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Abstract

We investigate finite energy solutions of the Einstein—Yang-Mills-Chern-Simons system in odd space-
time dimensions, D = 2n + 1, with n > 1. Our configurations are static and spherically symmetric,
approaching at infinity a Minkowski spacetime background. In contrast with the Abelian case, the con-
tribution of the Chern-Simons term is nontrivial already in the static, spherically symmetric limit. Both
globally regular, particle-like solutions and black holes are constructed numerically for several values of
D. These solutions carry a nonzero electric charge and have finite mass. For globally regular solutions,
the value of the electric charge is fixed by the Chern-Simons coupling constant. The black holes can
be thought as non-linear superpositions of Reissner-Nordstréom and non-Abelian configurations. A sys-
tematic discussion of the solutions is given for D = 5, in which case the Reissner-Nordstrom black hole
becomes unstable and develops non-Abelian hair. We show that some of these non-Abelian configurations
are stable under linear, spherically symmetric perturbations. A detailed discussion of an exact D = 5
solution describing extremal black holes and solitons is also provided.

1 Introduction

In recent years the interest in the properties of gravity in more than D = 4 spacetime dimensions has
increased significantly. This interest was enhanced by the development of string theory, which requires a
ten-dimensional spacetime, to be consistent from a quantum theoretical viewpoint. Even in the absence of
matter, solutions to the Einstein equations in dimensions higher than 3 + 1 exhibit properties which are
strikingly different. For example, in a 4 + 1 dimensional asymptotically flat vacuum spacetime with a given
ADM mass and angular momentum, the geometry need not necessarily be that of the Myers-Perry [I] black
hole. Notably, in this case there is the black ring [2] solution whose horizon topology is S? x S, in contrast
to S of the former [I].

The rapid progress in the last decade has provided a rather extensive picture of the landscape of solu-
tions for the five dimensional case [3], including configurations with Abelian matter fields [4]-[9]. Although
the situation for D > 5 is more patchy, analytical [I0] and numerical [TI] results suggest that the non-
standard solutions found in D = 5 have higher dimensional generalisations; moreover, even more complex
configurations are likely to exist as the spacetime dimension increases.

In the case of higher dimensional gravitating systems of nonlinear matter fields, in particular with non-
Abelian (nA) gauge fields, black hole and regular solutions are still relatively scarcely explored. This is an
important direction since the theory of gravitating nA gauge fields can be regarded as the most natural
generalisation of Einstein-Maxwell theory. Moreover, for the better known case of a D = 3 + 1 dimen-
sional spacetime, the results in the literature show that various well-known, and rather intuitive, features
of self-gravitating solutions with Maxwell fields are not shared by their counterparts with nA gauge fields.
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For example, the Einstein-Yang-Mills (EYM) equations admit black hole solutions that are not uniquely
characterised by their mass, angular momentum and YM charges, thus violating the no-hair conjecture [12].
Therefore the uniqueness theorem for electrovacuum black hole spacetimes ceases to apply for EYM systems.
Also, in contrast with the Abelian situation, self-gravitating Yang-Mills (YM) fields can form particle-like
configurations [I3]. Another surprising result is the existence of nA solutions which are static but not spher-
ically symmetric [14]. However, since it turns out that all these asymptotically flat solutions are unstable,
their physical relevance is obscurd]. (A detailed review of D = 4 gravitating particle-like and black hole
solutions with nA gauge fields can be found in Ref. [18].)

The study of D > 4 black hole solutions with non-Abelian matter fields is only in its beginnings. Based
on the experience with Einstein-Maxwell solutions, it is natural to expect that higher dimensions D > 4
allow for a rich landscape of solutions that do not have four dimensional counterparts. At the same time,
considering such configurations is a legitimate task, since the gauged supersymmetric models generically
contain non-Abelian fields.

Most of the solutions displayed so far in the literature are spherically symmetric (an exception, being the
results in [19]). As a new feature and in contrast with the situation in the D = 4 case, a generic property
of the asymptotically flat higher dimensional EYM solutions is that their mass and action, as defined in
the usual way, diverge [20], [21], [22], [23]. This can be understood heuristically by noting that the Derrick
scaling requirement [24] is not fulfilled in spacetimes for dimension five and higher. Finite energy solutions
exist only when the usual YM system is augmented with higher derivative corrections in the nA action
[25]. Such terms can occur in the low energy effective action of string theory and represent the gauge field
counterparts of the Lovelock gravitational hierarchy [26] (for a review of these aspects, see [27]).

In a recent work [28], a different way of regularising the mass of a D = 4 4 1 dimensional asymptotically
flat, gravitating nA solutions was proposed. This was done by introducing a Chern-Simons (CS) term in the
action. The CS density is a higher order term in the YM curvature and connection, and as such can be viewed
as an alternative to the higher order curvature terms of the YM hierarchy employed previously in [22] [25].
It turns out that this prescription does result in finite mass globally regular and black hole solutions and
leads to a variety of new features as compared to the well known case of D = 4 EYM solutions. For example,
these configurations cary an electric charge, emerging as perturbations of the Reissner-Nordstrém (RN) black
holes. Moreover, in contrast to all other known asymptotically flat nA black holes without scalars, some of
these solutions in [28] were found to be stable under linear, spherically symmetric perturbations. Also, for a
particular value of the CS coupling constant, it was possible to construct both solitons and extremal black
hole solutions, by exploiting the model in [29].

In this work we propose a general framework for the study of Einstein—Yang-Mills—Chern-Simons
(EYMCS) solutions for an arbitrary D = 2n + 1 spacetime dimension. Our configurations are static and
spherically symmetric, approaching at infinity a Minkowski spacetime background. Based on numerical re-
sults for D = 5 and D = 7,9, we conjecture that the presence of a CS term in the action allows for finite
energy solutions for any D = 2n + 1, with n > 1. (The case D = 3 is special, since it requires the presence
of a negative cosmological constant.) Most of the numerical results in this paper are for the D = 5, in which
case, we provide a systematic discussion of the solutions in [28]. We have also discussed some results for
D = 7,9, which reveal some new features of the solutions.

The paper is structured as follows: in Section 2 we present the general framework and analyse the field
equations for an SO(D + 1) gauge group. In Section 3, the general features a consistent truncation of the
general model for an SO(D —1) x SO(2) gauge group are discussed. Numerical results for D = 5 and D > 5,
respectively, are presented in Sections 4 and 5. We conclude with Section 6 where the significance of, and
further consequences arising from, the solutions we have constructed are discussed.

1For the sake of completeness, one should mention that the picture is very different once one gives up the assumption of
asymptotic flatness. For example, in anti-de Sitter (AdS) 3 + 1 dimensional spacetime, stable nA solutions have been shown
to exist [I5]; there are also monopole and dyon solutions even in the absence of a Higgs field. As found in [I6], some of the
AdS nA solutions may provide a model of holographic superconductors. Also, the non-asymptotically flat nA solutions in [I7]
(with a dilaton field possesing a Liouville potential), have found interesting applications in providing gravity duals of N’ =1
super-Yang-Mills theory.



2 The general model

2.1 The action and field equations

In odd spacetime dimensions, the usual gauge field action can be augmented by a (dynamical) Chern-Simons
(CS) term. Restriction to odd dimensions follows from the fact that Chern-Pontryagin (CP) densities are
defined only in even dimensions, and the CS density is defined formally in one dimension lower than the CP
density. The resulting odd dimensional space is then interpreted as the spacetime on which the dynamical
CS term appears in the Lagrangian.

Such terms appear in various supersymmetric theories, the N’ = 8, D = 5 gauged supergravity model [30],
[31] being perhaps the best known case, due to its role in the conjectured AdS/CFT correspondence. However,
in this work we shall restrict ourselves to a simple EYMCS model, which does not seem to correspond to
a consistent truncation of any gauged supergravity model. Also, our solutions approach asymptotically the
Minkowski spacetime background. In the case of an Abelian gauge group in D = 5, a CS term leads to some
new featureﬁ only for rotating black holes [33]. However, we shall see that for a nA gauge group, the CS
term can affect the properties of solutions even in the static, spherically symmetric case.

We consider the following action for the EYMCS model in D = 2n + 1 dimensions
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where
1
Lym = 3 Tr{FH,,F‘“’}, (2.2)
is the usual Yang-Mills lagrangian, with
F,=0,A, —0,A, +elA,, A (2.3)

the gauge field strength tensor, while e and x are the gauge and the CS coupling constant, respectively.
(The value of & is fixed in supersymmetric theories. However, in this work we shall treat x as a free input
parameter. This has been also motivated by the study in [34] of the Einstein-Maxwell-CS system, which
revealed a nontrivial dependence of the properties of the solutions on the value of k.)

The definition of the Chern-Simons density on D—dimensional spacetime follows from that of the cor-
responding Chern-Pontryagin density on D + 1 (even) dimensions. The latter is, by definition, a total
divergence

V~Q_Tr{F/\F-~-/\F}, n times

in 2n—dimensions, and the CS density on a D = 2n — 1 dimensional spacetime is formally defined as one of
the 2n components of the density €.

The CS densities ﬁgé) thus defined are gauge variant. The explicit expressions of first three, in D = 3,5
and 7 dimensional spacetimes, are

8 = aWTr{AA [Fw—ge A“A,,} } (2.4)
O — oo L a (FoF, — e Fo A A, + 262 A, A, A A 2.5
s T € /\uupaequU+5equav (2.5)
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2Note that the situation can be different for charged magnetic branes, see e.g. the asymptotically AdSs Abelian solutions
with a CS term in [32].




which are all manifestly gauge variant. Remarkably however, the Euler-Lagrange variations of these den-
sities are actually gauge covariant. Indeed, these variational terms are expressed in gauge covariant form
for arbitrary D =2n + 1 as

F F

K123 4 - b2 —1 2
(n + 1) € " " F, papa L pon _1pon -
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Perhaps what is still more relevant in our case, where we restrict attention to static solutions only, is the
fact that the CS densities ([2.4))-([2.6), etc., in that case reduce to a very useful form which can be expressed
for the arbitrary D = 2n + 1 case. Working in a gauge such that 9;4, = 0, one can show that, up to a
total divergence term (which we ignore here since we are only interested in the Euler-lagrange equations),
the effective arbitarary n CS Lagrangian is

Lgsn—i_l) = (n + 1) Ei1i2i3i4"'i2"1i2"TI‘{ AO F‘i”é Fi3i4 ce Fiznlizn} .

The field equations are obtained by varying the action (ZI)) with respect to the field variables g, A,

1
R, — 59””R =81G T, (2.7)
(D+1)
D, (V=g F!'") = s 2™ VP Ry L F,
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where
1

Ty = Qﬁ{FuaFUBgaﬂ = 9 FaBF"‘ﬂ}, (2.8)

is the energy momentum tensor. One can show that this tensor is covariantly conserved (i.e. V,T* = 0)
for solutions of the YMCS equations.

In what follows, we shall be seeking to construct finite mass/energy solutions of the above equations. This
is made possible by the fact that the energy density functional arising from the Lagrangian (21)) actually
satisfies Derrick scalingﬁ by virtue of the presence of the CS term in it. This is because the CS term, which
in D = 2n + 1 dimensional spacetime scales as L~ (3"t balances the Yang-Mills term which scales as L~%.
Specifically, in the 2n = D — 1 space dimensions, 2n 4+ 1 > 2n > 4, for the cases of interest here, namely for
n > 2.

Inasfar as the CS term here plays the role of regularising the energy by providing the required Derrick
balance, this makes it an alternative to employing YM higher order curvature terms [22, 25] for this purpose.
The latter is of course more versatile since its use is not restricted, as in the CS cases, to 2n + 1 dimensional
spacetimes.

2.2 A spherically symmetric Ansatz
2.2.1 The metric

In D-dimensional spacetime, we restrict to static fields that are spherically symmetric in the D — 1 spacelike
dimensions with a general metric Ansatz

ds® = fi(r)dr® + fo(r)dQ%_o — fo(r)dt?, (2.9)

where 7 and t are the radial and time coordinates, while d2%,_, is the metric on the round (D — 2)-sphere
(note that this Ansatz has still some freedom in the choice of the radial coordinate).
The numerical work has been done for a metric gauge choice fo(r) = r? and

m(r)
rD—3"

fi(r) =N(r), fo(r) = N(r)o?(r) where N(r)=1-— (2.10)

3Strictly speaking Derrick scaling [24] applies only in flat space background. However, in practice it works also for gravitating
configurations in asymptotically flat spaces [35] (at least in the spherically symmetric case).



the function m(r) being related to the local mass-energy density (as defined in the standard way) up to some
D-dependent factor.
Another convinient metric gauge choice used in the literature is

R _m)
RN

corresponding to an isotropic coordinate system (the D = 5 exact solution discussed in Section 4.4 is found
for this choice of coordinates).

fi(r) fo(r) = f(r), (2.11)

2.2.2 The YM fields

The construction of a static static, spherically symmetric YM Ansatz in D = 5 spacetime dimensions leading
to a nonzero CS term has been discussed in [36]. In what follows we present an extension of that result for
a generic D = 2n + 1 case.

There is some arbitrariness in the choice of the gauge group. The only restriction is that it should be large
enough to accomodate for a static spherically symmetric Ansatz, with a nonvanishing electric potentiaﬂ. In
D = 2n+1 dimensions, the smallest simple gauge group supporting a nonvanishing CS term is SO(2n + 2).
Here we shall take the SO(2n + 2) YM fields in one or other chiral representation of SO (2n + 2). Our
spherically symmetric Ansatz is expressed in terms of the representation matrices

1 /1£T,
o =1 (%) Ca.Tsl » @f=12..20+2, (2.12)

Ty = (T, Tr), with the index M = (2n + 1,2n + 2), being the gamma matrices in 2n + 2 dimensions and
T'2p43, the corresponding chiral matrix]. We shall adopt a normalization convention such that

2Ty {zfg),zﬁ,} = GaarOsp - (2.13)

Our construction of a spherically symmetric gauge field Ansatz is based on the formalism of A. Schwarz
[B7. An alternative formalism, [38], is familiar in the literature, but the calculus of [37] was found to be
more convenient for the purposes of this work.

Our spherically symmetric Ansatz for the YM connection A, = (Ao, 4;) is

Aoy = %{ - (EX)M T ES\E/[) o Eéﬁrl,znw}v (2.14)
A = %{ (%) 58 + K@) (6u; — daity) + (sAT)Mmj] S 4
+A &y E§i11,2n+2 }a (2.15)
(with x* the usual Cartesian coordinates on RP~1 and 2% = t) in which the summed over indices M, N =

2n + 1,2n 4 2 run over two values such that we can label the functions (¢M, ¢2"+3) = ¢, (M, x2"+3) = ¥
and (AM, A2n+3) = A, like three isotriplets 5, X and ffr, all depending on the 2n dimensional spacelike
radial variable r and time ¢. ¢ is the two dimensional Levi-Civita symbol, while &; = z;/r (with z;z; = r?).

In what follows we are interested in configurations without a dependence on time. Then the parametri-
sation used in the Ansatz (ZI4)-(2I5) results in a gauge covariant expression for the YM curvature

4For the most interesting case D = 5, this condition rules out the possibility of using the minimal non-Abelian gauge group
SO(3) |21].

5Thus, the fact that we are using an antihermitian representation for the SO(D + 1) algebra matrices leads to a factor of i
in front of E(CDS)'
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in which we have used the notation
D,.¢% = 0,.¢% + gabe A? ¢, D.x=0.x"+ gabe AI; X, (2.18)

as the SO(3) covariant derivatives of the two triplets ¢ = ¢% = (M, ¢2"+3), ¥ = x = (¥M, x2"*+3), with
respect to the SO(3) gauge connection A, = A%.
After taking the traces over the spin matrices, it is convenient to relabel the triplets of radial function as

o= (oM, ¢%), X=0(M%) and A, =(AM, 43, (2.19)

with M = 1,2 now.

The triplet, A, (r), plays the role of a connection in the residual one dimensional system after the impo-
sition of symmetry, and encodes the SO(D — 1) arbitrariness of this Ansatz. In one dimension there is no
curvature hence it can be gauged away in practice [36].

However, finding solutions within the YM Ansatz Z14), I5) (which after setting A, = 0 still features
six independent functions), is technically a difficult task. A further consistent trucation of the general
Ansatz is ¢? = x? = 0, leading to an EYMCS system with six unknown functions, four of them being
gauge potentials parametrising the gauge field, and, two metric functions. Indeed, the two gauge functions
suppressed are redundent and would only be excited in an eventual stability analysis of our solutions. To
make connection with previous results on EYM solutions, we shall note

o (r) =w(r), () =w(r), x'(r)=V(), @) =V(r), with A, =0. (2.20)

The Ref. [36] gave numerical evidence for the existence of solutions within the above Ansatz for the case of
D =5 (i.e. an SO(6) gauge group) and AdS asymptotics. Some of the features discussed there are generic.
For example, the resulting system has some residual symmetry under a rotation of the ’doublets’ w(r), w(r)
and V(r), f/(r) with the same constant angle u (e.g. w — wcosu+wsin u etc.). Note that for configurations

with @(r) = V(r) = 0 the gauge potentials are unvariant under the ”chiral” transformations generated

by 2%11,271-%2- The configurations with w(r) = V(r) = 0 instead change just by a sign under the same
transformations. Also, this Ansatz is invariant under the parity transformation ¢% — —@%, x* — —x®.
A further simplification of the YM Ansatz consists in taking

w(r)=V(r)=0, (2.21)

which is a consistent truncation, SO(D — 1) x SO(2), of the general Ansatz.



2.3 The equations

The truncated YM Ansatz (220)) together with the generic metric element (2.9) leads to the following set
of EYMCS equations:

12 12 2 ~
y- e - B DSt et - B9 - (0 - DD - DAT0- VP (22
+2(2D _ 5)f2(V/2 + ‘712) + 3(D — 2)(]2 — 3)f0f1 (w2 + w2 = 1)2 + 2(D _ 2)f0(u/2 + U~}/2)> =0,
f;f (D 2;;) 2 (D=3)f1 +a (;2 (V2 4+V"?)— (D =2)(w? +0%) (2.23)
+(D_2)2(f2 _3)f1( + @2 —1)% - €2 2f0)f1(vw V) ) =0,
- B OO ooy S (0-pwr e+ Bam v ey
(D ;f:)fl (Vw — Vi) + (D — 2)2(2 —3)f (w? + 72 — 1)2> —0,
" 1 f_é_f_{ (D_4)fé fl > (D_?’)fl 2 ~2
w” + 2(f0 7 +7f2 Yw' T V(Vw— V) — 7 w(w® +w* —1) (2.25)
—F (D" — /s (w? + @? — 1)(P=5)/2 ((w2 + @ = 1)V’ + (D =3)(Vib — f/w)w’> =0,
(D=2 "2 VF o
1 1 f_(g . ﬁ (D 4)f2 i ¥ _ (D_3)f1 (02 ~2
"+ 2(f0 T + 7]"2 Yo' + 2fOV(V —Vw) 7 w(w” +w* —1) (2.26)
—kK (D —1)fs (w? 4+ @ —1)(P=9)/2 ((w2 +@? = 1)V 4+ (D -3)(Vw— Vzb)w’) =0,
(D -2) "2V
" (D_2)f2_ﬁ__{> / (D_2)f1ﬁ) ~ Y7
V"4 < 7 o0 2f V- Y — (Vo — Vw) (2.27)
—f<a D2 ~1 \/Hfl D/2 w +1B2 . 1)(D—3)/2w/ =0,
Yl ( )f2_i_£>~/_(D_2)flu~}~ R v
V"4 ( 5 YT 14 27 (Vw - Vo) (2.28)

—[{ D2 _1 \/mfl D/2 '(U _"_114)2 _ 1)(D73)/21D/ — O7

where a prime denotes a derivative with respect to r. Also, to simplify the expression of the above relations,
we note

167G
2 _
=D (2.29)

and absorb a factor of 1/e(P~3)/2 in the expression of k.

After fixing a metric gauge, the eq. (Z23) becomes an Hamiltonian constraint. There is also a constraint
equation for the gauge fields,

D—-2
f2 2 17! Cr/ fO ~/ ~ 2 (7 ~ 2 ~2 D-3
Vv —-VV +D—2f ww —ow') — k(D —1)(Vw—-Vo)(w+w*—1)"2 =0, (2.30
\/m( )+ ( ) 7w ) = K( ) ) ) (2.30)
which originates from the variational equation for A, (one can show that [Z30) is a first integral of the egs.
2.23)-2.23)).



Also, in what follows, we shall restrict to a dimension D > 5. The case D = 3 should be discussed
separately, since the existence of physically interesting solutions requires the presence of a cosmological
constant.

2.4 The asymptotics and a truncation

Numerical evidence for the existence of asymptotically AdSs solutions within the full Ansatz (2.20) was
given in Ref. [36]. However, it seems that the presence in that case of a negative cosmological constant was
crucial in arriving at that resulfd. In the asymptotically flat case, we could not find such solutions (with
four essential functions) but only configurations within the restricted SO(D — 1) x SO(2) Ansatz [221)).
Although we do not have a rigurous proof of that, some analytical indications in this direction come
from the study of the asymptotics of the general solutions close to the horizon and at infinity. Here it is
convenient to use the metric Ansatz (ZI0)), with two functions N(r) and o(r). For black hole solutions, the
horizon is located at r = r, > 0, with N(r,) = 0 and o(ry) > 0, while N’(r;) > 0 in the nonextremal case.
Then we suppose that all functions admit the following behaviour as r — rp,:

w(r) = cosUy Zwk(r —rp)F, w(r) =sinlU; Zﬁ)k(r — )k,

k=0 k=0
V(r) = cosU; Z Vi(r =)k, V(r) =sinU; Z o (r — )k, (2.31)
k=0 k=0

N(r)=> Ne(r—rmn)¥, o)=Y ou(r—rm)",
k=1 k=0

which satisfy the regularity condition wV — @V — 0asr — rn. The cofficients wy, W, f/k, myi and o
are computed order by order by substituting this expansion in the field equations. It turns out that the
only free parameters are o(ry), w(ry) and vy. Moreover, we have verified that, at least up to order fourf]
wk/d)k = Vk/Vk =1.

Interestingly, a similar analysis for large values of r leads to the same conclusions. Here we suppose the
solutions admit a power series expansion with

_ Wi o Wi _ Vi o Vi
w(r)_cosUZr—k, w(r)_smUZT—k, V(r)—cosUZr—k, V(r)—cosUZr—k,
k=0 k=0 k=0 k=0
N@)=1+ i My a(r)=1+i% (2.32)
wipes T el '

After plugging this expansion in the field equations, we have found that, Wj, = W, and Vj, = Vj, at least up
to order D + 5. Moreover, the only free parameters in the above expressions are Wy and vs.

This result, together with the corresponding one for the near horizon expansion (Z31]) strongly suggests
that the functions w(r),w(r) and V (r), V(r) have a constant ratio for any 7 > ry, for any physical solution of
222)-(228). Although we do not have a rigurous proof, this conjecture has been confirmed by our numerics
and all black hole solutions we have found have in fact only two essential gauge functiondd. This applies
also for asymptotically flat solitons (i.e. without an event horizon), in which case we have also failed to find
asymptotically solutions within the general Ansatz (2:20). In asymptotically AdSs spacetime, the asymmetry
between w, w and V, V explictly appears in the large-r behaviour, being introduced by the cosmological term,

see the results in Section 2 of Ref. [36].

6This is not an entirely surprising result. We recall that already in D = 4 dimensions and a gauge group SO(3), the presence
of a negative cosmological constant A leads to some new qualitative features [I5]. In particular, A < 0 allows for EYM static
solutions with a non-vanishing electric potential, which is not the case for asymptotically flat configurations [39].

"Beyond this order, the involved relations were too complicated to deal with.

8 Although we could construct D = 5 black hole solutions within the general ansatz (Z20), it turns out that, within the
numerical accuracy, the ratios w(r)/w(r) and V(r)/V (r) were in fact always constant.



Then, for the remaining of this work we shall deal with the case of solutions within the restricted
SO(D — 1) x SO(2) Ansatz with two esential functions: a magnetic potential, w(r), and an electric one,
V(r).

3 The SO(D — 1) x SO(2) model. General properties

3.1 The equations and scaling properties

The equations of the model simplify drastically for the truncation (22I)). Their form within the metric
parametrization ([2I0), reads

D—-4 N' o (D? —1) (w? —1)7=" (D — 3)w(l — w?)
1 - - - - I V/ — O
WAty S e gy o Y N !
D—-2 O'I (D2—1) 2 lip_3
V" +( — - ;)V’ — kg o(w? - 1)2(P=3)y =0, (3.1)
2 2 ) 212
_o® o (V (D —2)Nw (1—w?)
m’—7r (?—I—T—I—(D—Q)(D—?))T ,
2
0':a2(D—2)0;1; ,
the gauge constraint (2.30) vanishing identically. These equations can also be derived from the effective
action
1 Now? V2 (D-2)(D-3)
o 1L 9| D2 _ v W AOW=9) oy
Sefy /dth{am 5 {r ((D 2) 2 = + o o(l —w?) > (3.2)

—2k(D? — 1)V (w? — 1)132314 }

(note that, as required, there is no coupling with the geometry for the term proportional with ).
A generic feature of the YMCS model within the SO(D — 1) x SO(2) truncation is the existence of a
first integral for the electric potential V' (r),

rD—2 o?

| —— (P +(D? - 1)mF(w)> : (3.3)

where P is an integration constant (we shall see that, for globally regular solutions, it’s value is fixed by k).
The function F'(w) has the following general expression in terms of the hypergeometric function o F:

13-D 3

F(w) = (~1)z(P+D 2F1(2’ 5

w?)w, (3.4)
its explicit form for several dimensions being

1
F(’LU):U), for D:37 F(w):—w—l-ng, for D:5,
2 5
F(w):w—§w3+%, for D=1,

and

3 1
F(w)z—w+w3—gw5+?w7, for D=9.

One should also note that the egs. [B.I) together with the first integral (83]) are invariant under the scaling

r=Ar, m—= AP 3m, o0 wow, VoV P AP72P and a — M, k— AP, (3.5)



with A\ an arbitrary positive parameter. There is also a second scaling symmetry of the equations (B.])
V = AV, 0= o, (3.6)

together with ¢ — ¢/, all other variables remaining unchanged. This symmetry is lost after setting o(c0) = 1
as a boundary condition.

The last symmetry of the equations of the model consists in simultaneously changing the sign of the CS
coupling constant together with the electric or magnetic potential

k——k, Vo=V, or k——kK w——w, (3.7)

(the first integral (33) implies also P — —P in the first case). In what follows, we shall use this symmetry
to study solutions with a positive x only.

3.2 The behaviour at infinity

Unfortunately, it is not possible to find an exact solution of the equations (B]) with a nontrivial magnetic
gauge potential w(r), except for a special value of x in D = 5 dimensions. However, one can write an
approximate form of the solutions as a power series with a finite number of undetermined constants, both
at infinity and at the horizon/origin of the coordinate system. This analysis allows us to obtain some
information on the possible global behaviour of solutions.

In deriving the asymptotic form of solutions as r — oo, we assume that the spacetime approaches the
Minkowski background at infinity, while the configurations have a finite ADM mass. Then we arrive at the
following expansion of the solutions at r — oo:

1, Q? a2(D — 3)2J2
m(T):MO—gOé (D—g)TD_3+..., U(T):l—m ey (38)
J Q
w(r)z:l:l——TD#+...,V(T):V0——TD73 +.o.

In the above relations, J, My, V are parameters given by numerics which fix all higher order terms, while
@ is a constant fixing the electric charge of the solutions,

Q= DL—?) <§ +(D* - 1)5F(il)> : (3.9)
where

L(%)

20(3)

VT
The set ([B.8]) of boundary conditions is shared by both globally regular and black hole solutions.

3.3 Soliton solutions: the expansion at » =0

These are perhaps the simplest possible solutions of the system (B.I]) and can be viewed as higher dimensional
generalizations of the Bartnik-Mckinnon solutions [I3], though dressed with an electric charge. The most
striking feature here is that the electric charge of the solitons is fixed by the value of the CS coupling constant.
Technically, this results from the fact that the term P/a? 4+ (D? — 1)k F(w) in the first integral (B.3]) should
vanish as r — 0. Since w(0) = 1 for regular solutions, the parameter P is fixed to be
L(23)

g

(D—-1)
2

P =20a%(-1) KT (3.10)
One finds e.g., P = 1602k, —12802k/5 and 25602k /7 for D = 5,7 and 9, respectively.
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Then, for globally regular soliton-type solutions, the electric charge parameter which enters the far field
expression ([B.8) is fixed by

D—1

a(-1)" VrT(252)

(D-3) TI(3)

Q=QY =x

(3.11)

Its expression for the values of D considered in numerics is Q(¢) = 16x, —64k/5 and 256k/21 for D = 5,7
and 9, respectively.
Also, one finds that the globally regular configurations have the following expansions near the origin
r=0:
D

w(r) =1—br2 +0(Y), V(r)=(=1)"2 272 b7 (D + 1)kogr’ + O(r"), (3.12)
m(r) = (D —2)?v*rP~1 4+ 0(rP), o(r) = oo + (D — 2)a?b?oor® + O(r).

The free parameters here are b = —w"”(0) and g = o/(0). The coefficients of all higher order terms in the
r — 0 expansion are fixed by these parameters.

3.4 Black holes: the near horizon solution

For the solutions in this work, the event horizon is located at a constant value of the radial coordinate r = ry,,
with N(rp) = 0. In this case, one can write also an approximate form of the solutions near the horizon, as
a power series in r — 7. In the nonextremal case, the first terms in this expansion are

_ 3o, w?
m(r):rf?g—i—ml(r—rh)—i—.. , o(r) =op+ 2};h1( —rp) .
w(r) =wp +wi(r—rp)+..., V(r)=vi(r—rp) +..., (3.13)
where
2 2 212
on o p o fv (1 —w?)
v = pem e (P+a®(D? = 1)kF(wy)), my= 71{ 2 (0—% + (D -2)(D - 3)Tﬁh> ,
_ 2 2 2 \E=2 2 _
w, = (D = 3)wp(wy — 1) (D Derpvr(wy — 1)z o = a*(D 2)th%7 (3.14)

2Th
T

Th(D -3 - :1:7}714) (D - 2)0h(—m1 + (D — 3)7‘]?_4)7
while N(r) = N'(ry)(r —rs) + ..., with N'(r,) = (D —3—my/rP~*)/r,. The obvious condition N’(r) > 0
implies the existence of a lower bound on the event horizon radius 7y, for given values of @ and k. The
only free parameters in the expansion above are o, and wy. In a numerical approach, their values are found
by matching the near horizon form of the solutions ([B.I3]) with the asymptotic expansion ([Z8]).

AS 1 — Tyin, the function N(r) develops a double zero at the horizon, i.e. N(r) = Na(r — )% + ...,
and the black holes become extremal. We shall see that such solutions exist indeed, emerging as limiting
configurations of a branch of nonextremal black holes. The near horizon expansion is more constrained in
this case. Supposing w? # 1, one finds that the event horizon radius 7}, is the largest positive solution of the
equation

a?(D —2 1 2(D—-2)(D—3)r P P2
L7 -wh)’( 2 . L) =0 3.15
4 ( wh) (7‘]21 + (D2 _ 1)21452(’(1)}21 _ 1)D_3 ) ( )
the value of the electric charge parameter being also fixed (with w(co) = £1):
— (D-5
(D =22 PV, (D? —1)?k%(wi — 1)
@= 0 Y= oy (F(£1) = Fwn)) — 1) . (3.16)
(D2 = Dr(wy, —1)72 (D —2)(D - 3)wpyr),
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Also, the coefficient N; in the leading order expansion of the metric function N(r) is

N, - (D —3)(D —4) 1+a2(D—2)(D—6)(wi—1)2< 2(D - 2)%(D = 3)ry "V} 1)] (3.17)

2r2 A(D — 4)r? (D - 6)(D% — 1)r2(w2 — 1)P—3

The parameters wy,v1 and o1 have a similar expression as those found in the nonextremal case (there one
should replace the expressions (BI0]) and (BI0) for r, and @, respectively).

For D = 5 and Q > Q9 we have found numerical evidence for the existence of a different type of
extremal black holes, with w(ry) = 1. As r — ry, these solutions have basically the same leading order
expression as an extremal RN black hole. However, the next to leading order terms in the near horizon
expansion exhibits non-integer powers of » — 7. These special D = 5 configurations will be discussed in the
Section 4.3 below.

3.5 An AdS; x SP~2 solution

As expected, the near horizon structure of the extremal solutions with w? # 1 can be extended to a full
AdS; x SP~2 solution of the field equations. This is a new exact, essentially nA solution to the EYMCS
field equations, with

d 2
ds* = vl(L2 —r2dt?) + ved Q3 o, w(r) =wo, V(r)=qr, (3.18)
r
where
_ (D=2)(D - 3)uul? Y2 wo 510
1= (D2 —1)r (wg — 1) D52 (8.19)

The AdS radius satisfies the relation

2D — 22(D — 3w2eP—4 \
((D2 — 1))2(1%2(1”(2) )_ ?)[2)73 )) ) (320)

v, = 8v3 ((D —3)(4(D — 4)vy + o*(D — 2)(wi — 1)*(6 — D +
where the size of the SP~2 part of the metric results as a solution of the equation

L, 2 2 2(D-2)(D-3) wg D—4
vz =@ (D—-2)(wg —1)* 1+ D7 - D2 (@ 1) vy ) (3.21)
being a function of wy only. Unfortunately, one can write a simple solution of the above equation, except
for D = 5. In this case, the general solution reads

153602kt (wg — 1)? 4802K2 (wg — 1)2 32v/3akwo(wg — 1)
Vg = = .
(64K2 — 02w?) (64K + a?w?)’ 64K2 — 02w 1= a2 = 2w} (64k2 + a2wd)

One can see that, for any D, the properties of the AdSy x SP~2 solution are uniquelly specified by the
constant wg. Note that for wi # 1, the nA magnetic gauge field is nonvanishing; the case wg = +1 is special
and describe the near horizon geometry of the extremal RN solutions.

Although finding local solutions in the vicinity of the horizon does not guarantee the existence of the global
solutions, the above result provides an argument that the EYMCS system is likely to present asymptotically
flat, extremal black hole solutions. In D =5 and D = 7,9, this is confirmed by our numerical and analytic
results. If there are extremal black holes in the bulk, the parameter ¢ in [BI8)) is related to the bulk charge
parameter @ via

v =

(3.22)

U1
9= =72 ((D=3)Q = (D* = 1)&(F(wo) + F(+1)), (3.23)
U2
with w(oo) = %1, the allowed values at infinity of the bulk magnetic gauge potential.
It would be interesting to consider these solutions in the context of the attractor mechanism and to
compute their entropy functions (for a discussion of Sen’s entropy function for D = 5 supergravity models
containing Abelian Chern-Simons terms, see e.g. [40]).
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3.6 Relevant parameters and global charges

The only global charges associated with the solutions are the mass M and the electric charge Q

[@=2Vo oMo o _ (D=3)VpsQ
167G ’ g ’

where Vp_o = 27(P~D/2/T((D — 1)/2) is the area of the unit D — 2 sphere. The mass M is the charge
associated with the Killing vector 9/0¢; the electric charge Q is associated with the U(1) gauge symmetry

M = (3.24)

generated by Egiimn 4o For the boundary conditions in this work, the electrostatic potential difference ®
between the horizon and infinity is fixed by the value at infinity of the electric potential V' (r), as read from
B3). In a thermodynamical description of the system, ® corresponds to the chemical potential,

%
d="2 (3.25)
e
The Hawking temperature and the entropy of the black holes are given by
1 A
Ty = —o(ra)N'(r), S = é, with Ay = Vp_orP=2, (3.26)
The solutions should also satisfy the First Law of thermodynamics,
dM = TydS + ¢dO. (3.27)

In the discussion of the black hole thermodynamics, we shall restrict to configurations in a canonical ensemble,
the relevant potential being the Helmholz free energy

F[Ty, Q] = M — Ty8. (3.28)

As usual, in practice, it is convenient to work with quantities which are invariant under the rescaling (3.3])
(note that in the numerics we set « = 1). For solutions in a canonical ensemble, we normalize the global
quantities with respect the charge parameter ) and define e.g., the dimensionless quantities

F A . J
f = Q/g27 tH = THQl/(D_3)7 ag = QgH:i a'nd J = a (329)

One should note that there is no conserved quantity associated with the parameter J which appears in the
large-r asymptotics (B:8]). Also, J does not enter the First Law ([327]).

In addition to the mass and the electric charge, there is another global charge which has a topological
origin. This is the volume integral P of the topological density calculated from the “magnetic” components,
F;;, namely the Chern—Pontryagin (CP) density defined on the (D — 1)—dimensional space dimensions with
Euclidean signature. The correct expression for this CP density must take account of the fact that the
gauge group for Fj; is SO(D — 1), and not [ one or other of the two chiral algebras SO4 (D — 1). Using the
spherically symmetric components of the curvature F;; given by (2.10)), this charge density is calculated to

be
1

rD—2

81‘11‘21'31'4___1']3721'[)71 TI‘{ED1D+1 F‘ili2 F‘igi4 ...FiD*ﬂ.D*l} ~ — (w2 — 1)¥U/. (330)

Usually, for spherically symmetric soliton solutions, the integral of the above quantity is suitably normalised
such that it yields unit “magnetic” CP charge, P = 1. However, noticing that (w? — 1)¥w’ is just the
derivative of the function F'(w) which enters the first integral (8.3)), it is more interesting to use a nonstandard
normalization and to define the “magnetic” CP charge P directly as the integral of (B:30)). Then, taking into
account the boundary conditiondd @&X), BIZ), it follows that the soliton solutions exhibit an interesting
connection between the electric charge and the “magnetic” CP charge

Q= kP. (3.31)

9Note that the SO(D—1) curvature consists of two SO4 (D —1) curvatures, each contributing £1 CP charge in the spherically
symmetric case. If the appropriate factor of ¥p p41 = vp in 30) is not accounted for in the CP density, these two charges
will cancel each other out. This is discussed in detail in the context of the SO(D) monopole on RP in [41].

10Note that we take w(co) = —1, which was the case for all solutions we could find numerically.
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3.7 The Reissner-Nordstrom solution

The Reissner-Nordstrom (RN) solution plays an important role in what follows. Thus, for completness,
we briefly discuss here its basic thermodynamical properties. This solution is recovered for w(r) = %1, in
which case the magnetic components of the field strength vanish identically. Then the configuration becomes
essentially Abelian and one finds the following exact solution

a?(D - 3)Q?

m(r) = My — 5, D3

, o(r) =1, w(r)==£1, V(r)=V— 5= (3.32)
with Vjy a constant which is usually chosen such that the electric potential vanishes on the horizon, i.e.,V =
Q/rP 3. The mass M, electric charge Q and chemical potential ® follow authomatically from (F.24), (3:25).
The Schwarzschild-Tangerlini vacuum black hole corresponds to the case @ = 0.

The RN solution has an outer event horizon at r = ry,, with

. 1/(D=3)
rh = (5(M0 + \/Mg —2a2(D — 3)@2)> , (3.33)

whose existence imposes an upper bound for the electric charge for a given mass. The Hawking temperature
and the entropy of this solution can be written in terms of 71, @ (which are the parameters used in numerics)
as

D-3 (D —3) a?Q? Vp_orp 2
Ty = 1- S=-—"h 3.34
H= < 2 203 | e (3.34)

With these definitions, one can easily verify that the First Law (327)) is indeed fullfilled. In addition, the
RN black holes satisfy the Smarr law

D -2

M=5—3

TyS + 0. (3.35)

The relation (3:34]) shows that, for a given @, there is a minimal value of the event horizon radius at
which an extremal black hole is approached,

1 203
> = <§(D - 3)a2Q2> . (3.36)

Thus the Hawking temperature vanishes in this limit, while the event horizon area approaches a minimal
value, with

min 1
alm = 5(D = 3)a*Vp_a. (3.37)

After expressing rp, as a function of Ay according to ([B26]), one gets the following relation between the
reduced variables tg and ag:

2(D—3)

ty = L =3 <@>D_ (1 _ (D -3) <VD2) o > (3.38)

47 amg 2 ag

Unfortunately, one cannot invert this relation to get S(TwH, Q). However, one can see that, for a given @ the
solutions exist only for 0 < Ty < Tl(fmw), the maximal value of the Hawking temperature being

(maz) 1 4D—13 _(2D-5) 1
Ty ™ = —ap——(D—3)¥0=9 (2D = 5) 0= ————, (3-39)
2@D=6) r (aQ)P==
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the entropy at this turning point being

D—2

(maz)y _ VD2 95(5=2) D=3
STy ) = —¢& (a\/(D—3)(2D—5)Q> ' (3.40)

It is also of interest to express the free energy of the RN solution as a function of Ty, Q. The only relation
we could find in this case reads

1 (D—-3)P=3  Vp_, 2(D-3)2D -5)VZ 5, 1\ !
= t§_3 (D —2)22D-T7gD=3 2 <1 + \/1 - a2(D —2)2 ﬁ) (3.41)
2
i g 0%(D — 2)? - \/1_ 2(D-3)2D-5)V3 , 1 ]D—S'
2(2D —5)2(D - 3)V3_, a2(D —2)? 12

A study of the above relations shows the existence of two branches of Abelian solutions, each with different
thermal properties. (The generic picture here is dimension independent; then the well-known D = 4 result
in [42] applies also in higher dimensions.) For a fixed @, there is first a branch of large black holes whose
entropy decreases with T, which therefore are unstable. This branch stops in a critical configuration with
a maximal value of Ty given by ([3.39), where a secondary branch of small black hole emerges. This branch
has a positive specific heat and ends in an extremal configuration with an event horizon area given by (3.37]).
These features are exhibited in Figures 7, 8 (see the RN curves there). The picture for D > 5 is qualitatively
the same.

3.8 The issue of perturbative static solutions around Reissner-Nordstrom black
holes

Since the RN black hole is a solution of the model for any D, one might expect the existence of a branch of
nA solutions connected with it. Such solutions, if they exist, would emerge as static perturbations around
the RN background. However, as we shall argue, this is the case for D = 5 only.

Suppose that there is a perturbative solution of the equations ([B.I]) around the RN black hole,

m(r) =mo(r) +emi(r)+..., o(r)=1+eoi(r)+..., (3.42)
w(r) =214+ Wi (r)+..., V(r)=WE)+eVi(r)+...,

with € a small parameter. In the above relations, mg(r), Vo(r) are the functions which enter the RN solution
B32).

After substituting (3:42) in the equations (BIJ), one finds that to lowest order, the equation for Wiy (r)
decouples. This equation is the only relevant one, it’s general-D expression being

rPANWY =2 (D = 3)r? 6 £ 8xV/6p 5) Wi, 3.43
1 0 s

(with N = 1 — mg(r)/rP=3). Then it turns out that the case D = 5 is special, since the CS term gives
a nonzero contribution to the Wi-equation only for this dimension. The perturbation Wi (r) starts from
some (arbitrary) nonzero value at the horizon and vanishes at infinity, in order to be consistent with the
asymptotic behaviour 313), (38). However, one can show that for D > 5, there is no solution of (.14
that satisfies this asymptotic behaviour. To prove that, we rewrite the eq. (343)) in the equivalent form
1 1

PNV = G NWE 2D =)W .40
recalling that D > 5 now. Then, after integrating from rj to infinity, one finds that W; necessarily vanishes
identicall. The same argument applies when considering higher order terms in the expansion (3.42)).

1 Basically, the r.h.s. of (344 is greater or equal to zero, while N(r3,) = 0 and Wy (c0) = 0.
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Therefore we conclude that, for D > 5, the RN solution is stable with respect to nA perturbations within
the considered EYMCS model [.
For D = 5, a similar reasoning implies that the ”mass” term 1+ 8%9 in the Eqn. (3:43) should necessarily

r2

be negative in the vicinity of the horizon. Then, one finds k@ > 0 for w(oo) = —1 and kKQ < 0 for w(co) = 1.

4 The results in D =5

4.1 Numerical methods

The scaling transformation ([B.5]) can be used to fix an arbitrary valud for . The usual choice is o = 1, which
is what we employ for all solutions in this work. This fixes the EYM length scale L = /167G /((D — 2)e2),
while the mass scale is fixed by p = L(P=3)/2/G. All other quantities get multiplied with suitable factors of
L.

To control the quality of the numerical results, we have performed some of the calculations with two dif-
ferent methods, finding excellent agreement. First, the equations (B]) were solved with suitable boundary
conditions which result from (Z31)), (Z32) using a standard solver [43]. This solver involves a Newton-
Raphson method for boundary-value ordinary differential equations, equipped with an adaptive mesh se-
lection procedure. Typical mesh sizes include 10 — 10 points. The solutions in this work have a typical
relative accuracy of 10~7. In this approach, the value of the electric potential at infinity Vj is fixed, the
electric charge resulting from numerics, i.e., the configurations are in a grand canonical ensemble. (The first
integral (33)) has been used to verify the accuracy of the solutions.)

In addition to employing this algorithm, families of solutions with a fixed electric charge were constructed
by using a standard Runge-Kutta ordinary differential equation solver. In this approach we evaluate the
initial conditions at r = rj, + 1075, for global tolerance 10712, adjusting for shooting parameters and inte-
grating towards r — oo. In this case the electric charge Q) was fixed via the equation ([B.3]), the electrostatic
potential V{ resulting from numerics. We have confirmed that there is good agreement between the results
obtained with these two different methods.

Also, for both approaches, we have restricted our integration to the (physically more relevant) region
outside of the horizon, r > 7.

4.2 Perturbative solutions: an instability of the RIN5 black hole

The branch of D = 5 nA solutions emerges as a perturbation of the RN black hole. (In what follows, we
shall suppose without any loss of generality that the RN black hole has a positive electric charge, @ > 0.)
The perturbative solutions are found by solving the Eqn. (43]), which for D = 5 reads

r(rNW}) — 4(1 + 87’61—26’2)14/1 =0, (4.1)

2 4 2

where N =1 — QT;;Z” + ?—4 Although this linear equation does not appear to be solvable in terms of known
h

functions, one can construct an approximate solution near the horizon and at infinity. For a vacuum choice

w = —1, one finds that, as r — 7,

2Wh1"h(—8/€Q + T}QI)
i —Q?

with all higher order coefficients fixed by W},. Because ([4.2)) is linear, one can take W), = 1, without any loss

of generality.

Wi(r) = Wy + (r—rp)+..., (4.2)

12 At the cost of replacing the usual Yang-Mills term F2 by F2P [5], one can expect that a brach of the static nA solution
emerges as a perturbation around the corresponding RN-type background, in the D = 4p + 1 case, also.
131n principle, one can use (B3 to fix instead the value of the CS coupling constant x. However, this choice is less interesting.
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Figure 1. The profiles of typical solutions of the D = 5 perturbation equation ([II) are presented as a function of
the radial coordinate r for two different values of k. The values of the charge parameter @) for the corresponding
critical Reissner-Nordstrom solutions with r;, = 1 are also shown.

0.75

U(K)

05}

025

Figure 2. The shape function U(k) = Q /r% which gives the unstable Reissner-Nordstrom solution where a branch
of non-Abelian configurations emerges is shown as a function of the CS coupling constant x. The inlet shows the
scaled free energy and Hawking temperature of critical Abelian solutions.

At infinity, the only reasonable asymptotics reads

J o 2J(Q% — 4kQr? + 1)
Wi(r) = i 37,1 h = h2y (4.3)

in terms of a free parameter J. The solutions interpolating between ([@2]) and 3] are constructed numeri-
cally, typical results being shown in Figure 1.

It turns out that such perturbative solutions do not exist for arbitray values of (rp, ). Restricting to
solutions of (@) with monotonic behaviowl of W, (r), we find that for given (rp, ) for which such solutions
exist, these pertain to a fixed value of (). This value results from the numerics.

The existence of these configurations can be understood as follows. For w(oco) = —1, the second term in
(B43) shows the existence of an effective mass term p? for Wy near the horizon, with u? ~ 1 — 8xQ/r?; all

MNote that there are also solutions of (@I]) where Wi (r) has nodes.
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solutions we could find have y? < 0. Then it is also convenient to introduce the dimensionless function

U(k) = %, (4.4)
h

which uniquelly fixes the parameters of the critical RN solution. One finds e.g.

1-U? T T
ty = w f= @(1 +5U?), while % = ;’—U(1 +U?). (4.5)

The shape of the function U (k) for the fundamental set of solutions of (@), for which Wy (r) are nodeless,
is shown in Figure 2. The inlet there shows the scaled free energy and temperature of the critical RN solutions
where static linear nA perturbations arise, as a function of k.

The function U(x) depends monotonically on the CS coupling constant x. As k — 1/8, one finds U =1
i.e., the corresponding RN solution becomes extremal, while the D = 5 RN black hole with the maximal
value of the temperature (3.39) is unstable for k£ ~ 0.55. Also, one finds that the function U decreases along
the branch of large black holes, with U ~ 1/4k for large «.

No physically reasonable solutions of eq. ([343) are found for x < 1/8; or for perturbations of the form
w(r) = +1+€eW(r), in which cases the effective mass for W is always real (we recall we take @ > 0, x > 0).

4.3 Nonperturbative black hole solutions
4.3.1 General properties

The instability discussed above signals the presence of a symmetry breaking branch of nA solutions bifur-
cating from the RN black hole.

Indeed, our numerical results provide evidence for the existence of finite mass black hole solutions of
the EYMCS system with nontrivial magnetic gauge fields outside the horizon. These solutions smoothly
interpolate between the asymptotics (313), B8] (all D = 5 configurations have w(oo) = —1).

On the basis of analytical and numerical results we have a pretty clear picture of the behaviour of the
D = 5 EYMCS black holes, this case being studied in a systematic way. The properties of the solutions
depend on the value of the CS coupling constant x. For a fixed r,, the value of the electric charge parameter
Q is also important, some basic features of the solutions depending on whether @ is less or greater than
Q) = 16k.

As a general feature, we could not find configurations with multinodes of the function w(r). Heuristically,
this can be understood as follows: the existence of such configurations would imply w(r) = 0 as the limit of
multinodes. However, such solutions would have infinite energy, with m(r) = 3/2logr + My, o(r) = 1 and
V(r) = 0, which is not compatible with the boundary conditions in the present work.

More importantly, since our solutions emerge as perturbations of RN black holes, we notice the existence
of configurations without nodes of the magnetic potential w(r). We shall see that some of these solutions
are stable. Also, different from the case of other asymptotically flat hairy black holes with nA fields [12],
w(r) may take values outside the interval [—1, +1].

Moreover, it is possible to find more than one solution for the same value of (k, @, 7). In this case, apart
from configurations with a monotonic behaviour of w(r), there are solutions solutions with local extrema
of the magnetic gauge potential, see Figure 3 for such an example. However, it is likely that the solutions
with local extremal are always thermodynamically disfavoured because spatial oscillations in w increase the
total mass. Thus in what follows we shall restrict to the study of the fundamental branch of solutions with
a monotonic behaviour of the nA gauge function, i.e., w’(r) < 0 everywhere.

Some of the general features of the solutions are shown in Figure 4 where we plot the values wy, of the
magnetic gauge potential at the horizon and Vj of the electric potential at infinity as a functions of rg for
a fixed x and several values of the charge parameter Q. For example, one can see that the solutions exist

for w,(:m”) < wyp, < —1, where the value w,(:m”) increases with Q. For Q < Q(©) one finds w,(:mm) < 1, while

w{™ =1 for Q > Q.
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Figure 3. The profiles of two EYMCS black hole solutions are presented as a function of the radial coordinate
r. m(r) and o(r) are metric functions, while V(r) and w(r) are electric and magnetic gauge potentials, respectively.
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Figure 4. The value at the event horizon of the magnetic gauge potential w(ry) (left) and of the electric potential
at infinity Vo (right) are shown as a functions of the event horizon radius r, for a fixed value of the Chern-Simons
coupling constant x and several values of the electric charge. Here and in Figures 5-8, Q(C) = 16k is the critical value
of the electric charge parameter.

The behaviour of solutions as a function of the electric charge for a fixed event horizon radius (i.e., at
fixed entropy) is displayed in Figure 5. The value of the CS coupling constant is also fixed there. One can
notice there the existence of both a maximal and a minimal value for ). The nA solution emerges as a
perturbation of a RN black hole for a minimal value of Q given by r2U (k). They exist up to a maximal
value of @ = r? + 16k where an extremal black hole is approached with w(r;,) = 1. Also, above some value
of @ close to Q©), w(ry,) becomes very close (but not equal) to 1.

In Figure 6 we plot the order parameter J which enters the first relevant term in the large—r expansion
of the magnetic gauge potential as a function of the Hawking temperature (i.e. a varying ry) and several
values of the electric charge parameter. Again, the behaviour of J depends crucially on the value of Q). For
Q < Q9 J approaches a constant value as Ty — 0. The behaviour is different for Q@ > Q(©), .J in that case
increasing strongly with Ty and taking always large values, which makes difficult its accurate computation.
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Figure 5. Several relevant parameters are plotted as a function of the electric charge parameter @ for black hole so-
lutions with a fixed value of the Chern-Simons coupling constant x and a given event horizon radius. The value of the
mass parameter My and of the Hawking temperature Ty are normalized with respect the critical Reissner-Nordstrém
solution where a branch of non-Abelian solutions emerges as a perturbation.

Figure 6. The order parameter J which enters the asymptotics of the magnetic gauge potential at infinity is
shown as a function of the Hawing temperature Ty for a fixed value of the Chern-Simons coupling constant x and
several values of the electric charge. Note that Ty is normalized with respect the temperature of the critical Abelian
solution where a branch of non-Abelian solutions emerges as a perturbation.

4.3.2 The thermodynamics of solutions

The nA solutions appear to exist for values of the CS coupling constant x > 1/8. Similar to the RN case,
the nA black holes with given &, @ are found only for a finite interval of rj, (i.e., of the entropy) only. The
detailed picture depends however on the ratio Q/Q(©). (We recall that for D = 5, Q(¢) = 16x.)

For fixed Q # Q(°), the behaviour of the solutions is rather similar to the Abelian case and the temper-
ature reaches its maximum at some intermediate value of the event horizon radius, an extremal black hole
being approached for a minimal value of r,. A plot of the horizon area as a function of the temperature
reveals the existence of several branches of nA solutions. The typical picture can be summarised as follows.
For a given £ > 1/8 and any value of @, a branch of non-Abelian solutions emerges as a perturbation of a
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of Reissner-Nordstrém (RN) solutions is also shown.
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Figure 8. Same as Figure 7 for a fixed value of the electric charge parameter @ = Q(C)/2 and several different
values of the Chern-Simons coupling constant «.

critical RN configuration with r;, = \/Q/U (k). The entropy increases with temperature along this branch,
which has, however, a small extension in both ax and tz. This branch continues in a secondary one, where
the temperature still increases, while the event horizon area decreses. Thus, these solutions have negative
specific heat. For @ # Q(°), this branch ends for a maximal value of ¢z (whose value depends on Q) where
a third branch of solutions emerge. This branch extends backward in (tg,an) and has a positive specific

(min)

heat. The Hawking temperature vanishes there for a minimal value r;, of the event horizon radius.

As7 — ™™ an extremal nA black hole solution with an AdSs x S near horizon geometry is approached.
For Q < Q(C?, the parameters of this extremal black hole can be read from from ([B.13]), (B.16). For example,

the near horizon expansion of the solutions implies

(1 — wj)

\/64k2 —w%’

r;lmm) = 4V3k (4.6)
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where wy, satisfies the cubic equation
(64K% — w3)Q? + 2k(1 + wp,)*(128%% (wy, — 2) + wp(wi — 2wy, +3)) = 0. (4.7

For @ > Q9 the limiting extremal solution has

Th = Témm) =VQ-QW, (4.8)

and
HoY = 2= 4y o) —an (14 == 2K (o yaken) (4.9)
A TV =R o 2k—1" " ’
2
Vir)= (r—rp)+..., w(r)—l—i-wl(r—rh)k—l— ,
ThOR

where wy and o}, are parameters fixed by numerics and

1
k=5 (-14+V5+32k) > 1. (4.10)

Although close to the horizon, due to the scaling relation (B.6l), this extremal solution is essentially similar
to the RN one, their bulk form is different. The nA solution presents a magnetic hair (outside the horizon)
and a metric function o(r) # 1. Another interesting feature of the nA configurations with Q > Q(©) is
that the magnetic flux lines are ’expelled’ from the black holes as extremality is approached. That is, one
finds that the nA magnetic field is vanishing on the horizon of the extremal black holes admitting the
approximate expansion ([@9)), F;; = 0. Thus these solutions seem to exhibit a sort of nA 'Meissner effect’
which is characteristic of superconductiong media. This should be contrasted with the Q@ < Q(® case, which
possesses a nontrivial nA magnetic field on the horizon.

Some features of the nA black holes are shown in Figures 7 and 8 (left) where we plot the reduced area
of the horizon ay = 27273 /Q%/? as a function of the dimensionless temperature ¢z for a fixed CS coupling
constant and several values of the charge parameter ). The branch of RN solutions as given by (3.38), (341
is also shown there.

Furthermore, it turns out that the free energy F' = M — TS of a RN solution is larger than the free
energy of a lower branch nA solution with the same temperature and electric charge, except for configurations
with & close to 1/8 and small enough values of the charge, @ < Q(©)/3. Therefore the nA black holes are
generically preferred. These aspects are exhibited in Figures 7, 8 (right) where the dimensionless free energy
f is plotted as a function of the dimensionless temperature ty. Moreover, for the same values of the mass and
electric charge, the RN solution typically has a smaller event horizon radius (and thus a smaller entropy),
than the nA black hole [28]. Note, however, that most of the nA configurations have no RN counterparts,
see the Figures 7, 8.

Also, one can see that the interval of the scaled temperature t covered by the set of nA solutions shrinks
to zero as k approaches the minimal value 1/8. As k — 1/8, all three branches described above collapse
to a single point, which is the extremal black hole solution. This limiting solution admits a closed form
expression and will be discussed separately.

The overall picture is somehow different for @ = Q(), in which case, despite the presence of an electric
charge, the nA black holes behave in a similar way to the vacuum Schwarzschild-Tangherlini solution, with
a single branch of thermally unstable configurations, see Figure 7. These solutions emerge again from a
critical RN solution with r, = /Q(©) /U () and can be continued for an arbitrarily small value of the event
horizon radius. As r, — 0, the black holes with Q = Q(¢) approach a set of globally regular particle-like
solutions, with ¢y diverging in that limit, as expected.

4.4 On the existence of D = 5 stable black hole solutions

Typically, the existence of an unstable mode of a nA configuration is associated with the zeros of the mag-
netic gauge potential w(r). Thus the fact that we have found nodeless solutions suggests the existence
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Figure 9. The potentials for the perturbation equation (£I4]) are shown together with the corresponding mag-
netic gauge potentials of the unperturbed solutions for several values of 7, and fixed values of k, Q. For r, = 3.29,

there is a negative region of the potential, V(r) < 0.

of configurations which are stable against spherically symmetric perturbations. Moreover, the nA solutions

are arbitrarily close to the Abelian RN configuration, which is known to be stable.
Thus in this subsection we address the issue of linear stability of the black holes discussed above. For

that purpose, we have to study the evolution of linear perturbations around the equilibrium configuration.
For the pure EYM case and with a gauge group SU(2), this has been studied by Okuyama and Maeda
in [21], who derived the corresponding pulsation equation. Below we repeat their derivation with a slight
modification due to the presence of a CS term and hence also an electric potential. Also, the purpose here
is to show the existence of stable black hole solutions rather than study the unstable modes, which for our

purposes here is of secondary importance.
In examining such time-dependent fluctuations, we consider the following metric Ansatz generalizing

Z10):
i mr,t), (4.11)

dr .
ds? = oD +1r2dQ5 — N(r,t)o?(r,t)dt?, with N(r,t)=1-— ;i

On the gauge field sector, we shall restrict our study to perturbations within the considered SO(4) x SO(2)
model. For the U(1) part, one can take without any loss of generality an Ansatz with a single nonvanishing

component V(r, t).
The construction of a general time-dependent Ansatz for the SO(3) gauge group in D = 5 dimensions

has been extensively discussed in [2I]. Interestingly, it turns out that the corresponding YM Ansatz is much
more restricted in this case than in D = 4 dimensions, containing only one potential w(r,t). This agrees
with the result found by taking an SO(4) x SO(2) truncation of the general Ansatz (2.14), 215).

Then the perturbed variables can be written as

m(r,t) = m(r) + emi(r)e* + ..., o(r,t) = o(r)(1 + eoy (r)e® ™) 4+ ..., (4.12)
w(r,t) = wr) +ew (r)e™ + ..., V(r,t) =V (r) +eVi(r) e 4 ...,

with m(r), o(r), w(r) and V(r) a static solution and e a small parameter.
After replacing in the general EYMCS equations (27), one finds the following relations valid to first
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Thus the functions mq,V; and o7 can be eliminated in favor of wq(r), leading to a single Schrédinger
equation for w:

d?x

T2
dr?

+Uqx = Oy, (4.14)

where x = wi+/7 and a new radial coordinate 7, is introduced via = = N a%. The expression of the
potential in [@I4) is

Nog? 5 o 1 5N 5 ww'  (1—-w?)?9 , 5 3
16KV 2V72(1 — 6w
4= (rw —3(1 — w?)w') — rve( - 6wt . (4.15)

o 402

One can verify that for k = V' = 0, the above relations reduce to those found in [21] for D = 5 EYM system
(note that, however, the unperturbed solutions there have infinite mass).

The potential above is regular in the entire range —oo < 7, < co. Near the event horizon, one finds
Uqo — 0; for large values of r, the potential is positive and bounded. Standard results from quantum
mechanics [44] further imply that there are no negative eigenvalues for Q? (and then no unstable modes) if
the potential Ug is everywhere positive.

Indeed, our numerical results show the existence of black hole solutions with a positive potential U (ry)
for all value of k > 1/8 we have considered. As expected, all stable solutions we could find in this way have
no nodes of the magnetic gauge potential w(r) (see the Figure 9 for such configurations). Therefore at least
some of our solutions are linearly stable. The picture is however, quite complicated and depends on the
values of k, Q and of the event horizon radius. For example, for solutions with x = 0.3 and Q = 0.187Q(®),
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all solutions between the critical extremal black hole configuration (with rp ~ 0.702) and rj, ~ 0.95, have
U(r,) > 0. However, for the same value of the &, all configurations with Q@ = 1.05Q(®) have U(r,) < 0.

At the same time, we cannot predict anything if U(r,) is not positive definite. In this case we have
to solve numerically the eq. ([@I4) as an eigenvalue problem. Very likely, the full picture is complicated
and a systematic study would represents a very complex task. We note only that, by using a trial-function
approach (see e.g. [45]) we could prove that a number of EYMCS solutions with one node in w(r) are indeed
unstable.

4.5 The globally regular solutions

All D = 5 globally regular solutions emerge as zero event horizon radius limit of the black hole branch with
Q = Q9. In principle, a disconnected branch of solitons with £ < 1/8 may exist; however, we could not find
such configurations. Heuristically, this can be understood as follows. Since, from (BI1]), the electric charge
is proportional to the CS coupling constant, the existence of a minimal value of x means that below that
value the electrostatic repulsion is too small compared with other interactions for a bound state to exist.

The properties of these solutions are uniquely fixed by the CS parameter x and are somehow different
from other nA solitons in the literature. For example, their mass is an almost linear function of x, while
the value at the origin of the metric function g;; is very close to —1, see Figure 10. The shooting parameter
b = —w"(0)/2 and the value at infinity of the electric potential take also small values. It would be interesting
to find an analytical understanding of these numerical results. A typical D = 5 globally regular solution is
shown in Figure 14 (left).

Concerning the stability of solitons, the formalism proposed above for black holes applies also in the
zero event horizon case. However, at this stage we cannot say something precise on their stability, since
all globally regular solutions we have investigated have a negative potential. Also, the fact that there are
no nodeless solitons (since w(0) = 1 and w(oco) = —1) strongly suggests that all particle-like solutions are
expected to be unstable.

4.6 The case Kk = a/8: An exact solution

In what follows, we find it interesting to restore the (G, e)-factors in the general expressions. For k = «/8,
one finds the following exact solution of the EYMCS equations within the metric Ansatz (Z9) employing
isotropic coordinated™, and a gauge group SO(4) x SO(2):

— T2 T
W) = T V0 =5y 0 )= 200 R =2 - g
Q(c)z -1

with f(r) = { 22 (Q(C) (27‘2J—i J)Q)] 7

where Q@ > Q(©) and J are arbitrary parameters, and Q(®) = 16x/e is the critical charge parameter, Q(¢) =

o % This describes an extremal black hole with nA hair, the regular event horizon being at » = 0 (in

these isotropic coordinates). The mass, electric charge, chemical potential and entropy of this solution are

3/2 2 2
V3r2Q 8w Q o_Q 4 1 /3 _ 2 (4.17)

ev/G €2 QU e 4V 717G  eQ)’
3/2 9
. w A G Q 327G 72 (Q 09)Q® 3/
2G 3 e 3e2 ~2G ’
151n principle, this solution can also be written in the Schwarzschild-type coordinate system (I0)). For example, the relation

between the Schwarzschild radial coordinate 7 and the radial coordinate r in @I6) is ¥ = r/+/f(r). However, this results in a
much more complicated expression of the solution.

M:

25



such that M = ®Q. This exact solution has a number of interesting properties. For example, one can show
that the horizon is regular, with the following behaviour as r — 0

— 0l (c)2
fy =2 - QG000 20

4t

+0(r?),  folr) = (Q —Q)2Q0?2 +

O(r®), (4.18)

for the metric functions, and

_ 4 304
" QL(QE — Q) Q@ —gpgee ©

for the curvature and Kretschmann scalars. Also, the magnetic field is vanishing on the horizon (this property
is also shared by the extremal black holes with Q@ > Q(®) and x > «/8), with w(r) =1 — 472 /J + O(r*) .
The RN solution is found by taking J = 0 in (£I6]). The mass, electric charge and chemical potential of

this solution are still given by ([@I7), while the entropy of the RN solution is Sgny = %(%@)3/ 2 which
is higher than the entropy of the corresponding nA configuration. Thus the extremal Abelian solution is
thermodynamically favoured, a feature which seems to be shared by other extremal solutions with x > a/8
we have constructed numerically.

In the limit Q = Q9, the solution (#18) describes a particle-like soliton, in which case

R +O(r?),  Ryuype R™P7 = 0@r?), (4.19)

2Q2(J +12)] 7"

= AL AN S — 4.2
) ] (4.20
while, from [@I7), M = 87%/e?, Q = 32v/Gn°/?/(v/3¢?), and ® = /3/(7G) /4. One can show that r = 0 is

a regular origin, with the following behaviour in that limit

f 2Q(c)2 J?
Aty =3 =1+ —— T0(?), folr) = TragemE T o(r?), (4.21)
and
48Q(*)? ) oo 5760Q()* 9
R = m + O(T )a R#VPUR# P7 = W + O(T ) (422)

One should note that the parameter J which appears via the magnetic gauge potential w(r) does not enter
any global quantity (although these nA solutions are supported by a nonzero J). However, J has a physical
meaning, since it enters also the metric components. Then, although the mass and charge are the same, a
local observer could distinguish between the nA solution ([@I6]) and the corresponding RN solution via the
motion of a test particle.

The reason for the existence of the exact solution ([@I6) can be understood by noticing that the solutions
reported in this work admit an interesting connection with a model considered in [29]. This connection
follows from the observation that, for static configurations, the action ([ZII) with an SO(4) x SO(2) gauge
group reduces essentially to a Einstein—Yang-Mills-Maxwell model, with a Chern-Simons-type coupling term
between the U(1) and nA fields. Basically, with this group contraction down from SO(6), the CS density
([23) reduces to the hybrid CS density in [29]. Moreover, as noticed in that paper, this model with k = /8
corresponds to the coupling of the super-YM theory to the D = 5 supergravity [46].

It is shown in [29] that for this value of the CS coupling constant, any flat space self-dual solution of
the D = 4 YM equation with a gauge group 'Y SO(4) can be uplifted to D = 5 and promoted to soliton
solutions of the full model.

16Tn [29] in fact, the YM field is takes its values in one or other chiral represenation of SO(4), namely for self- and antiself-dual
SU(2) fields. Here, by contrast, our “magnetic” YM connection is fully SO(4) valued, leading to the appearance of ¥56 = 5

in (@23).
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A slight generalisation of this construction can be summarised as follows. Let us consider a D = 4
seed configuration consisting in a geometry described by a Ricci-flat line element do? (parametrized by the
Z-coordinates) with Euclidean signature, and a SO(4) nA field satisfying the self-duality equation

1
Fij = 3V deto s 4 F*, (4.23)

in a metric background given by do?2.
Then this configuration can be uplifted to solutions of the D = 5 EYMCS model in this work, for an
SO(4) x O(2) gauge group. The five-dimensional line element is

ds? = %@doj — (@), (4.24)

while the purely electric SO(2) potential reads

V(@) = S @), (4.25)

In the above relations, f(Z) is a solution of the Poisson equation

1 471G 1 y
Vi (=)= ———=Tr {F; F¥} | 4.26
(§) = -5 5T {F PV} (4.26)
where the operator V? is taken with respect to the four dimensional metric do?. The D = 5 YM gauge field
is F = Fyda' Ada + (dV Adt) 255
Then one can easily prove that the full set of equations (2.7) are satisfied, provided « takes the special

value,
e |7G  «
S 4.27
TV T3 TR (4.27)

In principle, this approach can be used to uplift to D = 5 all four dimensional self-dual solutions of the
YM equations, including configurations displaying no symmetries and multi-center solutions. Note that only
soliton solutions of the equation ([@26]) were considered in Ref. [29]. Here, this has been extended to the
construction of black hole solutions by adding to 1/f an extra part which is a solution of the homogeneous
equation V?(%) = 0 with suitable boundary conditions.

The simplest case is found by taking do? to be the four dimensional Euclidean space and F;; the BPST
instanton [47]. This leads to the spherically symmetric configuration ([@I6]) discussed above. However, a
variety of other physically interesting solutions can be obtained in a similar way (this includes configurations
with a D = 4 non-flat base space, e.g. the Euclideanised Schwarzschild metric and the D = 4 YM instantons
in [48], [49]). Moreover, one can generalise this framework by including rotation in the D = 5 metric Ansatz,
in which case it is possible e.g., to find a hairy generalisation of the BMPV black hole [50]. Such solutions
are found beyond the simple Ansatz in this work and will be reported elsewhere.

5 On D > 5 solutions

Our results confirm the existence of both black holes and soliton solutions of eqs. (81]) for D = 7,9 as well.
Then we expect that the EYMCS model considered possesses asymptotically flat, spherically symmetric
solutions with finite mass for any D = 2n+ 1 > 5. The numerical methods employed in this case are similar
to those discussed for D = 5, though as expected the numerical difficulties increase with D.

" Thus all known D = 4, SU(2) YM instantons can provide a solution of ([E23).
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Figure 11. A number of parameters of D = 7 black hole solutions are plotted as a function of the electric charge
parameter @ for fixed values of (k, r). Here and in Figure 12 Q) = —64k/5 is the critical value of the electric
charge parameter.
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Figure 12. A number of parameters of D = 7 black hole solutions are shown for fixed values of k, @ and a
varying rp,.

Determining the pattern of the D > 5 solutions in the parameter space represents a very complex task which
is outside the scope of this paper. Instead, we analysed in detail a few particular classes of D = 7, 9 solutions
which, hopefully, reflect at least some of the relevant properties of the general pattern.

Not entirely surprisingly, it turns out that the case D = 5 has some special properties. For example we
have seen already that for D > 5, unlike in D = 5, the branches of nA solutions do not end in RN black
holes. Also, according to our description of the heuristic argument cancerning Derrick scaling at the end
of Section 2.2, finite mass/energy solutions can be constructed in spacetime dimensions D > 7 even in the
absence of the gravitational term in the Lagrangian, i.e. for a fixed Minkowski background.

The reason is that only in D = 5 is it necessary to have the Einstein—Hilbert term in the Lagrangian
to satisfy the (heuristic) Derrick scaling requirement. In that case, the Yang-Mills term scales as L% so
that in four spacelike dimensions the scaling L =5 of the CS term is not balanced in the absence of grav-
ity, the latter scaling as L~2. Generally, the CS terms scales as L~("t1D  in 2n spacelike dimensions.

28



0.4 T 6
a(ry)

D=9k=1.21,=1.37

451
02} ]

Ty

15

021

D=9k=1.21,=1.37

0 0.25 0.5 0.75 1 0 0 0.25 0.5 0.75 1

w(ry) w(rp)

Figure 13. A number of parameters of D = 9 black hole solutions are plotted as a function of the value w(ry)
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Figure 14. The profiles of typical globally regular, particle-like EYMCS solutions are presented as function of
the radial coordinate r for D = 5,7 spacetime dimensions.

Then the Derrick scaling requirement can be satisfied if the Yang-Mills term scales as L~*P, provided that
2n+1>2n>4p, (5.1)

i.e., when D > 4p + 1. The Yang-Mills terms that scales as L~% are the p—th members of the YM
hierarchy [51]

1
LB = ———Tr{ F(2p)* ¢ . 5.2
Then the Lagrangian that satisfies the requirement (G.1]) is
ﬁmattcr = L%ﬁz/l + Hﬁgsn-i_l) ) n> 2p . (53)

This is possible to satisfy for n > 3, i.e. D > 7. Thus for D = 7 and D = 9, the only choice of YM term is
the usual p = 1 member of the YM hierarchy (i.e. the one in (21))), while for D > 9 either one or both of
p=1and p =2 YM terms (5.2) are possible choices, etc. All properties of these solitons are fixed by the
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value of the CS coupling constant, the relation [B.31]) being valid also in that case. A detailed discussion of
the nongravitating YMCS solutions, including an existence proof, will be presented elsewhere.

Returning to gravitating configurations, one notes that, however, to some extent, the families of D > 5
black holes resemble their five-dimensional counterparts. In particular, the profiles of the solutions look
similar to those exhibited in Section 4 and hence will not be plotted here again. As in D = 5, no multinode
solutions of the magnetic gauge potential w were observed for D > 5. There are, however, marked qualitative
differences in some properties of the gravitation solutions in D > 5, vs. those in D = 5. These are discussed
below.

Starting with the dependence of black hole properties on the electric charge parameter @ for a fixed
event horizon radius rj, we plot in Figure 11 the results of the numerical integration for a given value of the
CS coupling constant k. It seems that, for any r,, the solutions exist for a finite rangeé of Q. (Thus, as
expected, one cannot find black holes with an arbitrarily large electric charge.)

The limiting behaviour of these solutions at the limit of the Q-interval is qualitatively different from the
case D = 5. In terms of the value wy of the magnetic gauge potential on the horizon, the solutions exist
for wy, € (Wh,min, 1) where the minimal value wy, min depends on 7, (although always with wp min # —1,
i.e. the branch of nA solutions does not join the RN configuration). The numerical results suggest that in
this case the limiting configurations consist of extremal black holes with a regular horizon, see the Figure
11 (left). Another feature of the solutions which is worth mentioning is that for intermediate values of the
horizon radius there exists a large region of the parameter wy, for which both V'(r) and w'(ry) are very
close to zero. Moreover, for some intermediate values of (), we notice the existence of two different solutions
with the same charge parameter.

The behaviour of solutions as a function of the event horizon radius is shown in Figure 12 for several
values of the charge parameter () and a given . In terms of the scaled event horizon radius ay and scaled
temperature ¢z, the sets of nA black holes with @ # Q(®) interpolate between two extremal configurations
and one can notice the existence of three branches of solutions. The first branch of nA solutions starts from
an extremal black hole with w(rp) taking a minimal value. This solution extends up to a maximal value
of 7y, where a second branch of nonextremal solutions emerges, extending backwards in r,. For the same
1, the mass of one of these solutions is larger than the corresponding mass on the first branch (when they
both exist). Also, this secondary branch has a negative specific heat, while the entropy increases with the
temperature for the first branch. Finally, a third branch of solutions emerges for a critical r,, which has
again a positive specific heat. This branch ends in an extremal configuration with a minimal ry,.

The picture is different for Q = Q(9), in which case the third branch is absent and the second branch of
solutions extends to rp — 0, see Figure 12 (left). The limit of a vanishing event horizon radius corresponds
to a globally regular, particle-like configuration. (This feature is similar to the D = 5 result.)

The D = 9 solutions we have studied possess a similar pattern. A number of results in this case are
shown in Figure 13 as a function of the parameter w(ry). One can see that the limits of the domain of
existence corresponds to extremal configurations with Ty = 0.

We did not consider the issue of stability of D > 5 solutions. In principle, this is a straightforward
extension of the work in D = 5, the problem reducing again to a single Schrodinger equation. The fact that
for any D we have found nodeless solutions suggests the existence in all dimensions of configurations which
are stable against spherically symmetric perturbations.

As mentioned already, similar to D = 5, one finds also a different class of solutions describing globally
regular solitons with @ = Q(©). In Figure 14 (right) we show the profile of such a configuration in D = 7
spacetime dimensions. One can see some differences between this solution and the one in D = 5, the
distorsion of the spacetime geometry being more pronounced in the higher dimensional case.

6 Conclusions and further remarks

The main purpose of this work was to present a general study of static spherically symmetric, asymptotically
Minkowskian, solutions in a simple EYMCS model in D = 2n 4 1 dimensions. Our choice of gauge group

18 Although the solutions in Figure 11 have Q > Q(9), for other values of rj, we could find solutions with Q < Q(©) as well.
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is SO(D — 1) x SO(2), which is just sufficient to support a nonvanishing Chern—Simons density. While
the smallest simplest gauge group with this property is SO(D + 1), the asymptotic analysis suggested that
there were no well behaved solutions in that case. This is in contrast with the asymptotically AdS solutions
encountered in [36], which were found for the full SO(D + 1) gauge group (with D = 5).

The CS term allows to avoid the usual Derrick-type scaling argument against the existence of D > 4 static
nA configurations with finite mass in the usual EYM system. This provides an alternative to the higher
order curvature terms of the YM hierarchy employed previously to reach the same result [25], presenting at
the same time a richer pattern.

While we could display a number of analytic results valid for any (odd) values of D > 3, our main
numerical analysis was restricted to the case of D = 5 and and to a lesser extent to D = 7. In addition,
we could confirm the existence of solutions for D = 9 as well. One should emphasise that the properties of
the EYMCS solutions in this work are strikingly different from solutions to other nA models without a CS
term, considered in the literature.

The main interesting results are for D = 5, in which case they can be summarised as follows:

e The black hole solutions emerge as perturbations of the RN solution, which becomes unstable when
embedded in a larger gauge group.

e The nA solutions are generically thermodynamically favoured over the Abelian configurations.
e Some of the nA configurations were shown to be stable against small perturbations.

e A solution in closed form is found for the minimal value of the CS coupling constant, describing an
extremal black hole with nA hair. In the absence of a horizon, this becomes the soliton found in [29].

Our results in D = 7 and 9 differ somehow from those in D = 5. Most importantly, the RN solution in
these dimensions does not become unstable when embedded in the corresponding (larger) nA gauge group
(in fact this property holds for any D > 5). As a result, the nA black holes do not emerge as perturbations
of the the RN solutions. Instead, for a fixed value of the electric charge Q # Q(©), they appear to interpolate
between two nA extremal black holes. These qualitative differences are a consequence of the choice of EYMCS
model made here, which in any case does not seem to be a consistent truncation of a known supergravity
theory. However, it is possible to search for different EYMCS models in higher (than five) dimensions, whose
solutions are likely to fulfill the properties of the D = 5 solutions itemised above. For this we note that in
D = 5 the CS term scales as L™°, versus the YM term, which scales as L~%. In this respect, it would be
useful if in the higher 2n + 1 dimensions where the CS term scales as L~(2"t1) the corresponding YM term
would scale as L™2". This can be achieved only in D = 4p + 1 dimensions, where the CS term scales as
L=+ by replacing the usual YM term F(2)? (the p = 1 member of the YM hierarchy) with the p—th
member of the YM hierarchy which scales as L= [27]. It is obvious that this can only be done when n = 2p,
thus the properties itemised above cannot be duplicated in D = 4p + 3 dimensions.

This remark applies equally to the last of the properties itemised above, namely that closed form solutions
can be constructed in all 4p + 1 dimensions, for a special value of the CS coupling constant. While in the
p = 1 case discussed here the (usual) p = 1 BPST instanton is employed, in the case of a generic p the
instanton [51] of the p—th member of the YM hierarchy is employed. This results in a general class of p > 1
exact solutions, whose properties are similar to those of the D = 5 configurations discussed in Section 4.6.

It is obvious that the black hole solutions in this work violate the no hair conjecture, that is, two distinct
solutions can exist for a given set of global charges. Moreover, some of the nA solutions are really clasically
stable, because they have maximum entropy among the black holes with the same mass and charge. This
behaviour is somehow similar to that found in [52] for a family of monopole black holes in D = 4 Einstein—
Yang-Mills-Higgs system. There too, a branch of monopole nA black holes merges with the magnetic RN
solutions, which is unstable for some range of the parameters. Thus, similar to the case in [52], the hairy
black holes in this work may be relevant for the issue of the final stage of an evaporating D = 2n 4+ 1 RN
black hole.

In principle, the study in this work can be extended in various directions. For example, it will be inter-
esting to consider more general asymptotics and solutions describing black strings and p—branes. Another
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possible direction would be to include rotation. However, even for the case of static solutions approaching
the Minkowski background at infinity, with a gauge group SO(D — 1) x SO(2), we expect to find a variety
of interesting solutions. For example, we expect both EYMCS solitons and black holes to exist, which are
static but not spherically symmetric. Indeed, such solutions were found in D =4 EYM system [14].

We close our discusion with some comments on another intriguing feature of the D = 5 solutions. Despite
the different asymptotic structure of spacetime and the different horizon topology, these solutions have some
similarities with the colorful black holes with charge in AdS space [16], [53], [54], which provide a model
of holographic superconductors. In both cases, an Abelian gauge symmetry is spontaneously broken near a
black hole horizon with the appearance of a condensate of nA gauge fields there, leading to a phase transition.
Also, one can notice a striking similarity of the J(Ty) curves shown in Figure 6 with some of those exhibited
in the literature on AdS holographic superconductors.

It remains an interesting open problem to clarify if the asymptotically flat EYMCS black holes may also
provide useful analogies to phenomena observed in condensed matter physics. The first step in this direction
would be to compute the conductivity as a function of frequency. This is obtained by perturbing the YM
fields around the horizon. However, given the presence of several branches, the general picture is more
complicated for asymptotically flat solutions, already for the fundamental RN set of solutions. Also, in the
absence of a cosmological constant, the gauge/gravity duality (which seems to provide the deep reason behind
the connection between general relativity solutions and condensed matter physics) is not yet understood. At
the same time, some of the features of the AdS holographic duals of superconductors may occur for other
asymptotics as well, being generic properties of certain classes of hairy black holes. We hope to return to a
study of these aspects in a separate paper.
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