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Exact flavored black p-branes and self-gravitating instantons
from toroidal black holes with Skyrme hair
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In this paper, using the maximal embedding of SU(2) into SU(N) in the Euler angles parametrization,
we construct a novel family of exact solutions of the Einstein SU(N)-Skyrme model. First, we present a
hairy toroidal black hole in D = 4 dimensions. This solution is asymptotically locally anti—de Sitter and is
characterized by discrete hair parameters. Then, we perform a dimensional extension of the black hole to
obtain black p-branes as solutions of the Einstein SU(N)-nonlinear sigma model in D > 5 dimensions.
These are homogeneous and topologically protected. Finally we show that, through a Wick rotation of the
toroidal black hole, one can construct an exact self-gravitating instanton. The role that the flavor number N
plays in the geometry and thermodynamics of these configurations is also discussed.
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I. INTRODUCTION

The Skyrme model [1,2] is one of the most important
effective nonlinear field theories, since it is able to describe
baryons in the low energy limit of quantum chromody-
namics, where the usual perturbative methods cannot be
applied. In this model, baryons emerge as topological
solitons (called skyrmions) from the nonlinear interactions
between mesons, where the topological charge in this
model is the baryonic number [3,4]. This is achieved from
a purely bosonic action with isospin symmetry constructed
from a scalar field U(x) € SU(N), that generalizes the
nonlinear sigma model (NLSM).

When the Skyrme model is coupled to general relativity,
it allows describing (self-)gravitating configurations sup-
ported by baryonic or mesonic matter (depending on
whether the solutions are topologically trivial or not) such
as black holes, gravitating solitons, and compact objects
(Skyrme stars), among others. A relevant fact in this context
is that the first counterexample to the well-known black
hole no-hair conjecture was found in the Einstein SU(2)-
Skyrme model [5,6], where spherically symmetric black
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hole solutions with nontrivial Skyrme fields were con-
structed numerically.1

In general, constructing solutions in the Skyrme model
(and, of course, in the FEinstein-Skyrme model) is a
complicated task due to the high nonlinearity of the field
equations, together with the fact that the Skyrme-
Bogomolnyi—Prasad—Sommerfield (BPS) bound cannot
be saturated in generic cases.” In consequence, most of
the known solutions have been found using numerical
methods (see [11-16] and references therein). However, in
recent years, the development of new techniques has
allowed a good number of analytical solutions, both in
flat space-time and in the (self-)gravitating case. Within
these, we can highlight the construction of crystals of
(superconducting) baryonic tubes and layers at finite
volume [17-19], pionic black holes with different geom-
etries of the event horizon [20,21] (see also [22-24]), self-
gravitating Skyrmions [25-28], and extended black objects
such as black strings [29-31].

It is important to note that almost all the solutions
mentioned above (both analytical and numerical) have been
constructed for the internal symmetry group SU(2), that is,
the two flavors case. Finding solutions in the Skyrme model
for N > 2 has an important extra complexity (as can be
seen in Refs. [26,32-34]), since, in principle, it requires us
to solve a set of (N? — 1) coupled nonlinear field equations.

"This black hole also turns out to be stable under spherical
linear perturbations [7].

*This is different from what happens in the Yang-Mills theory,
where the saturation of the BPS bound has allowed the con-
struction of several solutions (see [8—10]).
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Here we are mainly interested in the construction of
analytical black objects for arbitrary values of the flavor
number N—in particular, toroidal black holes and black
p-branes—and in the analysis of their geometric and
thermal properties. For this purpose, a good approach is
to consider some relatively simple embedding of SU(N) to
construct the matter field U, but that at the same time, it will
not be a trivial embedding of SU(2) into SU(N). In
Refs. [35-37] an ansatz was introduced that fulfilled these
requirements; this is the maximal embedding of SU(2) into
SU(N) in the Euler angles parametrization. Recently, this
maximal embedding has shown to be very useful in the
construction of analytical solutions both in the Skyrme
model and in the Yang-Mills theory [30,38-40], so it will
be our starting point in this work.

In particular, black holes with flat horizons and negative
cosmological constant are an interesting class of solutions
which have attracted a lot of attention due to their
applications in holography [41,42]. This is due to the
possibility of using the AdS/CFT correspondence to
describe interesting field theories on the boundary of the
black hole space-time. For instance, the quark-gluon
plasma is modeled, via holography, by a field theory dual
to a thermal anti—de Sitter black hole. Since the quark-
gluon plasma exists in Minkowski space, one needs to use
black holes with topologically planar event horizons. On
the other hand, for black brane solutions [43] the thermo-
dynamics can be extended to hydrodynamics. Indeed, the
hydrodynamic regime is meaningful only for translation-
ally invariant horizon. From the holographic principle point
of view, a black brane corresponds to a certain finite-
temperature quantum field theory in fewer numbers of
space-time dimensions, and the hydrodynamic behavior of
a black brane horizon is identified with the hydrodynamic
behavior of the dual theory (see [44] for a review about the
connection, via the AdS/CFT correspondence, between
hydrodynamics and black hole physics). Then, the hairy
black holes and black branes solutions which will be
constructed in this work could have many interesting
applications in the holography context.

The paper is organized as follows: In Sec. I we give a
brief summary of the Einstein SU(N)-Skyrme model, and
we introduce our general ansatz for the Skyrme field. In
Sec. III we construct analytic hairy toroidal black holes,
and we study the thermodynamics of the solution, empha-
sizing the role played by the flavor number. In Sec. IV we
construct black p-branes and a self-gravitating instanton
solutions using the toroidal black hole as a starting point.
Section V is dedicated to the conclusions.

II. PRELIMINARIES

A. The Einstein SU(N)-Skyrme model

The Einstein SU(N)-Skyrme model in D =4 dimen-
sions is described by the following action:

R-2A K
I[g. U] = /d“x\/—g( 5 +ZTr[L”Lu]
KA
+3_2Tr(G;wle)>‘ (1)

The first partin Eq. (1) is the gravitational section, where R is
the Ricci scalar, g is the determinant of the metric g,,,, k is the
gravitational constant, and A is the cosmological constant.
The second part of the action corresponds to the Skyrme
action, where K and 4 are positive coupling constants that are
experimentally determined.’ Here L, are the Maurer-Cartan
left-invariant form components, given by

L,=U"9,U=Lit, (2)
where U(x) € SU(N), where N is the flavor number. The

matrices #; are the generators of the SU(N) Lie group, with
i=1,...,(N>*=1), and the G, tensor is defined as

G;w = [L/u Lu]' (3)

The energy-momentum tensor of the system is

K ()
T}w = —ETI' LﬂLU_Eg}wL La+Z
5 G o
X ga G/mGuﬂ - T G”/)G 4 .

The Einstein SU(N)-Skyrme field equations are obtained
varying the action in Eq. (1) with respect to the fundamental
fields g,, and U, obtaining

A
VL' +5V,[L,.G] =0, (4)

1
R/w - ERgﬂl/ =+ Ag/w = KT/,w‘ (5)

In the Skyrme theory, relevant properties of the solutions are
encoded in the topological charge, which is defined as

1
B:m/”&

pg = e Tr{(UTAU) (U U) (U0 U)},  (6)
where {i, j, k} are spatial indices.

B. Skyrme field in the Euler parametrization

In order to construct analytical solutions of the Einstein
SU(N)-NLSM and Skyrme model, we will use for the

*The case A — 0 corresponds to the Einstein SU(N)-NLSM
theory, which will be relevant in Sec. IV in the construction of
higher dimensional solutions.
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matter field U the so-called maximal embedding ansatz
[35-37]. As is well-known, there are many ways of
embedding SU(2) into SU(N), but not all of these are
fruitful to build exact solutions. Here we choose the
“maximal one,” which gives rise to an irreducible spin-j
representation of SU(2) of spin j = (N —1)/2.

The matter field U(x) € SU(N) in the generalized Euler
angles parametrization reads

U = eF'1() 715 er(X")‘Tzer(X")'Ts’ (7)

where T; (with i =1, 2, 3) are three matrices of a
representation of the Lie algebra 8u(N). The generators
of this three-dimensional subalgebra of 3u(N) satisfy the
following relations:

[Tj’ Tk] = jkamv
N(N* -1
Tr(Tka) = —%6]](,

and they are explicitly given by

T - _%jzz V=D =+ D(Epr; + Eij). (8)

N

=3 VG- O+ D(Ery = Eypet). 9)

j=2

N
Z N+1 |
T3 =1 < ) —J>E]y], (10)

=

with (E; ) m = Sim6s» Where &;; is the Kronecker delta.”
As the above matrices conform an irreducible representa-
tion of SU(2), the solutions constructed in the next sections
using this formalism will be a nontrivial embedding of
SU(2) into SU(N), and therefore the role of the flavor
number N can be explicitly showed.’

One way to see that the solutions constructed using this
formalism are not simply solutions for the usual case of two
flavors is by noting that

TP =p)t o)== ()

with T the N x N identity matrix. Then, choosing the
irreducible representation of SU(2) for all values of N

“Note that the T; matrices are anti-Hermitian. But, one can
easily recover a Hermitian set by multiplying the matrices by i. Of
course, in order to obtain the same solutions presented below we
need to multiply the F; function also by i.

The key point in this construction is that, actually, the map
between the Lie groups is not an embedding of SU(2) into
SU(N), but just of S3 into SU(N) (see [35-37]).

implies, that for every N, we are using a representation with
different spin. As a consequence of Eq. (11), it is expected
that the trace in the Skyrme action leads to the relevant
physical quantities of the solutions depending explicitly on
N. In fact, it is useful to define the following quantity:

_ N(N?-1)
an -6 (12)

which comes from the calculation of the trace of the
generators that will appear in all the solutions presented
below. We will see later that both the geometry and the
thermodynamics of the solutions depend strongly on N. It
is important to point out that this construction has recently
been used to find both gravitating and flat space-time
solutions in non-Abelian theories [30,38—40] (see [39] for a
nice review on applications to nuclear physics of this
formalism). The complete mathematical formulation of the
maximal embedding in the Euler angles parametrization
can be found in Refs. [35-37].

On the other hand, the functions F; in Eq. (7) can depend
on all the coordinates, but they are chosen such that they
solve the Einstein SU (N )-Skyrme equations system. In par-
ticular, we will demand that F, = F,(6) and F3 = F3(¢),
where the angular coordinates {0, ¢} have the ranges

0<O<z 0<¢<2r (13)

From the above, and replacing Eq. (7) in Eq. (6), one can
check that the topological charge density goes as

PB "~ {SIH(F2)69F26¢F3F/] }dF] A dF2 A F3, (14)

where the prime denotes derivative with respect to coordi-
nates other than € and ¢. Here we can see that necessary (but
not sufficient) conditions to have a nonzero topological
charge are

dF, A dFy AdF;#0, and F| #0.  (15)

III. ANALYTIC TOROIDAL BLACK HOLE

In this section we construct an analytical solution
describing a toroidal black hole with Skyrme hair and
arbitrary N in D = 4 dimensions, and we show its main
physical properties. We provide the thermal analysis of the
solution and some comments about the role of the flavor
number N, as most of the thermodynamic variables depend
in a nontrivial way on it.

A. Constructing a hairy toroidal black hole
from the maximal embbeding

From Refs. [21,29,30] we know that a good ansatz for
the matter field in Eq. (7) that allows us to construct toroidal
black holes is the following:

F1 (x”) = 0,

Fy(x') =4q0.  F3(x") =vp,  (16)

124043-3
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where g and v are integer numbers (according to the Euler
parametrization; see [35-37]) that we recognize as hair
parameters. The space-time is described by a static metric
with toroidal geometry

1
ds> = —f(r)dt* —|—f—( )dr2 +r2d0* + c*rrdg?,  (17)
r

where c is a constant to be found. It is a direct computation
to show that, with the above ansatz, the Skyrme field
equations are automatically satisfied for all values of N. On
the other hand, the Einstein equations are reduced to just
one integrable equation that can be directly solved,
obtaining

f(r) = —by -2 2

2
—r, 18
rorr 3 (18)
where m is an integration constant, and the constants b; and
b, are fixed—in the terms of the couplings and the hair
parameters—as follows:

B Kkq’ay _ Kikqg*lay

b _ 2 AN
1 4 2 32 s

(19)

where ay has been defined in Eq. (12). Also, the constant ¢
in Eq. (17) turns out to be ¢? = Z—i according to the Einstein

equations.6

This configuration represents an asymptotically locally
(anti-)de Sitter toroidal black hole with Skyrme hair
allowing arbitrary values of the flavor number [as can be
seen from Eq. (19), where N appears explicitly through
ay]. This analytic solution is the generalization of the
toroidal black holes reported in Ref. [21] (see also [29,30])
that includes the Skyrme term as well as an arbitrary
number of flavors. Although the radius of the horizon can
be computed analytically from Eq. (18), the expression is
very complicated and is not needed for our purposes. The
case with 4 = 0 is particularly simple, and can be seen in
detail in Ref. [30].

It is important to note that this black hole solution has
zero topological charge because it does not satisfy the
requirements in Eq. (15). In the following section we will

®Note that a conical singularity can exist in the metric due to
the presence of the constant ¢ in front of the torus metric in
Eq. (17). Now, this conical singularity can be removed from the
metric considering that the parameters v and ¢ are equal. This
leads to the elimination of one of the hair parameters in the
solution, but not both at the same time. In fact, from Egs. (18) and
(19), it can be seen that the function f that characterizes the
toroidal black hole solution depends on only one of these
parameters, which therefore cannot be removed from the solution
by making v = g. One can lead to the same conclusion by trying
to redefine the ¢» coordinate.

show that black p-branes constructed from the toroidal
black hole presented above can satisfy this condition, and
lead to topologically nontrivial solutions of the Einstein
SU(N)-NLSM theory in D > 5 dimensions.

B. Thermodynamics

Here we perform the thermal analysis of the toroidal
black hole constructed above using the Euclidean approach
[45]. The formulation is straightforward; upon replacing
t — it in the metric in Eq. (17) we obtain the Euclidean
black hole metric. The temperature is the inverse of the
Euclidean time period, which turns out to be

B Kxayg* 3 Kkayig* 3 Ary
128713 4rm’
(20)

— 71 / —
TEﬂl—Ef(’"Jr)—

167y,

where r, is the largest root of the equation f(r ) =0.
From the Euclidean action (see Appendix A) we can obtain
the free energy

VI,

F=pit=- 32¢q

4 3Kkaylg*
(KKaNq2 - gAri - 8+> .
+

(1)

In the grand canonical ensemble, the thermodynamic
quantities satisfy

F=E-TS, (22)

where E is the energy and S is the entropy. In particular, the
thermodynamic variables of the system satisfy

oI® oIt
E‘:—7 S: —_IE7
ap “ ap

where [P is the Euclidean action given in Eq. (A5).
Considering the above relations, we can show that the
thermodynamics variables are given as follows’:

vIr, 3Kkaylg*
E=- 3 (SKKaNq2 +4Ar% — 52 ) (23)

)
A
§— ”2”;+ :Th’ (24)

where A;, denotes the area of the event horizon. Note that
the entropy does not depend on the flavor number, but it
depends on v and ¢. Therefore, phase transitions are
expected to occur varying the values of the hair parameters.

"Note that the energy computed from the Euclidean action
matches the one computed using the holographic method (see
Appendix B).
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As it is expected, using Eq. (20) and defining the mass as
M = E, the first law of black hole thermodynamics is
satisfied, i.e.,

SM =T8S, (25)

where the cosmological constant A is treated as a fixed
parameter. It is well known that a general study of the
classical stability of hairy black holes is not straightforward
to approach. Here we will analyze the local thermodynamic
stability of the above solution with respect to thermal
fluctuations by computing the heat capacity and looking at
it as if it is positive. For the toroidal black hole with Skyrme
hair we found

ot as _ mor} (32Ar4 +8Kkayq*ri + Kkayiq*
g \32Art —8Kkayq*r: —3Kkaylq*

(26)

Then, in order to have a positive C, the following constraint
must be satisfied:

\/aNKKq2 +ayK**q* — 2ayKxiAg
r.o> :
i 2V2v/=A

We can see that the above constraint is always satisfied if
the cosmological constant A takes negatives values, so that
the asymptotically locally anti—de Sitter black hole can be
thermally stable. In addition, as we will see below, Eq. (27)
is always satisfied and the heat capacity is always positive
when we demand to have a real solution to the equation
f(ry) =0. Naturally, all the thermodynamic quantities
previously defined reduce to those found in Ref. [30] when
we set 4 = 0.

(27)

C. On the role of N

In the previous subsection it has been seen that both the
thermal and geometric properties of the black hole strongly
depend on the number of flavors in the theory. For instance,
according to Eq. (23), the mass of the black hole depends in
a nontrivial way on N. We show this dependence in Fig. 1,
where we have plotted the mass asa function of the event
horizon of the black hole for different values of N. In the
analysis we haveset A =1, K = 1, A = —1, and kx = 1/40.
Moreover, for simplicity, we set ¢ = v = 1. From Fig. 1 [or
looking at Eq. (23)] we can see that M is always positive for
N <5, while for N > 6 there are sectors where the mass
can take negative values. However, if we consider the
extremal value r;, = rnin(N) allowing for a real solution
to the equation f(r,) =0, these negative values of the
mass are not permitted. This is depicted with dashed lines
in Fig. 1. We can also see that, for small radii of the event
horizon, the most massive configurations are those with the
largest number of flavors. This behavior reverses after a

FIG. 1. Mass M of the toroidal black hole with Skyrme hair as a
function of the event horizon for different values of the flavor
number. The dashed lines highlight the mass evaluated at event
horizon radii which are smaller than the minimum value it can
take in order to have real solutions.

critical point (which does not depend on N) for large event
horizon radii. As we have mentioned before, the entropy S
does not depend explicitly on the value of N, as we can see
from Eq. (24). Furthermore, its behavior is not affected by
the Skyrme term. On the other hand, the temperature of the
solution as a function of the event horizon for different
values of N is plotted in Fig. 2. For a fixed value of r,, we
have that 7" decreases as we increase N. Regarding the free
energy computed in Eq. (21), it is possible to find an
analytical (but complicated) expression for it in terms of the
temperature. However, as it is not needed for our purposes,
we instead provide it with the graph F(T) for different
values of N (see Fig. 3). From the plot we can see that as we
increase the temperature, transitions start to happen for
N <5. For N > 6 there is no change of sign in the free
energy, independent of the value of the temperature. Unlike
the particular case 4 = 0 studied in Ref. [29], here we can
see that the presence of the Skyrme term allows us to have
transitions, at least for some values of N. Indeed, for the flat
black hole constructed in [29], there are no transitions and
the favored configuration is always the one with the higher

T
0.2f

—sU@)
01}

SU(3)

—— 8SU(5)

r+

— SU(B)

— SU(7,

0.1} ™

_o2l :l :. :, ".

FIG. 2. Temperature T of the toroidal black hole with Skyrme
hair as a function of its event horizon for different values of N. At
a certain horizon radius value depending on N, the temperature
becomes positive. The dashed lines indicate the values of T for
ry < ryp. Forafixed r,, T decreases as the value of NV increases.
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-0.05 .
-0.10
-0.15
-0.20 ¢

-0.25¢

FIG. 3. Free energy F of the toroidal black hole with Skyrme
hair as a function of temperature for different values of N. As we
increase the temperature, transitions start to take place for N < 5,
and for high enough values of T the free energy is lower as N
increases. The dashed lines represent the sectors which are not
allowed under the requirement of having a real solution.

c
6
4t — SU(@2)
SU@)
ol — sup)
— sue)
o= T2 sum)
ol

FIG. 4. Heat capacity C of the toroidal black hole with Skyrme
hair as a function of the event horizon for different values of N.

flavor number. We can also see that for high values of
temperature the free energy is lower as we increase N.

From Fig. 4 we see that the heat capacity for the toroidal
black hole solution is always positive for the values
allowing a real solution. Then, we can say that the toroidal
black hole solution is thermodynamically stable.

The analytic hairy toroidal black holes previously con-
structed could have interesting applications in the context of
holography. Indeed, black holes with flat horizon have
received great attention due to the celebrated AdS/CFT
conjecture, and the possibility of using it in the description of
field theories on the boundary of the black hole space-time
itself. In the next section, we extend our study to the
construction of homogeneous black p-branes and self-
gravitating instantons. For the former, we also include the
thermodynamic analysis. In particular, we provide with the
thermodynamic quantities and some comments about sta-
bility are mentioned.

IV. BLACK p-BRANES AND SELF-GRAVITATING
INSTANTONS FROM TOROIDAL BLACK HOLES

In this section we will show that solutions describing
homogeneous black p-branes with nontrivial topological

fluxes as well as self-gravitating instantons, can be con-
structed in a direct way from the toroidal black hole. In
particular, black p-branes are obtained through a dimen-
sional extension of the metric of the black hole adding
extended homogeneous directions and fields living on
those extra dimensions with a linear dependence on its
coordinates, while self-gravitating instantons emerge
through a Wick-like rotation of the space-time coordinates.

A. Homogeneous black p-branes
in the Einstein SU(N)-NLSM

Homogeneous black p-branes in the Einstein SU(N)-
NLSM model in D > 5 space-time dimensions can be
constructed through a dimensional extension of the toroidal
black hole presented above, described by the metric in
Eq. (18), as follows. For the matter field we consider the
following ansatz:

p
Fl (‘xﬂ) = ZCiZi, FZ(xﬂ) = qe? F3(xﬂ) = U¢’
i=1
(28)

where ¢; are hair parameters and z' correspond to the
coordinates of the p-extended directions. On the other
hand, let us consider the following space-time metric in
D = (4 + p) dimensions:

1
f(r)

p
+H, Z c2dz;d7, (29)
=

1

2
ds? = —f(r)di* + ——dr® + 1*d6? +%r2d¢2

which corresponds to the black hole ansatz in Eq. (17)
plus p extended homogeneous directions parametrized by
the z; coordinates, with H, being a constant defined as
follows:

( )4 + 2)K Kapy
H,=—F-"—"—. 30
r 8(—A) (30)
With the above, one can check that the Einstein SU(N)-
Skyrme field equations demand that

=0, (31)

so that the solution we are looking for belongs to the
Einstein SU(N)-NLSM. In fact, considering the above
constraint, the D-dimensional FEinstein equations are
solved by

Kkq*ay m 2A 5
=t — -, 32
f(r) R TP (32)

124043-6
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with m an integration constant.® From Eq. (30) is clear that for these solutions the cosmological constant must take negative
values, therefore, again we have asymptotically anti—de Sitter configurations. The event horizon of the solution is localized at

aykKA(p +2)q* - (\/A3(p T 22K (p + 2)¢° + 144Am2) + 12A%m(p + 2))2/3

Fv

(33)

From the previous expression we see that, in order to
have a real square root, the integration constant m must
satisfy the following condition:

7V (p +2)ay’ K’
288(-A)

(34)

It is important to mention that, even when the matter field
depends explicitly on the extended coordinates z;, the energy
density for the solution is finite because it does not depend on
the extra dimensions. Additionally, one of the main charac-
teristics that the homogeneous black p-branes constructed
here possess is that they are topologically nontrivial. In fact,
the presence of the extra extended directions in Eq. (28), in
addition to the two angular coordinates in the matter field,
allows us to integrate the topological charge density defined
in Eq. (6) on a spacelike hypersurface to obtain a nonzero
value of B. A simple way to see this is by compactifying the
extended directions of the branes. For simplicity, let us
consider the case of the black string solution in D =5
dimensions (the case with p = 1). As the conditions in
Eq. (15) are satisfied, one can integrate pp at fixed ¢ and fixed
r in the ranges in Eq. (13) for the angular coordinates, and
considering the following range:

0<z<d4n,

for the extended direction. Then, integrating the topological
charge density in Eq. (6) we obtain the topological charge

B = vcy, (35)

where we have demanded that ¢ is an odd number. Thus,
Eq. (35) determines that the black string is topologically
protected (and the resulting charge is an integer number).’

This construction is similar to the one reported in Ref. [46]
where the authors construct homogeneous black string in general
relativity with negative cosmological constant by considering
massless scalar fields that are linear in the extended directions
[47]. See also [48,49] for the extension to Einstein-Gauss-Bonnet
and Lovelock theories.

"However, this topological charge cannot be directly inter-
preted as the baryon number in the Skyrme model, since in this
case the integration on r must be performed. In this sense, B in
Eq. (35) must be thought as the value of the flux in the r direction
at constant time.

AV + 2@ K (p + 2" + 144ARY) + 1207m(p +2)

The generalization to the black p-branes case is direct. The
existence of a topological charge is a very important point
because its existence is usually related to stability, suggesting
that the black p-branes constructed here could be stable. In
fact, black string and black p-branes solutions turn out to be
unstable under perturbations [50,51] (see also [52-54] and
references therein). Of course, classical stability of our
solutions requires an exhaustive perturbative analysis. We
hope to come back to this important issue in a future
publication.

For black p-branes it is possible to calculate the
thermodynamic quantities following the same steps as it
was for the case of the black hole presented in the previous
section.

The temperature for the black string p-branes reads

ayKiq? rA

T = .
2(p+2)m

(36)

16zr,

For this solution the temperature is always positive over
the range of allowed values of the event horizon in order to
have a real solution, which is given by restriction on
Eq. (34). Also, we see that the temperature 7 decreases as
the value of the flavor number increases; see Fig. 5. In this
section, for the plots, we have considered the simplest
case in the space of solutions, that is, a black string (the
p =1 case), and we have set the same values for the
couplings constants and the hair parameters as in the black
hole case.

— SU@)

—— SU(@3)

SU(6)

— sU(7)

FIG. 5. Temperature T of the black string, p = 1, as a function
of the event horizon for different values of the flavor number.
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FIG. 6. Entropy density s = vi of the black string as a function
of the event horizon for different values of the flavor number.
The dotted lines represent the values of S for r, outside the range
allowed us to have real solutions.

The entropy density for the black p-branes is given by

S 7rvr+Hp/2( 2>1/2
§=—=—"""r_ o , (37)
vV, 2q H

where V, is the volume of the branes. From here we see
that unlike the toroidal black hole solution (which was used
as the basis for constructing this solution), the entropy of
the black p-branes depends on the flavor number due to the
presence of the factor H,. Figure 6 shows the behavior of
the entropy density of the black string solution in terms of
the radius of the event horizon for different values of N.
Also, from Fig. 6 we see that the entropy density is always
positive and it increase as we increase the flavor number.
The mass density of the black p-branes is given by

M _mrgv p/2< )
m—=--—-= - C*
v, 16¢(p + 2) H
2 8 »
x | Kq KaN(p—|—2)+§r+A : (38)

Figure 7 shows that, for real solutions [i.e., for solutions
whose event horizons satisfy the constraint in Eq. (34)], the
mass density is always positive, and for a fixed value of the
eventhorizon itincrease as we increase the number of flavors.

Although, as we have explained before, the study of the
perturbative stability of the black p-branes is outside the
goals of this work, a good approach that can provide clues
about the classical stability is the correlated stability
conjecture [55]. This conjecture establishes that the
dynamical stability of solutions with extended dimensions,
|

F 1 roveHY*(3KkgPay(p +2) —

—=m-Ts =—

MV
2.5F
— su@
2.0F102
0% — SUE®)
15} 107" 100
Su(e)
101
— sUm)
05} L
U5 10° 15 20 25 30"
FIG.7. Mass density m = {£ of the black string as a function of

the event horizon for different values of the flavor number.

such as the black p-branes constructed here, can be related
to the local thermodynamic stability, the latter being
something that can be analyzed by means of the heat
capacity of the solution.

For this purpose we do not need to compactify the
extended directions of the black p-branes, so we can take
the ranges as

—(27)L; < z; < (27)L;, (39)
where L; — oo corresponds to black p-branes of infinite
extension. It follows that the heat capacity is given by
coT aS riﬂzvaHZ/z(KquaN(p+2)+8riA)

or q(Kxq*ay(p +2) —8riA)

« (H ) " (40)

In order to have a positive heat capacity, the radius of the
event horizon must satisfy

(17+2)K1<aN‘ (1)
8(=A)
From Fig. 8 we see that the heat capacity for the black
string solution is always positive for the values of r that
allow to have a real solution, which indicates the thermo-
dynamic stability of the black string. Based on the
correlated stability conjecture, the local thermodynamic
stability for this solution indicates classical dynamic
stability.
The free energy of the black p-branes turns out to be

v, 96

8RA)([IL )"
4P E2) : (42)
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FIG. 8. Heat capacity C of the black string as a function of the

event horizon for different values of the flavor number.
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FIG. 9. Free energy F of the black string as a function of the
event horizon for different values of the flavor number.

It is possible to obtain the free energy as a function of the
temperature by inverting Eq. (36) and substituting it into
Eq. (42). From Fig. 9, one can see that the free energy has a
change of sign that becomes more drastic, increasing the
number of flavors. For low values of the temperature, the
higher value of the free energy is for the configuration with
the higher value of N. As we increase the temperature a
change of sign appears and the lower value of the free
energy is also for the higher value of N.

B. Self-gravitating instanton

A regular analytical solution of the Einstein SU(N)-
Skyrme system can be constructed performing a Wick
rotation on the toroidal black hole constructed above. First
of all, it is important to highlight the following fact. In
Refs. [56-58], using a double Wick rotation of the form,

t—ig, ¢ — it,
the authors were able to build soliton solutions from a
toroidal black hole metric (see also Ref. [59] for recent
applications). One of the key points in such a formalism is
that the matter field considered (in [57,59], the Maxwell
potential) does not depend explicitly on the angular
coordinate on which the Wick rotation is being performed.

This is different from the case we are considering here, as
can be seen from Eq. (16), where the pionic field depends
explicitly on the two angular coordinates. In fact, with the
usual double Wick rotation the matter field in Eq. (16)
ceases to be an element of SU(N)."

However, a similar construction can be performed to
obtain a regular Euclidean solution of the field equations,
that is, a self-gravitating instanton. In fact, let us consider a
Wick-like rotation of the form

¢ttt (43)
Replacing Eq. (43) into Eqgs. (16) and (17), the matter field
and the metric become, respectively,
Fy(x) =0, Fy(x*) = g0, Fi(x) = pt,  (44)

1
f(r)

Then, the field equations are solved by

ds®> = c*r’de* + dr? + r?de* + f(ryd¢?.  (45)

Kkq?ay my Kkq*lay A 5

f)=-——+ 57 —37 (9

where m is an integration constant which is related to the
mass of the instanton. To avoid the conical singularity in
the plane (7, ¢), we impose the following periodicity for the
angular coordinate ¢:

128773
Kxq*ay(8rg + q*A) + 32r§A’

n= (47)

where ry is the radius of the instanton satisfying f(ry) = 0.
The above guarantees that the solution in Egs. (45) and (46)
is regular everywhere, and therefore describes a self-
gravitating instanton. Gravitational instantons are very
interesting solutions because these are used as ground
states for relevant solutions and could yield new insights
into the nature of quantum gravity.

The fact that this solution has been obtained from a
toroidal black hole through a rotation of the form in
Eq. (43) makes it different from other instanton-type
solutions present in the literature [60]. Therefore, it is
expected that the usual methods for computing the thermo-
dynamics may not apply in this case, and a more exhaustive
analysis must be carried out. From the reason presented
above, both the calculation of the thermodynamics and the
study of the relevance of this solution in the context of

"In order to obtain a regular Lorentzian solution one can try to
perform an additional “Wick rotation on the hair parameters,”’
p — ip, so that U remains an element of SU(N). However, the
field equations lead to a constraint between the parameters that
cannot be satisfied.
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quantum field theory will be explored in a forthcom-
ing paper.

V. CONCLUSIONS

In this paper we have constructed a family of new exact
solutions of the Skyrme model coupled to Einstein gravity
for an arbitrary number of flavors N on the matter field. For
this purpose, we have considered the so-called maximal
embedding of SU(2) into SU(N) in the Euler angles
parametrization. First, we have constructed analytical
solutions describing toroidal black holes with Skyrme hair
and arbitrary flavor number N. This solution is asymptoti-
cally locally anti—de Sitter and generalizes the flat black
hole constructed in Ref. [29] to the case of having non-
vanishing Skyrme hair. We have performed the thermal
analysis of the black hole, and we have provided the
thermodynamics quantities using the Euclidean approach.
We have shown that both the thermodynamics and the
geometry strongly depend on the number of flavors of
the theory. For a large fixed radius of the event horizon, the
most massive configurations are those with the smallest
number of flavors. Regarding the entropy S, it does not
depend explicitly on N. For the temperature, we showed
that for a fixed value of ., we have that 7 decreases as we
increase N. From the plot F(T') for different values of N we
saw that as we increase the temperature, transitions start to
happen for N < 5. For N > 6 there is no change of sign in
the free energy, independent of the value of the temper-
ature. Unlike the case 4 = 0 studied in Ref. [29], in the
present case we showed that the presence of the Skyrme
term allows us to have transitions, at least for some values
of N. Indeed, for the flat black hole constructed in [29],
there are no transitions and the favored configuration is
always the one with the higher flavor number.

The second solution that we present is an homogeneous
black p-brane solution that is constructed by performing a
dimensional extension of the toroidal black hole reported in
the third section. In order to construct this higher dimen-
sional solution, we need to consider fields that depend
linearly on the coordinates of the extended directions. Also,
from the field equations we see that the Skyrme coupling
must vanish, so, the black hole in the transverse section of
the string is the flat black hole solution of Einstein-NLSM
presented on [30]. Also, we see that in order to have a real
solution, the radius of the event horizon must have a
minimum value, and this restriction makes the mass,
entropy, and temperature of the solution always positive.
We also see that all of these quantities depend on the flavor
number. In particular, the mass and entropy density of the
solution increase as we increase the flavor number, but for
the temperature of the solution, the behavior is the opposite.

Finally, performing a Wick-like rotation on the black
hole solution we have constructed a self-gravitating instan-
ton solution. Relevant properties of this solution will be
explored in a forthcoming paper.
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APPENDIX A: REGULARIZED
EUCLIDEAN ACTION

The regularized Euclidean action is given by the bulk
action supplemented with the Gibbons-Hawking term and
the counterterms:

15 = Lok + Ion + Lo, (A1)
where
R-2A K
Louk = —/d4x\/§< o +ZTr[LMLﬂ]
KA
+22Tr(G,,G™) ), (A2)
32
1
Igp = —— / &PxViK,, (A3)
K.Jom

1 2 7 K .
Iy =- / &xVh <— + —R) +— / PxVheTrL L)
K Jom l/ﬂ 2 4 oM

L& &xVheTe(G,GY). (A4)

32 Jom
Here, h;; is the metric induced on the boundary dM at the
cutoff r =p, K P is the trace of the extrinsic curvature
of the boundary as embedded in M, and #? = —3/A.
Additionally, to the well-known anti—de Sitter gravitational
surface terms in [/, we add an appropriate generalized
counterterm action according to the matter content present
in the theory. Taking the limit p — +o0, we find that the
regularized Euclidean action is

3Kkayiqg*
8r

_Ppomry
32q

4

IF =
3

(KKaNq2 —=Arl - ), (A5)

where r, is the
f(ry) =0=—g,.

largest root of the equation
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APPENDIX B: HOLOGRAPHIC MASS

Considering the Brown-York formalism [61] supple-
mented with counterterms, we can obtain the energy of
the hairy toroidal black hole. In our case, the regularized
stress tensor is given by

1 2
Tij = —; Kl]_hl]K+?

K . K2 .
— hy¢ | —=Tr[L'L;] + —Tr(G;;G") ). (BI1)
4 32
Thus, the stress tensor time components are

m
—+ Op~2.

‘o (B2)

Ty =

Following Brown and York, it is possible to show that the
mass, which is the conserved charge associated with time
translation, is given by

E= / dOdgp/ou'z;;El, (B3)

where \/o = | /GggGs4- With o being the determinant of the
induced metric of the surface ¢+ = constant,

ds? = o;;dx'dx/, (B4)

with the normal vector u’ = f~1/2(9,)". In (B3), & is the

timelike Killing vector. Then, from the stress tensor we
find that

o 2n%v e
gk 48q

_vmry

3Kkaylg*
<3Kqu2 AN — _Q) ,

2
8ri

(BS)

where we have used x = 8.
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