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Static black holes of higher dimensional
Einstein-Skyrme system with
general couplings

BoBBY EKA GUNARA*®, EMIR SYAHREZA FADHILLA,
AND ARDIAN NATA ATMAJA

We construct hairy static black holes of higher dimensional general
coupling Einstein-Skyrme theories with the scalar potential turned
on and the cosmological constant is non-positive in which the scalar
multiplets satisfy O(d + 1) model constraint where d is the spatial
dimension of the spacetime and d > 3. Some physical properties of
solutions near the boundaries, namely, near the (event) horizon and
in the asymptotic region are discussed. Then, we prove that these
black hole solutions exist globally which may have finite energy for
non-positive cosmological constant. Finally, we use perturbative
method to perform a linear dynamical stability analysis and then,
show the existence of stable and unstable solutions in the model.

1. Introduction

Black holes in Einstein-Skyrme model are the evidence of counterexamples
to the no-hair conjecture for black holes which states that a black hole can
only be characterized by its mass and its electric and magnetic charges.
These objects up to now have been studied mostly in four dimensions where
the Skyrme field is an SU(2) valued. In particular, several models admitting
asymptotically flat spacetimes exist in the literature, see for example, [I]. We
have only few models with asymptotically anti-de Sitter spacetimes [2-4],
while there is only a model with de Sitter background [5].

There are some higher dimensional models which can be mentioned
as follows. A five dimensional Einstein-Skyrme model has been considered
which can be thought of as an O(5) sigma model coupled to gravity [6].
In the model, we have some universality properties that can be adopted to
any dimension higher than five. For example, a topological charge is glob-
ally defined on the spacetime. The second model is a seven dimensional
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Skyrme branes [7] which provides a brane world scenario. The authors set
that the skyrmion field defines on a warped spherically symmetric three di-
mensional submanifold of a seven-dimensional spacetime which is conformal
to R3T! x 83 where IR?**! and S3 are four-Minkowski spacetime and three-
conformally flat geometries, respectively. Another example of black holes in
higher dimensional Einstein-Skyrme theories is studied in [§]. In this latter
model, the authors study the Einstein-Skyrme theory with the cosmologi-
cal constant A < 0 on a d + 1-dimensional nontrivial static spacetime M1
which is conformal to M3t x N4=3 where M3*! and N%~3 are the four
dimensional spacetime and the compact (d — 3)-dimensional submanifold,
respectively. The theory that the authors considered is up to the fourth
term and the Skyrme field is still an SU(2) valued. Then, they construct a
family of static black holes and prove the existence of such solutions with
finite energy if A = 0.

The purpose of this paper is to provide the analysis of static black hole
solutions of higher dimensional Einstein-Skyrme models with general cou-
plings including the scalar potential V(¢) and the cosmological constant
A < 0. In particular, we set the spacetime M?! with d > 3 to be static
and conformal to M *! x §9=1 where M+ and S9! are the two dimen-
sional spacetime and the compact (d — 1)-dimensional sphere, respectively,
with the metric functions §(r) and m(r). We also have an O(d + 1) valued
Skyrme field which is locally defined on the submanifold S C M1, where
S?% is conformal to R x S9! with IR™ being positive real number. This
Skyrme field can further be simplified into a form that can be expressed in
terms of a profile function £ = £(r) where r is the radial coordinate [9].

We write down some consequences of the above as follows. First, the
covariant topological current such as baryon number lives locally on the
submanifold S¢. Second, to obtain physical black hole, we have to specify the
behavior of the functions §(r), m(r), and £(r) on the boundaries, namely, at
the (event) horizon and the outer boundary, together with their local-global
existence and their linear stability. Finally, we want to mention that since
our model consists of general couplings in diverse dimension (d > 3) which
is a complicated structure, it is not necessary to use the notion of branches
related to the value of £(r) on the horizon. Instead, we just need the value of
&(r) on the horizon to be regular (or finite) which will be useful to establish
the local-global existence of solutions.

In order to have a well-defined model, we first have to analyze the func-
tions d(r), m(r), and &(r) near the boundaries. Near the (event) horizon, all
the function can be linearly expanded such that these functions become fixed
on the horizon. At this region, the spacetime M%t! breaks into 71+! x §9-1
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where the 2-surface 7! could be either a flat Minkowski surface IR'*! or
an anti-de Sitter surface AdS> [10]. Analysis on the Ricci scalar implies that
the value of £(r) on the horizon has to satisfy an inequality in order to have
a consistent solution. In the asymptotic limit, we set the decay rate of all
the functions 6(r), m(r), and £(r) to be of the form O(r~™") with n > 1
such that the lowest order of these functions are constants implying that
the black hole spacetime converges Einstein geometry.

Next, we construct local-global existence and uniqueness of this
skyrmionic black hole solution. By employing Picard’s iteration and the
contraction mapping properties, we firstly show local existence and unique-
ness of the solutions. Then, using the uniqueness property we argue that
the local solution can be extended to the maximal solution by gluing some
of the local solutions. Since we have particularly the decay properties of the
functions 6(r), m(r), and £(r) of the form O(r~™) with n > 1 in the asymp-
totic region, it can be established a family of global solutions whose energy
is finite by taking the values of both the field £(r) and the scalar potential
to be vanished in this region for arbitrary A < 0.

Finally, we discuss the so called linear dynamical stability of solutions us-
ing perturbation method to obtain a linear equation called Sturm-Liouville
equation in which the problem is reduced to an eigenvalue problem. It is im-
portant to notice that the stability here is in the context of Sturm-Liouville
theory. Using the behavior of the functions §(r), m(r), and £(r) in the
asymptotic region and applying so called the fixed point theorem [I1], it can
be shown the existence of both stable and unstable solutions for any A < 0.

We organize this paper as follows. In Section 2 we discuss shortly the
Skyrme model in diverse dimension. The static solutions in the theory are
considered in Section 3. We perform the analysis of the solutions near the
boundaries, namely, the (event) horizon and the asymptotic region in Sec-
tion 4. In Section 5 we prove that there exists a family of unique global
solutions with finite energy in the model. In Section 6 we consider the dy-
namical linear stability of solutions and show the existence of stable and
unstable solutions.

Conventions and Notations. In this paper we use alphabets, a,b,c,.. .,
as scalar multiplets indices and mid alphabets, ¢, 7, k, ... as spacetime in-
dices. Both indices sets take value from 0 to d with d + 1lis the spacetime
dimensionality. A one-form component is represented by w; with lower index
and its dual is represented by w’ with upper index. The spacetime coordi-
nates are denoted by z' and its derivative operator is %, or sometimes
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written as 0;. The multiple scalar index is written as an upper index and
the square bracket [...] on indices represents antisymmetrization.

2. Skyrme Model in Diverse Dimension

In this section we shortly discuss the Skyrme model in d > 3 spatial dimen-
sions. The starting point is to consider the standard Skyrme model in 3 + 1
dimension whose action is of the form

(2.1) & = / d'e V=g (119" Tr(LiLy) + 299" Tr((Li, L)L, L))

with L; = UT9;U where U = ¢°I, + i(E.&' is an SU(2) valued chiral field orig-
inally proposed by T. Skyrme [12] 13]. The vector & = (01,02, 03) are the
Pauli matrices, while (¢°, qg) are real scalar field satisfying O(4) model con-
dition, ¢*¢* = 1, see also for example, [6l, [14].

In fact, one can work another way to construct such functional by intro-
ducing a so called strain tensor D = JJI where J is the Jacobian matrix
of the map [I5]. The energy functional of static Skyrme model can be con-
structed from the invariants of the strain tensor D which are the combina-
tions of its eigenvalues. Then, the Lagrangian from can be expressed
to be the sum of these two terms

(2.2) et |
3 R ?9”9

where ¢f = g‘ia and ¢” are the components of the inverse of metric tensor.
This construction of Skyrme model can be employed to generalize
either for including the higher order terms [16] or for extending the Skyrme
model in five dimensions [6].

Now, let us consider the eigenvalues of D;; from a d+ 1 dimensional

Skyrme model, that is, A7, \3,..., /\(21. The most general Lagrangian can be
written as
d
(2.4) L=-nV-— Z YnLon
n=1

where v, > 0, p=0,...,d, are the coupling constants, V' = V(¢) is a scalar
potential, and Lo, have the form
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Looc A4+ )2
L4 M2+ 4+ 122 07,

(2.5) Log oc A2N3.. . \2
In four dimensional case (d = 3), we have the standard Skyrme model with

additional BPS-Skyrme term (Lg o< A?A3)3) proposed in [17].
Using the above prescription and identifying

(26) Lon = ( )2¢[11 .. (ﬁ ¢[j1 . ¢j ]guh .gi“j” ,

the Lagrangian of the model has the form

d
27  L=wV+) (zgaqﬁ%i---asaﬁcbm--w gt gt
n=1 .

which is just an O(d + 1) model proposed in [6].
3. Static Solutions in Einstein-Skyrme Model

We can now couple the above Skyrme to gravity via Einstein-Hilbert La-
grangian

(3.1) L, = 1(R— 2A) — 7oV

_ % ar a i1 inn
Z i GO, OGN

where R and A are the Ricci scalar and the cosmological constant, respec-
tively, defined on (d + 1)-dimensional spacetime M?+1. Throughout the pa-
per, we take A < 0. In order to be compatible with the discussion in the
preceding section, we take the ansatz metric to be static spherical symmet-
ric

d 2
(3.2) ds® = —e® f dt? + % +r?R2 dQ3% |,
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where 6 = §(r), f = f(r), and dQ? | is the metric of (d — 1)-dimensional
sphere S?~! with radius Ry > 0. For the Skyrme field, we use generalized
hedgehog ansatz [9] which has the following form

(3.3) ¢ = (cos&,msing)

with .7 =1, i is a vector in R In fact, the ansatz is a natural
choice for a spherically symmetric system. We can motivate this as follows:
such ansatz is a coordinate system on target space with the following metric
dsfarget = d¢% +sin? €dO2 | where 7i.7i = 1 directly represents S9~! mani-
fold with metric del_l. For a spherically symmetric spacetime with metric
of the form ds? = —A(r)dt> + ﬁdr2 +r2dQ? | we can immediately ob-
serve that both manifold have the same submanifold because both contain
S9! manifold on which the spherical symmetry applies. Furthermore, if we
chose the field £ to be £(r), the map ¢ simply become a coordinate trans-
formation r — £(r). From this point of view we expect that the angular
dependencies of ¢ are decoupled in the full field equations, hence leaves only
a single spherical symmetric field equation for &.

Here, we show the details on how we can calculate the effective la-
grangian by utilizing eigenvalues of strain tensor D with Dé = gikqﬁ(ﬁ? as
its components. The component of tensor D in mixed form for the ansatz
mentioned above is given by

(3.4) Dl = g™ 0,£0;€ + sin® Eg™* Oy - 057

To make the calculation simpler, we can choose a spatial coordinate on which
the strain tensor become diagonal. Firstly, we choose the same parameteri-
zation for both S¢~1 submanifold of spacetime and target space of ¢. Hence,
suppose that S?~! submanifold of spacetime has the following metric

d—1p—1
(3.5) a0y =do7 + > ] sin® 0, db}
p=2q=1
then the vector n must be a function of 61,...,0;_1 and 9y7 - 07 is metric

tensor component of S%! except 917 - 917. Now, let us define the metric
tensor on S41 as hg,9, and choose & to be £ = &(r). We can immediately
observe that the spherical components of spacetime metric gy g, is related
to the metric of sphere manifold by g g, = 7"2h9p9q. Therefore, our strain
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tensor components become

(3.6) D} = g''¢? = f¢?,
9 h,e 0 Sln2§ Qp
(37) DOq = sm f hgsgq = 7‘2 59,1

The resulting tensor is diagonal, thus we can directly identify all the eigen-
values, namely

(3.8) A= fE7,
. 9
(3.9) == A= 8

r

The next step is to formulate each invariant from combinations of eigenval-
ues. We know that for La,, there are C¢ terms. Because only one eigenvalue
is different, which is A? = f¢’2, then there are C%~1 terms which have f¢’
as their factor. From this we can further conclude that there are C¢ — Cg_l
terms with no factor of f¢’2, hence the invariant Lo, is given by

Sin2(nf 1) ¢

_ 1\ sin?¢
(3.10) Loy = 1) (Cg}[f(fl)z + (szl - ng) 2 ) :

This formulation can be used in a more general D : which represents a non-
trivial map to the target space 7 -7 = 1. The ﬁeld equations for Skyrmion
can be found by substituting ansatz . to the dynamical equations of the
Skyrme model, namely

(3.11) (5Cb_¢c¢b)
d 27, .

0
- 67%’70‘/

The dynamical field equations above can be simplified by exploiting Levi-
Civita symbol and strain tensor, leading to the following expression of field
equations

c c d 2nyy i 7] 0
(312) (6% - 6°") [Zl %% (6" H (n. 0)) - R
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where we have defined the tensor

n
j — | J2.- 4nkn .k irn
(313) Hz (TL, d) =& i2~~-i7Lkn+1~~-kd€] 2 i dvjl H Djm

m=2

for computational purpose. Hf (n,d) has special features, namely, it is a
diagonal tensor if the strain tensor is diagonal and only depends on radial
coordinate if we substitute hedgehog ansatz in (3.3) to ¢. Upon substitution
of ansatz , the resulting field equations is effectively reduced into
a single field equation (as expected, because 7 decouples) for & where all of
the equations only differ by some angular factors, namely

_ / N\2
(3.14) ¢+ <drl+6’++iaru> g &0 _ 1,

f 2u € 2uf °
with d,u = % and O¢v = 85 where we have defined
zd: 1 San(n 1) 5
— TR() 2(n—1) 7
sa2n
3.15 = 1V e PAL
( ) v=7yV A+ ;:17 n ( d) (T.RO)Qn ’

and we assume V = V() for the rest of this paper. On the metric (3.2)), the
effective static energy functional for the Skyrme model has the form

(3.16) B = [ dla\/-g) (uf (@) +0) |

Varying the energy with respect to &, leads to the same field equation
of £ given by .

Next, the dynamics of the metric functions §(r) and f(r) are governed
by the Einstein field equation coming from the variation of the action related
to Lagrangian . The components of the Einstein field equation can be
simplified into the following equations

food-2 (d—1)(d—2)
rf+ 72 >_ 2r2 RZ *

(3.17)  (d— 1)f ( A=—uf(¢)? -

+A:Uf(£/)2—’l},

(3.18) (d— 1)5 (25’f+f’ . dr—22> C(d-1)(d-2)

rf 27“2R(2)
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(3.19)
g (25// ra) e L +f35/f/> i d; (7 + )
d—2)(d—3
— (27;;3) (1—fR) + A
1 d sin2(”_1)f ,
= d(d—l);%Cg n(2n—d-— 1)Wf(§)2
1 d d e 2 o\ sin?" ¢
_ d(d—l);vncn (2n —3nd+n—d+d ) ()2 — YV

Additionally, we write down the Ricci scalar of the metric (3.2)

_ 1
N T‘ZR%

— [2f(8" +6™)+35f + '] — (d—2)(d — 1)

(3200 R (4= 2)(d 1)~ 2(d = 1)(f' +)

I
r2

which will be useful in the next section discussion.
Now, we take a particular for of the metric function f(r) as

1 2m 20,

2 U TR T

where m = m(r). Using (3.21)), (3.17) and (3.18]) become simply

m/ _ EZ : i;rd—l (Uf(f/)Q +U) ’

(3.22) § =

We will discuss the properties of m(r), (r), and £(r) near the boundaries,
namely, near the horizon (r — 75,) and around the asymptotic region (r —
+00) in the next section.

4. Near Boundary Properties

In this section we discuss the properties of solutions of the Einstein field

equation (3.19)), (3.22)), and the equation of motions (3.14) near the bound-

aries. The first part of discussion is to consider the properties of m(r), §(r),
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and £(r) near the horizon and then, we continue it in the asymptotic region
as r — +00.

Let us first consider the behavior of m(r), §(r), and &(r) in the horizon
limit. Suppose there exists a horizon at the radius r = 7, such that f(ry) =0

implying

(d—2)ri?  (d-2)

(4.1) m(ry) = 2R T dd= 1)Arg .

Near the region, we can expand the metric functions as

E=&+&(r—r)+O0((r—m)?) ,
§=0h 4 61(r — i) + O((r —rp)?) |
(4.2) m =m(ry) +my(r —rp) + O((r —rp)?) ,

where &, and J;, are positive constants, while &1, 41, and mq are real con-

stants. Inserting (4.2]) into (3.22)) and ([3.14)), it then yields

(Z W C le )2(n§}ll)> Ery, |

d—2 d ny sin®* &,
m == (w 0+ Y0l (1-5) 2
: 2(n—1)
Yo eV (€n) + ToCe) S Ciai(d — 1) ety
(4‘3) 51: 3 ( ) HE Z 1 1( ( R)( )

d—2  2Ar, 2m;, d d—1 sin?(m-D ¢, ’
2 <Rg7"h (d-1) (d—2)r;f—2> (Zm=1 G 1(thO)2<n )

which show that we have a (d + 4)-dimensional parameter space spanned
by &, 0n, M, and vy, with p =0, ..., d. From the last equation in , it is
straightforward to see that among ~,, we should have at least one of them
to be non-zero.

The second expression in and can be used to find the form
of Ricci scalar on the horizon which takes the form

(d—1)(d—-2)
4.4 ="+ A,
|
d 2 2 2
2n* —3nd —n+d+d sin“" &,
2 O
*’Z”Q< d(d—1) )@mW

n=1
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with

_2(d+1)

(d—1)(d-2)
(4.5) A= A .

(A + ’YOV(fh)) - T]%Rg

Around this region, the spacetime topology changes to 72 x S9! where 72
is a 2-surface 72 which could be either 72 ~ IR? or T2 ~ AdS, [10]. Thus,
the second term and the third term in the right hand side of (4.4)) should be

<0.

<2n2 — 3nd—n—|—d+d2> sin?" &,
(

d
4. Ae+2) 7,08
( 6) + ny Cn d(d _ 1) Rorh>2n

n=1

Next, we consider the behavior of m(r), §(r), and £(r) in the asymptotic
region. In order to have a finite and regular solution, the metric functions
d(r) and m(r) should be decreasing functions whose form are

5(r) = 01 +o(r—<m+1>> ,

r

m
(4.7) mir) = M+ 2L+ 0 (y=0 i)
where M >0 is the ADM mass which will be discussed below, whereas
d1,m1 € R, n; > 1, and ng > 1. Moreover, the skyrmionic scalar £(r) would
have the form

(4.8) §(r) = boo + 5—1 +0 (r*<"3+1)> :

TTL

where n3 > 1 and &, & € R showing that &(r) will be frozen as r — +0c.

Inserting (4.7) and (4.8)) to the constraints (3.22)), we obtain

(d+1),

N =

(4.9) n>d+1, no>1, nz>
with either vg = 0 or 79 > 0 and
(4.10) V(€s) =0.

We also have

(4.11) iy =
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The equation of motions (3.14)) gives us the condition

4’)/2 A

(4.12) Y0 9V (€e0) = dd—R?

sin oo cos €

where we have used the ansatze (4.7)) and (4.8).

Now, we write down the trace of the Einstein field equation

C2d+1)

R = 7(d—1) (A + V)
2 d sin?" ¢
e (202 — _ 2
+d(d—1)n§_1fy Cy (2n® — 3nd n+d+d)(rR0)2”
d :2(n—1)
2 sin 13
4.1 - g n dp(2n —d—1) ———— f(¢)? .

In this region the geometry converges to Einstein such that (4.13]) should be
simplified to

_2d+1)A

(4.14) R= -1 +0(r ™),

with cosmological constant 2A/(d — 1) (or Ricci-flat with A = 0) such that
if we subtitute and to , we find either the case without the
scalar potential, that is, vg = 0 or with 79 > 0. As we will see in the
next section, the finiteness of the energy functional constrains the
value of £, and the bound of ngs.

Let us now discuss how to obtain the mass of the black hole. This can
be done by considering the Komar integral [18 [19]

(4.15) K= / dSi; (V¢ +wh) |
ox

where 9% is the boundary of a spatial hypersurface of the spacetime M94+1.
We have a Killing vector ¢* of M4t and an antisymmetric tensor w% sat-
isfying [20]

(4.16) Viw’ = R7. ¢
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In the case at hand, the vector ¢* is time-like with (¢ = (1,0, ...,0) such that
the non-zero solution of (4.16]) has to be

1 M 5 —(d—1) »—(d—1
(417) wlﬂ — _i(f/_i_za/f)_'_ W@ 57. (d 1)RO( ) ,
while
1
(4.18) Vi = 5(f’ +2'f) ,

where Vol(S9=2) is the volume of the unit sphere S%~2. The infinitesimal
volume dS7g has the form

1
(4.19) dS10 = 5 Srd 1R qvol(S472) .
Thus, we obtain the mass of our black hole

(4.20) Mgy = lim M =M .

r—-+00

Finally, the topological charge called baryon number B for such a system
is

1 d—2
B =5 ) / sin®1¢ <;€Hl sind—1-F 9k> dedo ... d0g_q
1(591
(4.21) = W/sin“f d§ = B(&n) — B(8x)

where B(&) is defined by

(4.22)
ngfﬁ 4 2%2 :Zj)cgl(—l)kﬂ Sin(&d_—zili—ll)f) ’
B(€) = INE Eor2d23,5,77...
VAL (5) | 1 & e o cos((d—2k—1)€)
w3 O (DR
for d = 2,4,6, ...

We have used the definition of topological charge given in [6]. A vacuum
solution can be obtained if we take &, = .
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Let us consider an example as follows. Suppose we have &, = 7 and
€0 = 0, then A, <0, (4.3) becomes

51 (d271 )f1 h
my = EZ 2; ’YOV( )
(123 6 = % %Vix) ,

291 (72 = 25 (A =20V ()

with 1 > 0, and the topological charge take a unit valuei.e. B=1.1It
is easy to see that we have black hole solutions if 9 > 0 with either V' (7) # 0
or 0V (m) # 0. In other words, the presence of the scalar potential term oV’
plays an important role in determining the existence of black hole solutions
in this theory. For example, in a model with generalized pion-mass scalar
potential

(4.24) V(E)=(1—-cos&)", n>1,

we may have a black hole solution since V() = 2" and 0¢V () = 0. More-
over, in the asymptotic region this model admits and 0:V(0) =0
which shows that these correspond to finite energy solutions as we shall see
in the next section.

In a case of 79 =0 (or V(¢) = 0), we might have a smooth regular so-
lution which is not a black hole. This latter situation has been observed in
four dimensional Einstein-Skyrme theory [2].

5. Local-Global Existence of Finite Energy Solutions

In this section we establish local-global existence and uniqueness of black
hole solutions of the theory. By employing the Picard’s iteration and the
contraction mapping properties, we prove the local existence and the unique-
ness. Then, using maximal solution technique we construct the global ex-
istence. We use the expansions and to show the finiteness of
solutions. Finally, the finite energy solutions are discussed.
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5.1. Local Existence and Smoothness

Let us define a set of dynamical variables w = (§,p¢) where pe =¢. We
write down the constraints (3.22)) in the integral form

(5.1)
_ (d—2) —1121/ d-1+7%4 1 2A 2 2
m—mh—i—(d_l)r r R d(d—l)r upg +v | dr,
— 2 2
5—5h—|—(d_1)/rupgdr,

where u =wu(§,r) and v=wv(§,r) given in (3.15). Suppose [ = [r,r + €]
where 7 # rj,, € > 0, and U C IR? be an open set.

Lemma 1. Suppose the scalar potential V in (3.1]) is at least a C?-real
function. Then, the metric functions 6(w,r) and m(w,r) in (5.1)) are locally
Lipschitz with respect to w.

Proof. First, we have

(d - 2) _ 2 /7‘—’_6 d,1+i ]. 2A 2 2
< d—1 a—1 - =
’m‘U_(d—l)r ; r I d(d—l)r upg +v|dr
(d_ 2) d—1 1 2A 2 2

for C' > € which is bounded since the function &(r) is at least a C2-real
function. Using similar argument, we can show that 4 is also bounded. Then,
forw,we U

N 2r
’(5(W,T) - 5(W77")‘U < (d _ 1)

(5.3)  |m(w,r) —m(W,r)|y
(d—2) _

Nt T

(d—2)

(d—1)

C ‘U(é., T)pg - U(g, 7“)]52 )

(72— q=") (et — )|

crid-1 ‘v(f,r) — v(é,r)‘ )

Using the fact that for any smooth function F(f), we have locally

G4 FH-FD < sw [F+s(F-m]a-1

s€[0,1]
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on U, we get that § and m indeed satisfy the local Lipschitz condition

0(w,r) = d(W,r)|; < Cs(|wl, [W])|w — W],
(5.5) [m(w, ) —m(w, 7|y < Cu(lw], [W])|lw -],

on an open set U C R? where Cs(|w|,|W|) and C,(|w|,|W]|) are bounded
positive-valued functions . O

Next, we rewrite (3.14]) into
(5.6) — =J(w,r),

where

(5.7) J(w,r)= < ?ﬁ ) ;
where

_ da-—1 , f 1 ou\ , 1 v
(5.8) Jg——< " +40 + = +u )p5_<2u8£>p5+2uf6§’

with the constraint ([5.1)). We can now state the result of the local existence
and the uniqueness of (5.6)) as follows.

Lemma 2. The operator J defined in (5.7) is locally Lipschitz with respect
to w.

Proof. From (j5.7)), we obtain the following estimate

1o
2uf O

fl
7 8r

d—1 1 Ou
(5.9)  |Jely < — + ‘

2u 0¢

Since £(r) belongs at least to a class of C2-real functions, then its values is
bounded on any closed interval I. Thus, |J(w, )|, is bounded on U.
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Moreover, for w,w € U, we also have

(5'10) ’j(W,T) - j(WﬂT”U

d—1 ~ N N
< T|p§ — Pe| + |6 (W, m)pe — 0 (W, )|

/ / 10 10
[ = e+ [1 5w - L 5
10 1ou, .
+ g e (IR = 5 e ()
1 Ov 1 ov, .
+ ﬁafg(war)—ﬁafg(wﬁ) :

Employing some computations using the result in Lemma 1 and the local
property (5.4) on U, it can be shown J is locally Lipshitz with respect to
u satisfying

(5.11) T (w,7) =T (W, 7)|y < Ca(lwl, [W])[w —w] .
H

It is useful for the next analysis to write down (5.6) in the integral form
(5.12) w(r) =w(ry) +/ J (w(s),s) ds .

By introducing a Banach space

(5.13) X={weC,R?: w(r) = wo, 816111) |w(r)| < Lo},

endowed with the norm

(5.14) [W|x =sup [w(r)],
rel

where Lg is a positive constant, we define an operator K
T

(5.15) K(w(r)) = wo +/ ds J (s,w(s)) .
Th

Then, Lemma 2 implies the uniqueness result proving that the differential
equation (5.6 has a unique local solution.
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Corollary 1. [2I] The operator K defined in is a mapping from X
to itself and K is a contraction mapping on I = [r,r + €] withr #rp, € >0
,and

(5.16) e < min ( ! , ! ) .
CL, CroLo+ T (r)]

Then, the operator K is a contraction mapping on X.

Finally, a maximal solution can be constructed as follows. Let w(r) be
a solution defined on the interval (rp, ) with 7, > 0. Then, we repeat the
above arguments of the local existence with the initial condition w(r — rg)
for some 1, < rg < r and use the uniqueness condition to glue the solutions
to get the maximal solution. It is straightforward that we have a global
solution by taking r,, — +o0.

5.2. Global Existence

The second part of this section we show that a regular global solution of
on I, = [rp, +00) does exist satisfying the expansions and . As
expected, these establish the finiteness of on I.

First of all, we introduce two intervals, namely, I, = [ry, + ¢, L] with
e > 0and I4 = (L,+00) for finite and large L > r. On I4, all the functions

d(r), m(r), and f(r) can be expanded as in (4.7)), and (4.8). Equation (5.12)

can be written down as

L 400
(5.17)  w(L) =w(rp) + N (w(s),s) ds + : J (w(s),s) ds.

In order to suppress the third term in the right hand side in , we
should set: 1. 44 > 0 which means that the kinetic term must be non-zero,
2. 0¢V (£x) must be well-defined. The latter condition follows from the fact
that the scalar potential V should at least a C?-real function as stated in
Lemma 2 and it has a value given in . Then, we have a finite and
globally well-defined solution of since the function £(r) is at least a
C?-function.

Next, we want to prove the finite energy solutions of by analyzing
the estimate of the energy functional . Then, using the expansions
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(4.7) and (4.8)), and taking first A < 0, we obtain an inequality

(5.18) E < A(STHRI! sup

rely

L
/ edpd—1 (uf(&’)2 + v) dr
oo dr
R
[ (v e
L
+ Zd:v ci(1-12) S )
n=1 o d (TRO)Zn

The first term in the right hand side of is finite since all C?-functions,
namely, f(r) and £(r) are bounded on the closed interval Iy. In order to
control the second and the third terms in on the open interval 4,
one has to set 1, the scalar potential V ({;~), and the order ng in
to be {oo =0, V ({ao) = 0, and ng > g for finite &;, respectively. In the case
of A =0, we just replace A by 1/R3 in . One regains the same results.

Comparing this energy estimate analysis with the result (4.9)), we conclude

A(S4) 279 pd—1
+ mQ’Yl\A’nsﬁRo

+A(ST Ry

(5.19) £ =0, V(E)=0, ny> (d+1).

Moreover, in order to have a consistent result, since we have the Ein-
stein’s field equation, one has to check the estimate

+o0o 1
(5.20) / edrd=1 <R00 — 5500}2 + 500/\) dr

- 1/Th+ooe%d—1 <(d—1) (J:—i- (d;2)f> _d-hid=2) +2A> dr .

2 r 2R3

Applying the expansions and (4.8), and repeating similar steps as
in , we obtain that the integral (5.20)) is finite. In other words, the
finite energy black holes do exist.

Thus, we could state

Theorem 1. Suppose w(r) be a solution of (5.6) with the initial value wy,
and A <0. Then, we have a family of global solutions with finite energy

satisfying (4.2), (4.7), (4.8), (4.9), and (5.19) that connects two boundaries,

namely the horizon and the asymptotic regions.
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6. Linear Dynamical Stability Analysis

In this section, we will discuss the linear dynamical stability analysis of
the models using similar method as in [2]. First, we take in advance the
metric functions in the preceding sections to be time dependent, namely,
o =0(r,t), my=m(r,t), and & = &(r,t). Then, we expand them around
5(r), m(r), and f( ) where 6(r), m(r), and £(r) are the static solutions

of @T1). (1), and 22,

Let us write down the energy functional of the models in which we have

§(r,t), m(r,t), and &(r,t)

(6.1) /dd gld+1) ( <€2§tf + fi(&) ) +Ut> ;

where u; and vy have the same form as defined in (3.15)) but we replace £ by
&. The variation of (6.1]) with respect to & gives the Skyrmion equation of
motions

" 3 Sfi+f d—1 10 oufr +
(t‘egitft2>+<tftft ft+ r +u alit>§t <t£i5tf3ft>ft

L u\ (e G2 _ 1 0w
(6.2) + <2Ut(9£t) ((gt) B 625‘f,52> - 2Utft£ '

In this case, the components of the Einstein field equations in (3.17))—

(3.19) are modified, that is,

(6.3) (d—l)f <7f;t+ ;2 )—(d;(%j)f)w\

2
= —ut (égi)ft + ft(§£)2> — Ut

oo oo [ME, et uspeca

£ \2
= ut (e%;;)ft + ft(§£)2> — Ut
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—20: . .. ft ” , " + 35/]0/
(6.5) o (ftft 2(fe)? — ftft5t> < 207 +2(0))% + tfttt>
d 2 , d—2)(d—-3

— (f{+0if1) - W(l_ftR%)-i—A

_ 1 . d sin?(»D ¢, (&)? '

= m T;’Yncn n (277/ - d - 1) (’)"Ro)Q(nil) <_ 626tft + ft(é-t)
1 d sin2" ¢

- =T ;%CS (2n® = 3nd+n —d + d°) (:]1%0)2; — oV

Equations and can further be simplified into
/ d—2 — 1) /
(45 ) )
T 2ut7' (ét)
(6-6) 5t - (d _ 1) <625ff2 + (ft) ) :

Then, there are small fluctuation of & (r,t), m(r,t), and &(r,t) around the
static classical solutions such that we have the expansion

my(r,t) =m(r) +e my(r,t) ,
Oi(r,t) = 6(r) + & di(r, 1) ,
(6.7) §u(rt) =&(r) +e &(r,t)
where € > 0 is a small parameter. First, substituting the first and the second

equations in (6.7)) to and taking the first order approximation on ¢, it
yields

r

d— 2

my = e g
2 0
(6:5) = o (€2 5ea+ 2 ) |

where u = u(€), g—g = %‘g(f), and we have used (3.14)) in the computation

to get the first equation in .
Again, substituting the last equation in (6.7)) to (6.2)) and employing the
computation up to the first order of ¢, we get

(6.9) b= e (w1 Eg) K (Em, 6

e f
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with
K(&,m,6,7) = dflre%g'ﬁgzuf + T% (rdleéfg' (gz — dflu2>>/
(6.10) -5 (sSer+52)

Taking

(6.11) &(r.1) = (u fe‘srd_1>71/ S (et

we can cast (6.9) into Sturm-Liouville equation

ufeérdfl)/f

" 1 5a1)", ((
(6.12) w + <—2 (ufe r 1) +W

é
+7’d*1—€ fK(f,m, 0,71) +w2>1/) =0.
u

The solution 9 (r) is said to be stable if the eigenvalue w? > 0 and ¥ (r) > 0
for r, < r < 400. However, to have unstable solutions, it is sufficient to show
that there exists an eigenvalue with w? < 0. In other words, we have stability
properties of the solutions in the context of Sturm-Liouville theory.

It is straightforward to show that there exists a unique local solution
of in an arbitrary interval I C I, using the same procedure as in
subsection 5.1. Then, we apply the uniqueness condition to get a global
solution in I, by gluing all of these local solutions.

Let us first discuss the behavior of in the asymptotic region where
r € I4. First of all, we take the case of A < 0. Employing the expansion

and (4.8), eq. (6.12) can be simplified to

A’)/() 82V

ma—@(ém)r”lw =0,

(6.13) P+

where we have set ng =d — 1 implying d > 3. At the lowest order of the
expansion, we could have either w? € IR for &; € R, or

16A%61m
2 e
(6.14) W= A=)



Static black holes of Einstein-Skyrme system 2689

for £ € R. Assuming

0*V
0g?
the solution of (6.13)) has the form

1/2 1/2
B d+3 2k)" ass _dis
(6.16) ¥(r,A) = A (k}(%%l) exp (—d+3r ) (1 +0 (1" )) )

which is the asymptotic form of the modified Bessel of the second kind,
where

(6.15) (§0) >0,

_ Ao 2V
(6.17) ka = m@(ﬁm) ;

and Ag > 0. It is easy to see that ¢(r) in (6.16) is a positive definite function

on I4. In the A = 0 case, we have a similar equation as (6.13]) with w? € IR
whose solution is given by

B d+1 2ky’” an a1

which has positive value on I4 with

Yo 0%V

6.19 ko= ———+
(6.19) * = 29,R2 €2

(€)

satisfying (6.15]).
Next, we show that the existence of positive definite solutions of (6.12])
on I;. In our proof, we use the Fixed Point Theorem:

Theorem 2. [II] Let us consider £ to be a Banach space in which we have
a cone K C €. Assuming both Q1 and 9 to be open subsets of £ with 0 € )y
and Q1 C Qo, and let H be a completely continuous operator satisfying

(6.20) H:Kn(Q\N) =K,
such that either
D) HY| < ¢l ¢ € KN, and [HP|| > [[]], ¢ € KN Q;

or



2690 B. E. Gunara, E. S. Fadhilla, and A. N. Atmaja
i) Ay = ([, ¥ € KN, and [|HY|| < [0l ¢ € KN e,
Then, we have a fixed point offl m KN (Qg\Ql).
In addition, the logic of some following steps follow closely [22]. The

first step is to consider ¥ (r) in (6.12)) in the interval [ri,rs] with boundary
conditions

app(r1) —ary’(r1) = 0,
(6.21) botp(re) — b1t (r2) = 0,

where ag, a1, by, by > 0. Suppose we have a solution of (6.12)

(6.22)  Wb(r) = / " G, ) F(s)0(s)ds = Fo(r) , € Clry,ra)

where

A (uf ) d—l)/ 2
(6.23) F(ry=—- (ufe‘STd 1) + W

5
—i—rd_lﬁK(ﬁ,m,é,T) +w?
u

and G(r, s) is the Green’s function of
(6.24) P =0,

with boundary conditions (6.21) whose form is given by

LxX(r)yYy cr<s<r<

(6.25) G(r,s) =47 (NY(s) sm<s<r<r,
;X(S)Y(T’) ;1 <r<s<ry,

where p > 0,

(6.26) X(ry=by(ra—r)+br, Y(r)=aor+ar, [ri,ra].

Suppose we have a cone K in C[rq,rs] given by

(6.27) /Cz{wecm,rz]:w(r)zo, i w<r>zoc||w||} |

[7’5/477‘7/4
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where 75,4 > 11, 17/4 < T2, [l = sup [(r)],

[r1,72]
(6.28) Cg = min { (r2 ;(bi)/ﬂbbolj by : TZEZE i Zi) } )
Since G(r,s) < G(s,s) for ry <r, s <rg, if » € K, then we have
(6.29) / Glr (yu</”0@@n@w@@,
implying
(6.30) 100 < [ Gl s F(s)o(s)ds
Moreover, since
(6.31) G(r,s) > Cg G(s,8) s [rs5/4,77/4])
it follows
(6:32) pmin Hy(r) 2 CollHY|l -

Thus, HK C K which implies that the mapping H:K—Kis completely
continuous.
Suppose there is a constant C; > 0 and 0 < ¢ < C such that

(6.33) / Gls,5)F(s)ds < 1 .

If v € K and ||¢|| = Cy, then from ([6.29)) and (6.33) it follows

(6.34) () < / " G5, ) F(s)(s)ds < [l
Defining
(6.35) M={ves: || <},

(16.34) implies

(6.36) [HY|| < 10, veknoy .
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Next, we also have Cy > 0 and ¢ > Cy such that

T7/4
(6.37) Ca G(r3/9,s)F(s)ds > 1,

Ts5/4

where 15,4 < r3/9 < 17/4. Introducing C3 = max{wf_vlrw, g—é} and

(6.38) Q={Yel: Y| <0},
if ¢ € K and ||¢|| = C3, then

(6.39) min  Y(r) > Callll > |lv] ,

[T5/4,T7/4

such that

(640)  Hi(rys) = / " Glrsyps)F(s)b(s)ds

> ol [ Clrae s)F(s)ds > |14

Ts5/4

So, we obtain
(6.41) IHY| > |9, ¢ eKnoQ, .

To conclude, using i) of Theorem 2, the operator H has a fixed point in
KN (Q2\01) with Oy < ||| < C5. Moreover, the fact G(r, s) > 0 implies
¥(r) > 0 in the interval [r1, r2]. It is worth mentioning that by interchanging
Q1 — Qg and Q9 — 4 in the above computation, and using ii) of Theorem 2,
we will obtain the same results.

Since we have proved that ¢ (r) > 0 in an arbitrary interval [ri, 2] C I,
which is also unique and ¥ (r) is at least C*-function, we could extend the
proof by gluing all of these solutions to have ¥ (r) > 0 in I;. Again, by gluing
¢(r) > 0 in I, with (6.16]), we can finally obtain ¢(r) > 0 in /.

So, we have

Theorem 3. There exists dynamically stable and unstable static spheri-
cal symmetric solutions of higher dimensional Einstein-Skyrme system with

general couplings (3.1]) and A < 0.
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