole solutions of ref. [16]%4).

The next step consists in finding the 1-forms X,AI ,w and functions L; that satisfy
egs. (3.32)—(3.35) for the above non-vanishing functions. w is closed and can be set to zero,
the functions L; can also be set to zero while?®

X = cosfOdi, A = h(r)eAﬁyrdys , (4.14)

where h(r) is the function that characterizes the gauge field of the monopole solution (see
appendix B)). The spacetime metric is, then,

. N 1
ds® = f2dt* — f 71 r(de + cos 0dy)° + —(dr® + 120y | (4.15)

where

A0y = db? + sin® 0dy)?, (4.16)
and, upon the change of coordinates r = p?/4, it becomes
ds? = f2dt? — f 'da™dz™, where da™dz™ = dp® + deQ%S) . (4.17)

For this configuration, the metric function eq. (4.8) is given by

fl= 3(’/; (LO - §r3f2> (L1)?, (4.18)

and it immediately follows that in order for the solution to be asymptotically regular, the

monopole must be the colored one for which 73 f>\2 ~ 1/r, because for all the rest r3f2 ~ r
(see appendix B). With this choice,?0 as shown in ref. [4],27 the gauge field A4 = A4, dz™
that follows from the use of eq. (3.29) is that of a BPST instanton in E*:
A 1 1
A= — 4 4.19
§1+A2,02/4UL7 ( )

where v are the SU(2) left-invariant Maurer-Cartan 1-forms.?® Since the scalar func-

tions h* vanish for this configuration, the full 5-dimensional vector fields are, according to

24GSee appendix B in which we have written all of Protogenov’s solutions.

Z5The choice of angular coordinates is conditioned by the relation between the monopole and instanton
as explained in ref. [4]. We will identify the compact coordinate z with the angular coordinate .

20We are going to study the consequences of the other choices in section 4.2.3.

2TMore specifically, the gauge field one gets is AQ(H.
28In our conventions, these are given by

vy, =sinydf — sinf cos dyp,

1
v} = —costpdf — sinOsinp dg and dvf—i—ieABcvf/\vg:O. (4.20)
v = —(dy + cosOdyp),
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eq. (3.12), given by

5/2 .
A = ST(LQQdet,
4 .
Al = 3521, (Lo — 3r3f§) f3dt, (4.21)
A 1 1 A

= 571 + )\2p2/4 ’UL .
Finally, the only non-vanishing scalar is given by by

Ly

=h/hg= ——FF=. 4.22
¢ = hi1/ho Lo— 4732 (4.22)

The integration constants are readily identified in terms of the asymptotic value of the

scalar as
21/3 B o1/3
AO = T 002/3, A]_ == T (1)43’ (423)
while the mass and the area of the event horizon are given by
M = 27 1/331/2 [¢§£3qo + 20 31| (4.24)

% = \/323 <C]o - ;;) (q1)*. (4.25)

This solution can be understood as the result of the addition of a BPST instanton to a
standard 2-charge Abelian solution. This addition does not produce any observable effects
at spatial infinity, like, for instance, a change in the mass, but does produce a change in
the near-horizon geometry and in the entropy.

The metric function of the 4-dimensional solution e 2V that one obtains by dimensional
reduction is related to the metric function of the 5-dimensional solution by

oAU _

S| =

3, (4.26)

which implies that the 4- and 5-dimensional solutions cannot be asymptotically flat at
the same time. In particular, with the choice made above (corresponding to a colored

monopole in d = 4) e=2% ~ p~1/2

at spatial infinity, a behavior that does not correspond to
any known vacuum. With the monopoles we discarded, however, we get an asymptotically-

flat solution. The near-horizon behavior is simultaneously good in d =4 and d = 5.

4.2.2 A rotating 5d black hole with non-Abelian hair

In the context of timelike supersymmetric solutions of N'= 1,d = 5 supergravity rotation
can be added by switching on the harmonic function M [26]. More specifically, we add to
the static solution we just constructed the harmonic function

_J/2

M = 4.2
4r (4.27)
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which only appears in eq. (3.28). The metric of the new solution is

» J/2 S 1
ds?=f2 |dt + 4/74(dg0 + cos Hdw)} —f1 [r(dgp + cos Odi)? + ;(dr2 + 7“2(19%2)) , (4.28)
where the metric function f is still given by eq. (4.18). The scalar field ¢ and the non-
Abelian vector field A4 take the same value as in the static solution while the two Abelian
vector fields are modified by the change

J/2

dt — dt + —
4r

(dp + cosbdy)) , (4.29)

which describes the presence of a magnetic dipole moment associated to the rotation.
Asymptotically, the only novelty is the off-diagonal term ~ .J/p?dt(dp+ cos 6dip) which
corresponds to identical values of the two Casimirs of the angular momentum, both pro-
portional to .J, so this solution is a non-Abelian generalization of the Breckenridge-Myers-
Peet-Vafa (BMPV) spinning black hole [27, 28]. The mass has the same expression in terms
of the charges as in the static case.
In the near-horizon limit, if the behavior of the metric function f is

f~t~RYr, (4.30)
for some constant R, the metric can be rewritten in the form

2
ds?® ~ R2dﬂ%2) — deQé) — R? [cos a(dp + cos Bdi)) — sin aédqﬁ} , (4.31)

where ¢ is the rescaled time coordinate, defined as follows

p=t/X, X/R=+/1-[J/2R)32=cosa, (2R)®= \/323 <q0 — ;) (q1)2, (4.32)

and dHé),dQé) are the metrics of the 2-dimensional Anti-de Sitter and sphere of unit

radius 9

9 (T2 o dr
dIT?y, = (ﬁ) dg? = = (4.33)
The constant-time sections of the event horizon are squashed 3-spheres with metric

—ds® = R? {C082 a(dyp + cos 0di)* + dQ%Q)} ; (4.34)

A 33 27
277r2 = \/2 <QO—§2> (Q1)2—J2- (4-35)

4.2.3 A more general solution

and area

In section 4.2.1 we used the colored monopole solution in order to obtain an asymptotically
flat black-hole solution in the simplest way. However, we can also use the monopoles in
the 2-parameter family, for which, asymptotically, 73 f?> ~ r if we switch on additional
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harmonic functions and choose the values of the integration constants appropriately so
that the metric functions f(r),ws,w give an asymptotically-flat solution.

Throughout the following discussion, it is convenient to have the explicit form of these
functions for H = 1/r, ®4 = —f(r)64,y" and L4 = 0 at hand:

F3 Z a7 %LO n %T[(@l)Q _ TQfZ]} [(Ll)2 n ?@%1@1 + %4(@0)2[(@1)2 _2p2|

ws = M + 82720 (®1)2 — 12 £2) 4+ 3V2rL; @',

xgdw = Yanr — vt +3v2 (9'dL; — L;d®")
" ' (4.36)
where i = 0, 1. Apart from the functions H and ®*, we are going to consider the following
non-vanishing harmonic functions

{2°, @', Lo, L1, M}, (4.37)
with
0,1 0,1 Po’l qo,1 b
oYt =AY — Lo1=A : M = —. 4.
+ 0,1 01+ at - (4.38)

f —3 is a product of two factors. Our strategy will be to make the constant piece of ®!,
A, cancel the constant piece in r f(r), /g so that [(®1)%2—72 2] is asymptotically O(1/r):2°

Al =p/g. (4.39)

This ensures that the second term in f*3 diverges asymptotically at most as O(r) while
the first is asymptotically constant. This constant can be made to vanish by choosing the
constant piece of Ly, Ay, to be

Su /1 pt
Ag= B (=41 4.40
. 3g(g+4), (4.40)

and now the first term is asymptotically O(1/r) and f73 is asymptotically constant.
Next, we require that all the O(r?), O(r) and O(1) terms in ws vanish.Y This gives
two new relations®! between the constants A;, A* and a. The vanishing of w gives another
relation between the same constants. Thus, requiring asymptotic flatness fixes the values of
all these constants in terms of the Abelian charges p’, ¢; and p and g. Finally the normal-
ization of the metric at infinity also fixes the value of 1 and the solution has no free moduli!

29We choose the positive sign for simplicity.

390bserve that this does not imply the complete vanishing of ws: there are O(1/r) terms that give angular
momentum (which could be cancelled by the integration constant b in M) and also O(e™*") terms that
cannot be cancelled. Therefore, the metric is not static even if the angular momentum is set to zero.

31The above values of Ay and A' make the O(r?) term vanish.

— 9292 —



The values of the integration constants Ag, A' has been given above and the values of

the rest are®?

88 1 pt
A =——A% -+ =
s <g+4>’

1/3
-1
40 — (16p° + 4gp°p" + gq*) (4 + gp")
10 (3q0 + (» 1)2 18 (g + 2002~ )
_ 40 [32 —24*(p')* — g qo} (4.41)
16p° +4gpp +9¢1
0 =340 |2 22p1 B(p 1)2 _3w) _ g2 Upwp’p' | 3ua
2" 4 g2 29 49 |’

0

b= J/2—6v2|P ( h? pqo+pq s
8 g2

where J is the angular momentum.

The mass of this solution is given by

M= 7;?; [3q0—|—( )2 ;6] [3'Zq1+8 <; i) <10A0<g +5p > 9';]90)] . (4.42)

and the area of the horizon is

A 1 16 8p? 8"
=15 B0+ 012 = S| [3a+ 2000 — | [3qr + 2001 + | — 2. (443)
27 2 g g g

4.2.4 Null supersymmetric non-Abelian 5d solutions from 4d black holes and
global monopoles

Using the general results of the preceding sections it is very easy to construct null
supersymmetric solutions by uplifting 4-dimensional timelike supersymmetric solutions
with Z°. In particular, we can uplift the black-hole and global-monopole solutions of the
ST[2,5] model recently constructed in ref. [12]. In this paper we will focus on the single
center solutions only.

The 4-dimensional solutions depend on the following non-vanishing Z™

1 2
21:A1+p/7\/§’ 12:A2+M’
r
QO/\[

A= Va2t f(r), (4.44)

Ty =Ag+ —

where f(r) is the function f,, or f\ in appendix B corresponding to one of the
spherically-symmetric BPS SU(2) monopoles, p',p?, qo are magnetic and electric charges
and A', A%, Ay integration constants to be determined in terms of the asymptotic values
of the scalars and the metric.

32We have not reexpressed the 4-dimensional gauge coupling constant g in terms of the 5-dimensional, §
to have simpler expressions.
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The 5-dimensional metric is that of an intersection of a string lying along the z direction
and a pp-wave propagating along the same direction:

ds? = 2du(dv + Kdu) — (72dT (4.45)

where

073 = AT (T?)? - 2r2 £, K=1+2I,. (4.46)
The scalar fields, defined by ¢* = h*/h°, are given by
o' =TT, ¢t =—6"af(r)/T", (4.47)
and the vector fields are given by
A% = —2\/6p'?A AL = 2V6h(r)et " da® (4.48)

where A is the vector field of a Dirac magnetic monopole of unit charge, satisfying
dA = *3d% and h(r) is the function h, s or hy in appendix B corresponding to one of
the spherically-symmetric BPS SU(2) monopoles.

The 4-dimensional electric charge ¢p corresponds to the momentum of the 5-
dimensional gravitational wave in the z direction and none of the scalar and vector fields
depend on it. For the sake of simplicity we are going to set it to zero (g = 0 and Zy = —1/2
so K = 0) and we are going to analyze the string solutions with the above scalar and vector
fields and with metric

ds? = ((dt* — dz*) — £2dTy) (4.49)
with the metric function ¢ given as above.

The metric will be regular in the r — 0 limit if ¢ ~ r or ¢ ~ constant. These two
behaviors are, respectively, those of extremal black strings in the near-horizon limit and
those of global monopoles. Let us consider each case separately.

Global string-monopoles. These are the string-like solutions that, upon dimensional
reduction along z, give the spherically-symmetric global monopoles constructed in
ref. [12]. They can be constructed with f(r) = f, s—o(r) (the BPST 't Hooft-Polyakov
monopole) and with p! = p? = 0, so that

=4 AN(A%)2 =202 f2 ], ¢t =A%/AY, 6t =—V20%a7 fueo(r) /AT, (4.50)

and the only non-trivial vector field is A4.

The integration constants A2, i are given by

1 o5 9l doo|
Al = T 17a> A2 = ;.07 H = = ) Xoo = 4[(¢c1>o)2 - ’QSOO,Z] ) (451)
oL o VX

where |poo|? is the asymptotic value of the gauge-invariant combination ¢4¢4, and
the string’s tension (simply defined as minus the coefficient of 1/r in the large-r
expansion of gy ) is given by [29, 30]

32|¢o| 1

Tnonopole = oL~ (4.52)
monopole \/gxgc/)3 ’g‘
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These are globally regular solutions with no horizons, like their 4-dimensional
analogues.

Black strings. They must necessarily have non-vanishing magnetic charges p"? in order
to have a regular horizon. This horizon will be a 2-dimensional surface characterized
by being normal to 2 linearly independent null vectors. The mass and entropy of
the black string will depend on the choice of monopole.

Let us first consider the BPST ’t Hooft-Polyakov monopole (or equivalently, let us
add magnetic charges p'? to the above global monopole). In this case, the relation
between the integration constants A2, and the asymptotic values of the scalars
will be the same as before. The string’s tension and the area of the horizon contain
contributions from the magnetic charges p', p*:

1 gbl
T = —=x? [ e 2] + Timonopole - 4.53
A 2/3
= =20 (»p*? . 4.54
. [P (r°) ] ( )

When we consider the more general 't Hooft-Polyakov-Protogenov monopole we find
that the area of the horizon receives a contribution from the non-Abelian charge,

5 Conclusions

In this paper we have studied the general procedure to construct timelike and null super-
symmetric solutions of N' = 1,d = 5 SEYM theories that can be dimensionally reduced
to timelike solutions of N’ = 2,d = 4 SEYM theories. These solutions, therefore, can also
be constructed by oxidation of the 4-dimensional solutions and we have striven to clarify
this procedure and find the relations between the 4- and 5-dimensional fields and the 4-
and 5-dimensional equations they satisfy. The relation between instantons in 4-dimensional
hyperKéhler spaces and monopoles satisfying the Bogomol'nyi equation in E? found by Kro-
nheimer plays a crucial role in this relation and, in combination with the results obtained in
ref. [4], it allows us to construct spherically-symmetric 5-dimensional solutions that contain
YM instantons. The standard oxidation of monopoles gives rise to 5-dimensional solutions
that have an additional translational isometry and cannot be spherically symmetric.

We have exploited the general results to construct the first 5-dimensional black-hole
and black-string solutions with non-Abelian YM fields. The simplest black-hole solutions
contain the field of a BPST instanton in the so-called base space and their behavior is
similar to that of the colored black holes found in 4-dimensional SEYM theories [17, 25]:
the non-Abelian YM field cannot be “seen” at spatial infinity, it does not contribute to
the mass, but it can be seen in the near-horizon limit and it contributes to the entropy.
One can compare the entropies of the simplest non-Abelian black hole with that of another
black hole with the same Abelian charges and moduli (and, henceforth, with the same
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mass). The entropy of the former is always smaller, so it is entropically favorable to lose
the non-Abelian field. It is not clear by which mechanism this can happen.

We have also found more complicated black-hole solutions which contain the field of
the instantons that one obtains by oxidizing Protogenov monopoles in the so-called base
space. Those instantons are not regular in flat space and, in general, the spacetime metrics
they give rise to are not asymptotically flat. We have shown that a judicious choice of
the integration constants (and, hence, of the moduli) in terms of the charges produces a
metric that is not only asymptotically flat with positive mass but also has a regular horizon.
Thus, at special points in the moduli space of the scalar manifold, additional non-Abelian
black-hole solutions are possible. In these solutions, the YM fields do contribute to the
mass and to the entropy.

Finally, we have also found black-string solutions by conventional oxidation of non-
Abelian black-hole solutions from 4 dimensions. One of them is a globally-regular string-
monopole solution and the rest are more conventional solutions.

It is clear that the new solutions that we have constructed need further study. Their
string-theoretic interpretation could be very interesting. The model we have chosen to
construct explicit solutions is a truncation of the effective theory of the heterotic string
compactified to 5 dimensions and can, alternatively, be seen as associated to the compact-
ification of the type IIB theory in K3 times a circle. This should simplify a bit the task
and, perhaps, open the way to a microscopic interpretation of entropies that depend on
parameters that do not appear at infinity. Work in this direction is in progress.
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A Dimensional reduction of ' = 1,d = 5 SEYM theories

N = 1,d = 5 supergravity coupled to vector multiplets gives N' = 2,d = 4 supergravity
coupled to vector multiplets upon dimensional reduction over a spacelike circle.?3 If some
non-Abelian subgroup of the isometry group of the scalar manifold of the 5-dimensional
theory has been gauged, and we perform a simple (as opposed to a generalized) dimensional
reduction, the 4-dimensional theory will have exactly the same non-Abelian subgroup of
the (now bigger) isometry group gauged. Thus N = 1,d = 5 and N = 2,d = 4 SEYM
theories are related by dimensional reduction over a spacelike circle.

33See, for instance, refs. [31] and references therein.
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It should be clear that, under the above conditions, the relation between the 5- and
4-dimensional fields in the gauged theories is exactly the same as in the ungauged one and
is, therefore, well known. In the conventions we follow here3* the relation between the
bosonic fields of an N = 1,d = 5 supergravity model defined by C;;x (tilded) and the
bosonic fields of a cubic model of N = 2,d = 4 supergravity defined by the symmetric

tensor d;jj, (untilded) are3®

~ 1 ~ o~ ~
Juv = ‘92‘2 (g,uu - guggug/gﬁ) ) dijk = 6Ci71j71 k—1;

1 ) 1 . .
0 ~ ~ 7 i—1 i—1 ~ =
= — z 27 s A —_ = (A - A 4 z ZZ) b
2 2\6911,/97 Iz 26 2 20uz/ 922 (A1)
1 ~. 1 ~
7t — 7A171Z+Z- ~ ; §h2717
A Tl
and the inverse relations are
Joz = =K, Al = V3Rez! T
Gpz = —2V2K2 A%, AT, = =26 (ATH!, — Rez'T1A°)) | (A.2)

g/u/ - k_lg;w - 81{72140#1401/ R ill = k’_lngI—H .

In these relations it has been taken into account that, if n, denotes the number of
vector multiplets in d = 5, then, the 4-dimensional theory has n, + 1 vector multiplets
so that I,J K =0,--- ,ny, 9,5,k =0,---,n, + 1. The additional 4-dimensional vector
multiplet is the ¢ = 0 one and, therefore, the 5-dimensional vector labeled by I corresponds
to the 4-dimensional vector labeled by ¢ = I 4 1.

While this is the whole story for the fields, it is important to realize that the factor that
related the 4- and 5-dimensional gauge fields changes the standard form of the covariant
derivatives and gauge field strengths and it must be absorbed into a redefinition of the
gauge coupling constant. Thus, we also have

§=—-2V6g. (A.3)

Observe that this result has been obtained using the orientation £°123* = 41, which
is not the one we are using in the main text (2123 = 4+1). However, in practice, the
result can be adapted to that orientation by reversing the sign of each z tensor index. This
operation only changes the sign of AO“ and ReZ’.

B Spherically-symmetric solutions of the SU(2) Bogomol’nyi equations
in E3

The equations of motion of the SU(2) Yang-Mills-Higgs (YMH) theory in the Bogomol'nyi-

Prasad-Sommerfield (BPS) limit in which the the Higgs potential vanishes read

D, FA = —gepctoPDr e’ (B.1)

34That is, the conventions used in refs. [1, 14, 19] for the N’ = 1,d = 5 theories and in the conventions
used in refs. [2-4, 12, 13, 17, 25, 32, 33] for the N' = 2,d = 4 theories.
35See, for instance, ref. [7] which follows the conventions used here.
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924 = 0. (B.2)
Static configurations satisfying the first-order Bogomol'nyi equations [15]
FA = e,49,PA, (B.3)

can be seen to satisfy all the above second-order YMH equations of motion.

BPS magnetic monopole solutions such as the (BPS) 't Hooft-Polyakov monopole found
by Prasad and Sommerfield in ref. [34] satisfy the Bogomol'nyi equations and, therefore,
it is of some interest to identify all their solutions. In the spherically-symmetric case this
problem was solved by Protogenov in ref. [16] and his solution can be described as follows:
the Higgs and gauge field can always be brought to this form (hedgehog ansatz)

4 = —54, F(r)y°, A, = = th(r), (B.4)

in which they are characterized by just two functions, f(r),h(r) of the radial coordinate
r = /y%y5. There is only a 2-parameter family for which these functions, denoted by

(fu,s:hys), are given by

’l“f,u,s = ng’ [1 — ur coth (/M“ + 8)] ) ’I”h“,s = glr |:Slnh</;:"i‘5) — s (B.5)
and a 1-parameter family for which these functions, denoted by (fx, hy), are given by
1 1
rfy= o [1—1-)\2?”} , rhy = —rfy. (B.6)

The BPS ’t Hooft-Polyakov monopole [34] is the only globally regular solution and corre-

sponds to f,, s—o. The f,, s—o solution is given by
o 1 1
— T — ’[”h = —_—— N
f,u,oo g gr ) 14,00 gr

and, for p = 0, it is the Wu-Yang monopole [35]. The latter solution is also recovered in

(B.7)

the 1-parameter family for fy—g.
The asymptotic behavior of 7 f(r) (which is the combination that occurs in the metrics

we study) for the different solutions is

el -

g gAPT?

and the behavior near the origin (where the black-hole horizons may be in the metrics

1
Pus =t O(e ), —rfy ~ +0(r™?), (B.8)

under study) are

foo~ =200, s~ -~ cothis+0() LN L op). (B9)
r ~—— r r ~ — —=—coths r rfx~———r r°). (B.
AU‘,O 29 ? H,s gr g ) A gT g
If we define the magnetic monopole charge by
L [ nw@r) L (B.10)
= — r P} = ) N
P s VITe(@2)]

then, we always find p = 1/g except in the 1-parameter family for finite A, for which we
find p = 0. As we have argued in ref. [12], the A # 0 colored monopoles can be seen as a
magnetic monopole placed at the origin whose charge is completely screened at infinity.
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