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Abstract. Here we study the global existence of ‘hairy’ dyonic black hole and dyon
solutions to four dimensional, anti-de Sitter Einstein-Yang-Mills theories for a general
simply-connected and semisimple gauge group G, for so-called topologically symmetric
systems, concentrating here on the regular case. We generalise here cases in the
literature which considered purely magnetic spherically symmetric solutions for a
general gauge group, and topological dyonic solutions for su(N). We are able to
establish the global existence of non-trivial solutions to all such systems, both near
existing embedded solutions and as |A| — co. In particular, we can identify non-trivial
solutions where the gauge field functions have no zeroes, which in the su(N) case
proved important to stability. We believe that these are the most general analytically
proven solutions in 4D anti-de Sitter Einstein-Yang-Mills systems to date.
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1. Introduction

The study of ‘hairy back holes” — black hole models with a Lagrangian which includes
other matter field terms — is now abundant in the literature, starting with when Bizon [1]
and Bartnik and McKinnon [2] published their results for non-Abelian black holes in
asymptotically flat Einstein-Yang-Mills (EYM) theory, characterised by a single su(2)-
invariant gauge field w. The significance of this is that purely gravitational solutions
are entirely characterised by their mass m, their charge e and their angular momentum
a, as proven by the uniqueness theorems of Israel, Penrose and Carter [3-5]; whereas
‘hairy’ black holes require extra degrees of freedom to entirely characterise them. For
su(N), EYM solutions have been widely explored [6, 7], and indeed a wide variety of
EYM solutions of various types are now known, including results for non-spherically
symmetric spacetimes [8-10], higher dimensions [11,12], other matter fields [11,13,14],
etc.

The case of asymptotically anti-de Sitter (adS) space is analytically interesting for a
few reasons. In asymptotically flat space, the solutions are sparse, requiring a specific
discrete set of boundary values at both extremes of the spacetime, whereas adS cases
possess solutions in continuous ranges of the parameter space (See e.g. [7,15,16]). This
is related to stability: in adS, perturbing a solution finds a nearby solution, hence these
may be stable, whereas the contrary is true for flat space. In addition, and also due to
the relaxed boundary requirements, adS space allows for ‘dyonic solutions’ possessing
a non-trivial electric sector. This is in contrast to the asymptotically flat “no magnetic
charge” case [17-19] where the electric sector must be trivial for asymptotic regularity.
Since globally regular dyonic solutions are only generally supported in adS space due to
the closed geometry, such solutions are less common in the literature; but monopole and
dyon solutions have been found [20], and notably for us in the dyonic su(2) [21,22] for
which stability is proven [22], and the dyonic su(N) [33] case. Moreover, these solutions
are ‘nodeless’ in the sense that the magnetic gauge functions possess no zeroes, which
has been a necessary result for stability in previous cases [7,22-24].

In this research we also consider relaxing spherical symmetry to allow for the
‘topological’ case, investigated for su(2) by van der Bij & Radu [25]. Here we foliate
spacetime by general surfaces of constant Gaussian curvature. Analytical and numerical
results exist for increasingly general topological systems already [16,26]. Recently
published work on topological dyonic solutions in su(/N) and for purely magnetic
solutions with a general semisimple gauge group suggests there is a gap in the field
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that we intend to address. The author believes that this model represents the most
general 4D adS EYM model which has been analytically investigated to date. The
possible applications of this work mainly pertain to the adS/CFT (Conformal Field
Theory) correspondence due to Maldacena [27,28]; for instance, results from the study
of planar dyonic black holes have already been used in the study of holographic
superconductors [29, 30], and higher-dimensional black holes have been connected
analytically to the study of superfluids [31]. There is also the question of continuing
to test Bizon’s “No-hair” conjecture [1] and possible investigation of the Black Hole
Information Paradox [32]; this is a subject to which we will return in Section 7.

In this paper, we shall prove the existence of black hole and soliton solutions to 4D
static adS EYM field equations for general compact, simply connected, and semi-
simple Lie gauge groups. We shall do this using the following general method. We
shall construct our topological ansétze before deriving the field equations themselves,
reducing them down to the ‘regular’ case [17,33]. We shall identify various embedded
solutions whose existence has been proven elsewhere — these are crucial to our proof. We
shall investigate the necessary boundary conditions such that these solutions are regular
at the boundaries r = 0, » = r;, and as r — oo. We shall prove that global solutions
exist to the field equations in some neighbourhood of the boundaries, and that these
solutions are analytic in their boundary values. We shall demonstrate the solutions may
be integrated from one boundary to the other regularly, and that when in the asymptotic
regime, the solutions remain regular. Finally, we use all of this to prove that non-trivial
global solutions to this system may be found a) in some neighbourhood of a number of
different existing trivial solutions, and b) as the absolute value of cosmological constant
|A] — oc.

2. Ansatze for Einstein-Yang-Mills models with non-spherical symmetry

Einstein-Yang-Mills models with spherical symmetry are a relatively well-covered
subject in the literature. The asymptotically flat case for the specific case of su(N)
was considered in [34] and extended to general gauge groups in [17-19]. There, it was
discovered that the requirement of asymptotic regularity of the field variables was very
restrictive, and necessitated that the electric sector be trivial — i.e. these solutions are
‘purely magnetic’, referred to as ‘zero magnetic charge models’ [19,35]. These purely
magnetic solutions have been extended to asymptotically adS space for a general gauge
group in the spherically symmetric case [36], and to su(N) in the case of ‘topological
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symmetry’ [16, 26, 33] (which we shall outline). However since there are no similar
restrictions on the electric gauge field for adS solutions, we will extend the model to
cover the cases of dyonic solutions with topological symmetry.

2.1. Topological symmetry

We begin by introducing the elements of the theory. Let G be a compact, simply-
connected, semisimple Lie group with Lie algebra g. Then to demand a symmetry on
the theory, we consider principal S-valued automorphisms (where S is the Lie group
representing the symmetry) on principal G-bundles P over our 4D spacetime manifold
M with metric g, such that the automorphisms project onto isometry actions in M
whose orbits are diffeomorphic to 2-surfaces with topology %2 which foliate the manifold,
and where Aut(X?) = S.

Spherical symmetry considers the case where S = SU(2) and ¥? = S%. However we
may extend the spherically symmetric SU(N) system to the topological case [25]. This
generalises to three separate cases, each of which foliate spacetime by 2D surfaces of
constant Gaussian curvature K parametrised by ‘generalised angles’ (0, ¢), and which
are parametrised by the sign of the curvature k = sign(K):

(i) k = 1 corresponds to the usual spherical symmetry, with Lie group §; = SU(2)
and topology Y7 = S
(ii) & = 0 corresponds to planar symmetry, with Lie group Sy = E(2) and topology
53 = R
(iii) & = —1 corresponds to hyperbolic symmetry, with Lie group S_; = SU(1,1) and
topology X%, = H?;

where we use 2 to stand for the topology of the foliation and Sj to stand for the
symmetry group in question. FEach of these values of k£ are also associated with
a function fi(#), which endows the connection and metric tensor with the correct
topology:

fr@) =<0 for k=0, (1)

{sin9 for k=1,
sinhf for k= —1.
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2.2. Metric ansatz

As in [19], the induced action of Sy on M is isometric, and hence we may write the
metric as ¢ = § + 720y, with g the metric on the submanifold parametrised by (¢, 7)
and gy the metric on the ‘angular’ part parametrised by (6, ¢). The same arguments
there apply here, and so we conclude that it is possible to find local Schwarzschild-like
topologically symmetric co-ordinates (¢,r, 6, ¢) such that the metric can be written

ds* = —pS?dt* + ptdr® 4+ r* (d6* + f2(0)d¢?) (2)
for S(r) the lapse function and pu(r) the usual mass fraction, defined as

2 2
p=k-y T (3)

r 02

where m(r) is the usual mass function and ¢ is the adS radius of curvature £ = /32

(where the cosmological constant A < 0). Note that we are dealing solely with the static
case here, implying the existence of a timelike Killing vector to which ¢ is adapted, hence
all functions are of r alone.

2.3. Connection ansatz

Now we consider the possible G-invariant connections on our bundle P in order to
derive a form for the gauge potential. The subject of possible classes of connections
over principal bundles has been covered by Wang [37,38], whose work in turn has been
adapted to spherically symmetric connections by Kiinzle [34]. There is no distinguished
action of Sy on M so we must examine all conjugacy classes of such connections, which
are in one-to-one correspondence with (and hence are characterised by) integral elements

Wy of the closed fundamental Weyl chamber W (%) of the roots of g with respect to
some Cartan subalgebra h and a base 3 [35,39,40].

We let gy be the Lie algebra of GG, the structure group of the bundle £. In that case, g
is equal to its complexification (go)c. Also we take {7;} to be a standard basis for the
Pauli matrices. Then Wang’s results [37] tell us that we can write

WO = in(Tg), (4)
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where w is the homomorphism from the isotropy group Z,, of the SU(2)-action on M
at the point xy € M, determined by

y-mo = mo-w(y) Yy € Ly, if m 6771(%)7 (5)

where 77!(z¢) is the fibre above zy and the central dot notation denotes the adjoint
action. Equations (4) and (5) are then known as the ‘Wang equations’ for the system,
and allow us to determine the entire gauge potential.

Given the product structure of the manifold, we write the corresponding decomposition
of the gauge potential as A = A+ A. In the spherical case [19], where k = +1, a gauge
may always be found in which the magnetic part of the potential, A, can be written

A = Widf + (Wysin 6 + Wy cos 0) do. (6)

This may be derived by finding the Maurer-Cartan form for an appropriate section y
in the bundle, where for our purposes we choose

X = exp(¢T3) exp(67). (7)

The result (6) conveniently matches the potential we derived in [26] for the purely
magnetic case. We now wish to generalise this result to topological solutions.

Firstly, we notice that being fairly general in scope, Proposition 3 in [19] carries over,
so that in this case a gauge may again always be found such that the potential takes
the form

A=Wo0O (8)

where © is the Maurer-Cartan form for a section y, i.e. © = y“'dy, and W is the
homomorphism on G which is induced by w. We will need to apply the commutation
relations for the topology in question, which in our chosen basis {7;} are

(T2, T3] = T4, (73, T1] = 7o, (71, To] = k3. 9)
We begin by calculating ©:
O = xtdy = ndb + exp(—07 )73 exp(011)do. (10)

The second term is clearly just a finite rotation of 73 about 71 by angle 6. To deal with
this term we invoke the Hadamard Lemma [41], giving
62 03

exp(—0m)m3exp(0m) = 13 — 0|1, 73] + a[ﬁ, [Ty, 73] — g[ﬁ, (71, [, )]+ (11)
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We start with the k£ = —1 case. Using the commutators (9) in (11), we find

exp(—07 )73 exp(f7) = 73 cosh 6 + 5 sinh 6. (12)
This then gives
© = 71df + (2 sinh 0 + 73 cosh 6) do, (13)
which in turn implies that
A=W 00 =Wydh + (Wysinh @ + W; cosh §) do, (14)

where W; = W (r;).

For k = 0, beginning with (11) we find
exp(—0m )73 exp(011) = 73 + T20. (15)
where again we have used (9). Thus,
A =Widb + (W1 + W3) do. (16)

To summarise, we may compile expressions (6, 14, 16) into a single expression covering
all three cases:

A =Wdo + (Wka(e) + Wg%) do. (17)

Note that this is the same form as we derived in [26] for purely magnetic topological
su(N) solutions, with

, By .
Wi=s(C-ch W= 7’(0 vl Wy = %kzD (18)

where C, D € su(N) in the adjoint representation, C' is real and skew-hermitian and
D is real and diagonal. We further note that the same arguments carry over for the
(here non-trivial) electric part of the gauge potential A, and to simplify the equations
we must deal with, we use a temporal gauge as in [19], we may again write

A= Adt (19)
for A € g. Hence, the gauge potential we shall use can be given as
d
A = A(r)dt + W1 (r)do + (Wg(r)fk(é) + ng) do, (20)
where we have W3 = —%WO as the constant isotropy generator, the Wang equations
become
(W3, Wh| = W, [Wa, W3] = W7, (21)

and finally, [A, W3] = 0 so that A € b.
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2.4. Asymptotic reqularity requirements for A < 0

We here take a moment to discuss the asymptotic regularity of the solutions which
highlights a major difference between the cases for A = 0 and A < 0 — that is, the
fact that the solution space for asymptotically adS models is much larger and richer
than for asymptotically flat models, due to the comparatively relaxed requirements at
infinity for the former case.

In the case of A = 0, we may [17] reduce our attention to so-called ‘regular’ models
as described in [35, 39], which are those defined by conjugacy classes of bundle
automorphisms that drop off sufficiently quickly at infinity (and zero, for solitons).
These are described as the ‘zero magnetic charge models’ in [19]. Essentially this
mandates that at infinity (and at the origin in the case of solitons), the magnetic gauge
field functions take specific values dictated by the chosen group G, and also that the
electric gauge field vanishes identically. This is due to the following requirements for
A =0: let

AD =lim A(r), WY = LmW(r), (22)

r—1 r—1

for i € {0,00}, j € {1,2}. Then we must have (for the topological case in hand)

AD WPl =0, W, W) = kW, (23)

so that in these limits, there must be a homomorphism of su(2) into g. This is why in
asymptotically flat space, such models are sparse in the solution space.

However, for the case of A < 0, this is no longer true. This analysis is in Section 5, but
to summarise: we transform r to a variable 7 that is good asymptotically, and consider

A :
da dW; ) Looking

dr’ dr
for the fixed (or ‘critical’) points of this system, where the 7 derivative of each of the

the phase plane of the system essentially composed of (A, Wi,

variables is zero and hence where phase plane trajectories end at finite values, we find a
finite number of critical points, suggesting that regular solutions must approach these
points asymptotically. However, the asymptotic structure of adS space is such that we
may compactify the domain of integration from infinite to finite range, meaning that a
solution in the variable phase space will in general not reach the end of its trajectory.
Therefore the values of the critical points of the asymptotic system and the values that
the field variables attain asymptotically are not in general the same — this is contrary
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to what we find in the case of A = 0. Thus we might say that if we let A®), V[/j(*) be

the values of A and W; at these critical points, we still have the altered constraints
[A(O)’ Wj(zo)] _ [A(*), Wj(:*)] =0, [W1(0)7 W2(0)] _ [Wl(*)’ W2(*)] = kW, (24)

but that in general
A) £ A W™ 4 W, (25)

for j € {1,2}. Hence, in adS space, solutions are far more plentiful, and it is this that
enables us to prove the existence of global solutions in these cases. Thus as in the
purely magnetic case, the definition of a ‘regular model’ must be extended in light of
the above.

3. Deriving the field equations in the regular case

We have reduced the possible conjugacy classes of our bundle automorphisms to
meet the requirement of boundary regularity, but we still have one possible action
of SU(2) on the bundle E for each element in W (3) N I, the intersection of the closed
fundamental Weyl chamber and the integral lattice defined by I = ker(exp|s). This is

still a countably infinite quantity of possible actions. For regular models however, the
constraints (24) must still be obeyed by W, (and hence W3) and therefore W, must still
be an Aj-vector, i.e. the defining vector of an sl(2)-subalgebra. This set of vectors is
finite and has been tabulated for the simple Lie groups by Dynkin and Mal’cev [42,43].
These ‘characteristics’ are in one-to-one correspondence with strings of integers from the
set {0, 1,2}, which define the values of the simple roots on Wy chosen so that it lies in

W (%), and so provides a classification of all possible models, including these topological
ones, which obey appropriate regularity requirements at one or both boundaries for any
semisimple compact gauge group.

3.1. Field Equations

In this Section we will reduce the field equations for A < 0 to the regular case, and show
that as in the purely magnetic and asymptotically flat cases, these models coincide with
those for the principal action, for any semisimple gauge group. We will show that such
models can be entirely characterised by 2 real functions, m(r) and S(r), and 2L real
functions of r representing the gauge fields.
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The EYM field equations are well-known:

2T,u1/ = G,uzz =+ Ag,uw

26
0=ViE)+[A\ EY, (26)

where g, is the metric tensor defined using (2), G, is the Einstein tensor, F u)\ is the
mixed anti-symmetric field strength tensor defined with

FMV = auAu - aVAu + [A/m Au]a (27)

A, is the Yang-Mills one-form connection (20) given by A = A,dz*, and the energy-
momentum tensor 7}, is given by

1
T, =Tr |EnF) — 1 G Fro F (28)
We note that Tr is the Lie algebra trace, we have used the Einstein summation
convention where summation occurs over repeated indices, and we have rescaled all
units so that 4G = ¢ = ¢ = 1 (for the gauge coupling constant q).

A more convenient basis to use here for the Wang equations (21) in place of the
generators W, and W is
Wi = :FW1 — iWQ, (29)

in which case equations (21) become
(Wo, W] = £2WW,. (30)

Then Wy(r) are g-valued functions, Wy is a constant vector in a fundamental Weyl
chamber of h, and {Wy, W,} is a standard su(2) triple in the limit » = 0 and at
the critical points of the system (See Section 5). Also, b is the Cartan subalgebra of
the complexified form of the Lie algebra, i.e. § = by + ihg, for by the real Cartan
subalgebra of gg, which in turn is the real compactified form of g. We introduce a
complex conjugation operator ¢ : g — g such that

(X +iY) =X —iY, VX,Y € go, (31)

which implies
W_ = —c(W,). (32)

This is consistent with us having written the field equations such that ¢(A) = A.
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Using (2), (20) and (26), we may derive the field equations. Defining the following

quantities: ) .
n:—%(A’,A’), F =3 (W, — W, W_]),
G:%(W#*’W*)u C:—% ([A7W+L[A7W*])7
(33)
F = _Z[Fa W—l—]a zZ = [W-f—a [Aa W—”v
pP=-LFF),
we find the Einstein equations to be
r2n ¢ P
IZE_'—W_'—MG—FT_?’ (34a)
S 2G 2¢
A B 4b
S r + pu2S2r’ (34b)
and the (non-zero, independent) Yang-Mills equations can be written
0=[Wy, W] —[W,W_], (35a)
2 9 Z
0= A" i 1 35b
i (T 5> pr?’ (350)
Sl T2
0= P2 42 <,/ . “E) WL oA, AW+ F. (35¢)
I

Above we have used an invariant inner product ( , ) on g, which we will define properly
below. This arises from the Lie algebra trace, and is determined up to a factor on each
simple component of a semisimple g. This inner product induces a norm | | on (the
Euclidean) b and therefore also on its dual, and the factors are chosen so that ()
is a positive multiple of the Killing form (, ) on each simple component. Also, we
note that since ¢(F) = F, ¢(4) = A and (X |Y) = —(¢(X),Y) is a Hermitian inner
product on g, then the quantities n,(,G, P > 0. Finally then, we may calculate the
energy density e, which is an quantity we will need when we simplify our solutions by
considering only those with the correct asymptotic behaviour, noting that as expected
it is non-negative:

o (1 ¢ P

Now we reduce the field equations down to the case of a regular action by choosing an
explicit Chevally-Weyl basis for g. Let R be the set of roots on h* and ¥ = {ay, ..., ar}
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be a basis for R (where L is the rank of g). To define the inner product (, ), we make
the definitions ot

— 37
ME (37)
We let {h; = h,,,e.,e_o|i=1,...,L; « € R} be a basis for g. This basis induces the

natural decomposition

(twX)=a(X) VXebh, b,

s=ho P .0 (38)

a€Rt

where RT are the set of positive roots expressed in the basis . For this decomposition,
we take the conventions

[ew e—a} - hOH [e—av e—ﬁ] - _[ea’ eﬂ]v (eOH eﬁ) - (39)

o

for 63 the Kronecker symbol. We define an sl(2)-subalgebra span{ep,e+} of g using
the appropriate commutators, i.e.

[607 ei] = :i:2€i7 [e+7 e*] = €y; (40)

and if we notice that
h,e,] = a(h)e,, (41)

then according to [43], €y can only be an A;-vector if there exists an a € R such that

aley) = 2. (42)

Using these facts then, we may write Wy € b in the basis
c
Wo = sz‘hi €b, (43)
i=1

so that equations (30) imply that

Wo(r)= Z wa(r)eqs, W_(r)= Z wa(r)e_q (44)

aGEw aeEw

for two sets of complex functions w, and w,, where we have defined X, a set of roots
depending on the homomorphism w — i.e. the constants w; — as

Yo ={a € R|a(W,) =2} (45)
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However, given that the complex conjugation operator ¢ maps
h; — —hi, €, — —€_,, (46)

it is clear that

@a(r) = c(walr)), (47)
reducing the number of independent functions we have. As for the electric sector, since
[A, W5] =0, then A € b, and we can write A in the form

A=1)» a;(r)h,. (48)

Jj=1

This is because ¢(A) = A, so that (46) implies the functions a;(r) are purely real. In
addition, the first Yang-Mills equation (35a) can be solved using the same argument as
in [17,36], implying that w;(r) € R Vj. We note that in A = 0 purely magnetic solutions,
this is only possible for the regular case [17]. Therefore, the system is determined by
two real functions m(r), S(r), and 2L real functions a;(r), w;(r), Vi € {1, ..., L}.

We further note that as in [19], we must also consider the form of A, since it still may
be expressed as the direct sum of two orthogonal sectors. The element A is valued
in LT, the infinitesimal torus which is the centraliser of G. Therefore, relative to the
decomposition LT = (¥,) @ (X,)*, where here () indicates the span, we can write
A = Aj + AL. Note that this decomposition is independent of our choice of Ad G-
invariant inner product. We wish to examine the form of A, . The cases of solitons and
black holes must be taken separately.

For solitons, the argument in [19] applies identically here, and shows that A; may
be gauged away. Examining the perpendicular component of (35b), noting that again
(W, [A,W_]] € (X,), then we find r2S7'A| = ¢, for a constant arbitrary vector
c € (¥,)*. For the energy density (36) to be finite at the origin, then we must have
¢ =0 so that A, is a constant. Finally, the gauge transform A — (ad(g))™'A + g~'dg
with g = exp(—A_t) gauges A, to zero but leaves the rest of the potential unaffected.

For black holes, we still have r*S™'A| = ¢, but since r > r,, regularity does
not immediately imply that ¢ = 0. Hence, as in [44], we adopt a gauge where
lim, .., A, =0, and we obtain the integral solution

Al(r)= c/ S;g)dy. (49)

T
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This matches what is found in [44]. Noting also that [($,)%, Wi] = 0, then (49)
decouples from the rest of the equations and thus A, can be found when S(r) is known.

Hence, from now on we simply work with A; knowing that for solitons, A = A, and for
black holes, once we have found a solution to the field equations, we can use knowledge
of S(r) in (49) to ‘separate” A from A,. This is perhaps why the term has not been
mentioned in previous treatments of su(N) dyonic black holes [21,22,33]. We should
mention that the rest of the proof in [19], where also A = 0 for regularity, fails because
of the altered asymptotic requirements for A < 0 (Section 5).

3.2. Regular models

It is noted in [17] that we may simplify the system a lot by considering only the regular
case, where Wj is a vector in the open fundamental Weyl chamber W (.S) [19]. We begin
with an extension of a theorem from Brodbeck and Straumann:

Theorem 1 [19] If Wy is in the open Weyl chamber W (X) then the set 3, is a II-
system, i.e. satisfies:

(i) if a, B € ¥y, then o — B ¢ R,
(i1) 3, is linearly independent;

and s therefore the base of a root system R, which generates a Lie subalgebra g,
of g spanned by {h,,e,,e_,|a € R,}. Moreover, if h,, = span{h, |« € 3,} and
b = Nacs, ker o then

b=bl @by and Wo=W/+We with W)=Y h, (50

OteRw

If Wy is an Aj-vector then Wg- = 0 (though b need not be trivial).

To this theorem we may add the extra point from above, only applicable to A < 0:

(iii) Let A= Ay+Ay. Then for solitons, we may find a gauge in which A, =0, and for
black holes, we can at least show that A, decouples and can be found when we know
S(r). We also note that Ay is not required to vanish, unlike the asymptotically flat
case.
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As in the purely magnetic case, we will see that this reduces the equations down to a
form resembling the su(N) equations studied in [33]. First we can consider W to be a
gw-valued function, and write

o Lo
T):ij(r)éw A:iZaj(r)ﬁj, (51)

where we now take {a, ..., ., } as the basis for 3J,, and define €; = e5,. The functions
a; are purely real. As in the dyonic su(/N) case [26], we find it more convenient here to
write the electric field in a different basis, defined by

Loy L

E,=—i[A &)= Zé’ea], Le. & —Zal )&, (h (52)

for £, real functions &;(r). This conveniently sets both equations in the same basis
of vectors. Also using this basis, we may define the Cartan matrix of the reduced

subalgebra g,, as

noting that by definition this is a symmetric and positive operator. In addition, we are
now in a position to elucidate the structure of our inner product a little: We note that
in this basis for the roots, then due to the definition of the Killing form, and using (37)
and (53), we can derive that

=20 (54)
a relation that will be useful to us momentarily.

Now we rewrite the remaining Yang-Mills equations. The field equation for the electric
sector (35b) easily becomes

and if we take the commutator of this with €,, and sum over k, we get the £,, equations

" 2 S/ /
5i+<r S)e——Z(J,]gw = 0. (56)




FExistence of solutions to reqular topological dyonic adS EYM theories 16

This leaves the magnetic equations (35c¢). Using the first equation in (39), we can
compute F' to be

(57)

then using this, (37) and (54), we can calculate P as

(Lo Lo )
§<Z kw,—w E(kwj—w)h)

Lo

where

(59)

Also,
Loy

Loy
(A [A, W] = — [Z a;(r)h; ,Zé’ Wika, | ==Y Elwika,. (60)
=1

Hence, the £,, magnetic gauge field equations (35¢) remain the same as in the purely
magnetic case [36] with the addition of the term (60), and we obtain

oS Ejwi | wj ch 2) —
" / J J
J (; * §> it (2 S? + 2pr? = Cyj (kw; — wj) = 0. (61)

Now for the Einstein equations (34). The quantities G and P are also the same as in
the purely magnetic case [36], and we need only consider ¢ and n:

1 1 Y
¢ = =5 (AW, [4,W)) e
ﬁw ﬁw
= — Z 85 GWiW; (ealaea J) =5 Z a (h“hj> (62)
1] 1 lj 1
Lo 82(,02

. i Wi | -
=] 7 = Zah” a;.

=1 |051 l_] 1
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We note that 7 can also be written in our new basis F, (52) as

Z 5’ ” &, (63)

2,7=1

with (C71);x being the matrix inverse of Cjx, which therefore is also positive and
symmetric. This is due to (39) which implies for the regular case that in our Chevally-
Weyl basis, [h;, &,,] = Cjj€,,, and thus

,Cw
(C/‘,L' = Z C’ijaj. (64)
j=1

Finally then, we can present our field equations for regular models. The Einstein
equations are as above (34), with ¢ and 7 given in (62, 63), and

L
1 w

ij—l

G = Z my (65D)

] Z Cij(kw; — w]) (65¢)
7j=1
Lw
Zi = Z C’Z-jci'jw?-, (65(1)
j=1

and h;; given by (59). The 2£,, Yang-Mills equations are these, where we have rewritten
them using the Einstein equations (34):

2 ¢ z
=&"+Z2(1-G - g —
0=&l'+- ( G- 52) £l -, (66a)
P 2E2w;
0:7’2Hw;/—|—2(m—?—;—g+€2>w/+rﬂégu + Fi. (66b)

The final step is to determine the values of the constants w;, which involves determining
the subalgebra g, for a given A;-vector Wy in the open fundamental Weyl chamber.
For a semisimple group, for which the Cartan subalgebra splits into the direct sum of
(orthogonal) space h = €, b, then the orthogonal decomposition given in Theorem
1 splits into analogous decompositions of each of h;. Hence we only need consider the
regular actions of simple Lie groups.
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However, we note that the A;-vector in the Cartan subalgebra h of a Lie algebra g is
uniquely determined by the integers

{Vl,...,yﬁ} = {al(W()),...,Oéﬁ(Wo)} (67)

chosen from the set {0,1,2}. In [43], this set is referred to as the characteristic. From
(45), it is obvious that for the principal action,

v =2 (Vj€{l,.. L} (68)

for b,,. Aj-vectors satisfying this define principal su(2)-subalgebras, and hence principal
actions of SU(2) on the bundle. Therefore may rely on the following theorem, the gist
of which is that the regular action coincides with the principal action:

Theorem 2 [17]

(i) The possible reqular su(2)-subalgebras of simple Lie algebras consist of the prin-
cipal subalgebras of all Lie algebras Az, By, Cr, Dy, Go, Fy, Eg, E7 and Eg
and of those subalgebras of Ay = sl(L + 1) with even L corresponding to parti-
tions [L + 1 — k, k| for any integer k = 1,...,L£/2, or, equivalently, characteristic
(22...2211...1122...22) (2k ‘1’s in the middle and ‘2’s in all other positions);

(ii) The Lie algebra g, is equal to g in the principal case, and for Ay with even L equal
to Ay for k=1 and to Ap_ ® A1 fork =2,....L/2;

(iii) In the principal case f)'JU = b. For all su(2)-subalgebras of Ay with even L the
orthogonal space b is one-dimensional.

In light of the above, we now drop tildes and w-subscripts for clarity. Finally then we
may determine an expression for the constants w;, derived by using (59, 65a, 67, 68):

L
w; =23 (0. (69)

3.3. Trivial solutions

In Section 6.3, we will argue the existence of global solutions in some neighbourhood
of existing embedded (or ‘trivial’) solutions. Therefore, we here review some known
trivial solutions to the field equations (34) and (66).
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3.3.1. Schwarzschild anti-de Sitter (SadS) Here we notice that let a solution is found
if we let wi(r) = Vkw;, a;(r) = 0Vr,i (implying also that & = 0Vr,4). Note though,
that this solution is only really valid for k£ = 1 (so w;(r) = \/w;), because for k = 0
we instead get the Reissner-Nordstrom-adS solution (See Section 3.3.2 below), and for
k= —1, w; ¢ R. Substituting into the defined quantities (62), (65) we find that
n=(=P=G=0and F; = Z; =0 Vi. This implies a) that m/(r) = 0 from (34a), so
that M is a constant which we set to the ADM mass; b) that we have S’(r) = 0 from
(34b), so that S is a constant which we scale to 1 for the asymptotic limit; and ¢) the
Yang-Mills equations (66) are automatically satisfied. Since n = P = 0, this solution
carries no global charge. This can thus be identified as the embedded Schwarzschild-
anti-de Sitter solution.

3.3.2. Reissner-Nordstrom anti-de Sitter (RNadS) Here we let w;(r) = &(r) = 0. In
that case, again we find ( = G = 0 and therefore S(r) becomes a constant, which we
scale to 1. Also, n = 0, and so the metric function u(r) becomes

popo M & (70)

r 22
Again, M is the ADM mass of the solution, and the magnetic charge @ is defined with
&
ij=1

Thus we have the embedded Reissner-Nordstrom anti-de Sitter solution, which we note
only exists with this value of Q%. Note that the hyperbolic and spherical cases carry
the same charge, and the planar case necessarily has zero magnetic charge, similar to
the A = 0 case. We also note that since P > 0, Q% > 0 always.

3.3.3. Embedded Reissner-Nordstrom Abelian solutions Here we let w; = 0, and

a;(r) = 4, (72)

1 (1&.
m(r):M—z—r 52& 0 + Zwlhww] . (73)
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Identifying the bracketed terms as the electric and magnetic charges respectively, we

let
L L

I, - K
Qf = B Z a;hi;a;, Qi = 1 Z wihijw;. (74)

j=1 1,j=1

Then we may write the metric function u(r) as

2M 2 2 2
L9t @ T (75)

This solution is essentially an embedded [u(1)]* solution, which lives entirely in (LT).
The arbitrariness of the constants a; is something that is familiar from the su(2) [21]
and su(NV) cases [33].

3.3.4. Embedded su(2) solutions Noting that we can embed SU(2) isomorphically into
any semisimple gauge group G, then there must always exist trivial embedded su(2)
solutions to the field equations. We may show this by a simple rescaling.

Consider the gauge group G, fixing the symmetry action such that W is regular. Select
any basis such that the set {Wp, Q,,Q_} spans su(2), with ¢(2) = —Q_. We rescale
the field variables as follows:

r=Q'r w;(r) = w1/2w(77), a; = alr) m = Qm(r), (=QL, (76)

J

for all ¢ € {1,..., L}, with A(r) and W, (r) set in the basis (44), and with Q? given in
(71), noting that (69) implies Zle w; = Q% Then the field equations become

m’—F_? @2+a2w2_‘_ d_w2_|_—(k_w2)2
252 \dr AT 272

1dS 2 (dw)2 2w?a?

Sar ~ i \ar ) T resy
d*w (k—w?)?2 P B [(da\) dw 7Paiw
Ty V7 G AV S e N = k-
0 iy (m T +52 252 (dr) df+u52 Fuwlk—w),
d*a 2 S da
R B e N L P S
O—TMdTQ—FT,u(T S)dr 2aw”,
(77)
with op 2
_ moT
p(r) =k — = (78)
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These equations are identical to those for the dyonic su(2) adS case for k = 1, and for
general k and a = 0, we obtain the purely magnetic topological su(2) equations. The
existence of (nodeless) solutions has been proven in both of these cases [21,25].

4. Proof of local existence at the boundaries r =0, r = r,, 7 — ©

Since we know the boundary conditions to expect, we can turn our attention to proving
the local existence of solutions near those boundaries. To do this, we rely on a well-
known theorem of differential equations [6], generalised to the appropriate case by [17].

Theorem 3 [17] The system of differential equations

p i fi(t, u,v),
dvi )
t i = —hZ(U)UZ + t”lgz‘(t, u, ’U)

where p;, v; € Zs1, fi, gi are analytic functions in a neighbourhood of (0,cy,0) €
R and the functions h; : R™ — R are positive in a neighbourhood of ¢y € R™,
has a unique solution t — (u;(t), v;(t)) such that

w;i(t) = ¢; + O(tH), and v;(t) = O(t"), (80)

for |t| > T for some 7 > 0 if |c — co| is small enough. Moreover, the solution depends
analytically on the parameters c;.

The proof of this theorem involves an approach similar to the proof of the Picard-
Lindelhof existence theorem for initial value problems [45]. Now, for each of the
boundaries r = 0, r = r, and r — oo, we proceed by first identifying the boundary
conditions that we expect, and then by formulating the field equations in a form such
that we may apply Theorem 3.

4.1. Local existence at the origin

4.1.1. Boundary Conditions at r = 0 Near the origin » = 0 we may simply use the
independent variable r, and hence we expand functions like f(r) = Y72 fir*. Thus
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we obtain the following recurrence relations. The Einstein equations give for my1, Sj:

k—2
Mk—4 Ck Nk—2 -
k+1 =G G P M;, 81
G k—2
kS =2 S 1b
Sk Gr+ = 252 2 Sy, (8 )
and the Yang-Mills equations give for w1 and &:
c
bi,k+1 = Z (E] — ]{?(l{? + 1)5”) wj,k—l—l; (82&)
j=1
c
sk = (T — k(k +1)8:;) Ej. (82h)
j=1
Here, T = T;; is the matrix defined by
T = W chwj 0, (83)

0,; is the Kronecker symbol, the left-hand side of (82a), (82b) are the vectors
b, = (big,-,bex), and z, (defined similarly). The quantities by, z, S; and My,
are complicated expressions whose form is unimportant here.

We can see that these equations are identical to the dyonic su(/N) case [36], and so as
in that case, we may solve (34) and (66) near » = 0 and obtain a solution with 2L free
parameters on condition that the recurrence relations (82a) and (82b) can be solved.
This in turn is conditional upon the vectors by and z, lying in the left kernel of the
matrix T. Particular methods will exist for this purpose in each Lie group: in Section
4.1.2, we state and generalise proofs in [17] which depend directly on the root structure
of the Lie algebra g treated as an s[(2, C) submodule.

We note here that G, = P, = ( = 0 for k < 2. For the lower order terms, we find:

So#0, my=my=me=0, &(=0, %2‘,0 =w;, wj;=0. (84)

The higher order coefficients which remain arbitrary are at the orders r* for which
k(k+1) is an eigenvalue of the matrix T. But the eigenvalues of T are k(k+1) for a set
{k} depending on the Lie algebra in question. For all the simple Lie algebras, we may
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Lie algebra &
Ar J
By 2 — 1
Cy 2j —1
2j—1 ifj< (£L+2)/2
D, {E—l if j=(L£+2)/2
2j—3 ifj>(L+2)/2
Gy 1,5
Fy, 1,5, 7,11
Es 1,4,5,7, 8 11
E; 1,579 11, 13, 17
Ex 1,7, 11, 13, 17, 19, 23, 29

Table 1. This table shows &, for the calculation of spec(T) = {k(k+1) |k € £}. For
the classical Lie algebras the table shows k; for j = 1,...,£, £ = rank(g). We note
that 1 € £ always so that £ = 1 belongs to all Lie algebras.

calculate the spectrum of eigenvalues from the Cartan matrix by using the definition
(83); see Table 1 for this information. The proof for the classical Lie algebras then
follows from the root structure, i.e. the results in Section 4.1.2.

We will see in Section 4.1.3 that in some neighbourhood of r = 0, the relevant field
variables have the following behaviour:

m(r) = myr® +O(r?),

S(r) = Sy + O(r?),

L
Wi (7”) = Wi,O + Z szﬁ/j (T)r“jﬂ, (85)
j=1
L ! )
Ei(r) = Qu(r)r, (i=1,..,L).
Jj=1

Here, @);; is a non-singular matrix, ; are integers and 4, and Q@j are some functions
which will be defined in Section 4.1.3. Also, mj3 is a constant fixed by the gauge
functions, Sy is fixed by the requirement that S — 1 as r — oo, and wJQ-’O = wj.
Therefore we have 2L free solution parameters here in total.
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4.1.2. Necessary results for local existence at r = 0 Now we are ready to state a
series of results proven in [17] which will help us to prove existence locally at r = 0.
Essentially, these are necessary because we find that the terms F and Z in the Yang-
Mills equations (66) are troublesome in that in general they contain non-regular terms.
The results of this Section are necessary to ensure that these terms are identically zero.
We emphasise that solitons are only available for the spherical case £ = 1; hence for
the rest of this section, k € Z is simply used as an index.

First we introduce our conventions. We begin by defining a non-degenerate Hermitian
inner product ( | ) : g x g — C, such that

(X|Y) = —(e(X),Y) VX,Y €q. (36)

Then ( | ) is a real positive definite inner product on gy, since ¢ : g — g is the
conjugation operator determined on the compact real form go. We may show that ( | )
satisfies
(X|Y)=(Y1X),

(c(X)[e(Y)) = (XTY), (87)

(X, V)] Z) = (X|[Y,Z])
for all X|Y,Z € g. We use this to create a positive definite, real inner product
(]):gxg—R, with

(X|Y)=Re(X|Y) VX,Y €g. (88)
Let || || be the norm induced by (88), i.e. || X||? = (X | X )VX € g. Then we may

verify the following properties of {( | )) for all X,Y,Z e g:

(X[Y) = (Y]X),
(e(X)e(Y)) = (XY ), (89)
([X, eV 2) = (XY, 2])).
Let ©2,,Q_ € g be two vectors such that

[(Wo, Q4] = £2Q4, ., Q] =W,, () =-0Q_. (90)

Then spanc{Wy, Q2;,Q_} = sl(2,C). We again use a central dot notation - to represent
the adjoint action:

XY =ad(X)(Y), VX €spanc{Wp, 0,0}, Y € g. (91)
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Since Wy is a semisimple element, ad(Wj) is diagonalisable, and so basic sl(2)
representation theory says that we know that the eigenvalues must be integers.
Therefore we define V,, as the eigenspaces of ad(Wy), i.e. with

Vi={Xeg|Wy-X=nX,nelZ}. (92)

Given that we are investigating the principal case here, it follows that V5 is the space
we are most interested in. It also follows from sl((2,C) representation theory that if
X € g is a highest weight vector of the adjoint representation of spans{Wy, 4, Q_}
with weight n, and we define X_; =0, Xo = X and X; = (1/51)Q.-X, (j > 0), then
Wo-X; = (n = 2)X;,
QX = (j+ D)X, (93)
QX =n—j+1)X;,

so that €24 act as ‘ladder’ operators, taking us between the various weight spaces.

Proposition 4 [17] There exist 3 highest weight vectors €', €2,,... 2 for the adjoint
representation of spanc{Wpy, 2y, Q2_} on g that satisfy

(1) the & have weights 2k; where j =1,.., 3% and 1 =k < ky < ... < ks;

(ii) if V(&7) denotes the irreducible submodule of g generated by &, then the sum
b}
ST V(&) is direct;
j=1

(iii) if § = (1/1)Q &, then c(&]) = (-1)'¢}, _;

(iv) X =|X,| and the set {fij_l |j=1,..., 2} forms a basis for V4 over C.

This proposition establishes a basis over V5 of weight vectors §;, and their properties
in terms of the operators (93). To deal with the problem terms in the gauge equations,

we define an R-linear operator T : g — g by
1
T = §a,d(Q+) o (ad(2-) +ad(Q2y)0c). (94)

It is proven in [17] that T a) is symmetric with respect to the inner product { | )),
Le. (T(X)|Y) = (X|T(Y)) VX,Y € g, and b) restricts to V5, i.e. T(Va) C Vs,
therefore we define Ty = T'|y,.
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Now we label the set of integers k; from Proposition 4 as follows:

1= ]CJl = k’J1+1 =..= k’JlJrkl,l < kJQ = k]2+1 =..= k]2+m2,1
<. (95)
<kp=knq=..=kjtm -1,

where we define the series of integers J; = 1, Jy + my = Jyq for £ = 1,...,1 and
Jry1 = X — 1. To ease notation we define

kj =ky;, for j=1,..,1. (96)

As noted in Proposition 4, the set {5%1__1 |7 =1,..,3} forms a basis of V5 over C.
Therefore the set of vectors { X, Y!|l=1,...,1; s=0,1,...,m; — 1}, where X! = g;jjff

T . . .
for k; odd, or X! = zgﬁfff for k; even, and Y! = iX!. Then T is symmetric, and so also

is Ty, and hence T, must be diagonalizable. Then the following Lemma is true.

Lemma 5
To(Xh) = k(e + DX, and  Th(YDH =0, (97)

forl=1,...1 and s=0,1,....m; — 1.

In other words, the set {X., Y!|l=1,..,1; s=0,1,....m; — 1} forms an eigenbasis of
T,. An immediate consequence of this is that spec(T3) = {0}U{k;(k;+1)|j=1,...,1},
and m; is the dimension of the eigenspace associated to the eigenvalue r;(r; + 1) (I
being the number of distinct positive eigenvalues of 7).

Following Lemma 5, we define the spaces
E} = spang{Y]|s=0,1,...,m; — 1}, E. =spang{X!|s=0,1,...,m; — 1}, (98)
and

I I
E,=E, E.=E. (99)
=1 =1

Then Ey = ker(7T,) and Ei is the eigenspace of T corresponding to the eigenvalue
k;j(kj +1). Also, from Proposition 4 (iv) we see that Vo = Ey & E..

Lemma 6 Suppose X € V,. Then X € @2:1 E¢ @ E1 if and only if Q- X = 0.
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Lemma 7 Suppose X € V,. Then X € @2:1 El @ E% if and only if Q5 -¢(X) = 0.

Lemma 8 Let ™ : Zs_1 — {1,2,...,I} be the map defined by

—1=0=1 and 35=max{l|r <s}ifs>0. (100)

Then
(1) ks < s for every s € Z>y,

(11) ks < s < kg1 for every s € {0,1,.... 671}
Lemma 9 If X € V,, k5 + 5 < kpp1 (s > 0), and Qi”+s-X =0, then Q- X = 0.

The next two theorems are the crux of the proof of local existence at the origin. The
first was proven in [17], using the above Lemmata 6 to 9:

Theorem 10 Suppose p € {1,2,...,5; — 1} and let Zy, Zy, ..., Zpi1 € Va be a sequence
of vectors satisfying Zy € Ey ® EY and Z,11 € D, B¢ © Ef forn=0,1,...,p. Then
for every j € {1,2,...p+1}, s €{0,1,.... 5},

() [e(Z)-), 2 Zyeoj) € @, E§ @ EY,
(i6) [[c(Zypsai). Z;-). 2] € @F_, B @ EX.

The second is an extension of Theorem 10 that we must make, in order to include the
electric gauge field. It is very similar, but we must use two sequences of vectors here.

Theorem 11 Suppose s € {1,2,....,k; — 1} and let Z; o, Z; 1, ..., Zist1 € Vo (fori €
{1,2}) be two sequences of vectors satisfying Z;y € Eg® EY and Z; 1 € @, E§®EL
forn =0,1,...;s. Then for every l € {1,2,...,s + 1}, m € {0,1,...,1}, the following
terms all lie in P,_, E§ ® EL:

(1) [[c(Zas—jy2)s Z14]5 Zaol, (@) [[c(Z20), Z15)s Za2,5-j+2;

. (101)
(#44) [[e(Z20), Zos—jrols Z1g] () [[c(Z1), Zag—jil, Zas—gia]-
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Proof We demonstrate the proof using point (iv); the others are similar and simpler.
The thrust of it is that all of the results in this Section so far will apply to both sequences
of vectors Z; ;, and Zy ;. Hence, we can use Lemmata 6 and 7 to show that

QY Z, = Qi(n71>~+2-C(Zi,n) —0 (102)
for i € {1,2} and n € {0,1,...,s+ 1}. Also, if l € {1,2,....s + 1}, m € {0,1,...,1}, we
find

Q% [c(Z1), Zog—ji1]s Zos—qr1) ZZ ( > ( )szmqs (103)
1=0 m=0
with

jimgs = [[Q]-c(Z15), U™ Zy g j ], V! Zoo—gi]- (104)

Now we apply (102), implying that ajyngs = 0 if m — 2 > k¢_qy or [ —m > Ky
or s — 1 > K(s_q — by Lemma 8, this becomes the condition m —2 > 5 — 1 or
l—m > q—jors—1 > s —gq Therefore, ajy, # 0 only if we can find
integers m, [ such that ¢ < | < ¢+ m — j < ¢ + 1, which is impossible. Hence
Qjimgs = 0 for all I, m, and we find that Q% .[[c(Z1,), Z2,4—j+1], Z2,5—g+1] = 0. From
Lemmata 8 and 9, this implies that QF.[[c(Z1;), Z24—jt+1], Zos—q+1] = 0, and hence
[c(Z1,), Zog—j+1], Zos—qr1] € @2:1 El @ EY. The other three terms follow very
similarly. O

Proposition 12 Let Wy be regular. Then if Q. € > Re,, Ey = > Re,.

Q€Y agdly

This is sufficient to establish that

= 3" waler B, (105)

BeX

which in our basis becomes

(ea) = ZwaC’agwgeﬁ, (106)

Bex

which ties in with (83).

4.1.3. Proof of local existence at the origin (r =0) In this Section we use Theorem 3
and the results of Section 4.1.2 to prove the existence of solutions, unique and analytic
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with respect to their boundary parameters, in some neighbourhood of the origin. To
do this, we find it necessary first to rewrite the electric gauge equation (66b) in a new
form. We introduce

c
Qe =We(0) =Y wj%esa,. (107)
j=1
Then, we define
Ey = —i[A, Q4] (108)
From this, and using ¢(A) = A and ¢(Q2y) = —Q_, we may easily derive that

¢(E.) = E_. By repeated use of the Jacobi identity, and noting that commutators
between combinations of W, (2. are either zero or lie in h, we may see that

(W, [A, WL Q4] = (W [A, Q4] W (109)

and thus taking the commutator of (35b) with 2, the electric gauge equation may be
rewritten as

us ( SE> W (B WL (110)

It is worthwhile noting a few things. Firstly, that if we write £ in our familiar basis
(51), e.g. E, = > aes E,e1a, then these are related to the earlier functions &, from
(52) by &, = 5awi/ 2, so that we have overall gained at most a constant factor on each
electric gauge function, and this will in any case be removed again later. Secondly,
using (94, 108) and the Jacobi identity, it is clear that

Ty(Ey) = —[Qy, [Ey, Q. ]] (111)

Finally, using Proposition 12; from previous results [17]; and noting that the proof of
Proposition 4 carries over to show that F.(r) € E; we see that the solutions W, (r),
E(r) of equations (35¢, 110), are completely characterised by the condition

W.(r),E.(r) € By (Vr). (112)

Before embarking upon our proof, we also state some definitions. First, we define the
set of integers defining the eigenvalues of 15 as &:

E={kjlj=1,....1}, (113)
for k; given in (96). Given (112), we introduce new functions u;(r), ;(r) with

Wi(r) =4 + Z g1 (1)t Ei(r) = Z%(T)TS (114)

se€ se€
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and with Q. = W, (0) and ¢s(r), ust1(r) € ESVr, Vs € €. Since By = @ézl E? | these
transformations are clearly invertible. Finally we define a symbol y which will pick out
the required orders of terms:

1 ifseé&
s+l = . 115
Xst1 { 0 otherwise. (115)

Now we state the proposition.

Proposition 13 In a neighbourhood of the origin r = 0 for solitons only, there exist
reqular solutions to the field equations, analytic and unique with respect to their initial
values, of the form

m(r) = mar® + O(r*),
S(r) = Sy + O(r?),

c
w;i(r) = wipo + Z Qi (r)ritt, (116)
j=1

L
E(r) = Qui(r)r™, (i=1,..L).
Jj=1

Above, Q;; is a non-singular matriz for which the jth column is the eigenvector of the
matriz T (83) with eigenvalue k;(k; + 1), and @;(r), ©;(r) are some functions of r.
Each solution is entirely and uniquely determined by the initial values 4,;(0) = @; and
1@(0) = z/;j, for ;, 1;]- arbitrary. Once these are determined, the metric functions m(r)
and S(r) are entirely determined.

Proof

Using the above definitions, we may write (114) as

Wor)=Q,+U; =Q4 + Z i ()7, B (r) = Z Xis10i(r)r'. (117)
i=1 i=1
It is also sometimes more convenient to represent the electric field in a basis more like

the original basis:
o0

A= Z dSTS = in+1di7“i S E(). (118)

seS i=1
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It is clear from this definition that a, € Eg for all p € §; and since Ey = EB;:l E{, this
transform of A is invertible. Substituting (117) into the Yang-Mills equations (110) and
(35¢) and using To(usy1) = s(s + 1ugry and To(1hs) = s(s + 1)1, we find that:

Ny N2
F=— Z s(s+ 1)r*tt + Z fsr?, Z2 = Zs(s + )r* + ngrs (119)
s=2 =3

se& se& s=
for some Ny, Ny € Z, and with

s—2

fo=s > { [, eOxjug)] + [Q-, xjus] s Xomjts—y]

=2

[\

G—
+ [[Xjuj7 C(Xs—jus—j)] 7Q+] + [[Xmuma C(Xj—muj—m)] 7Xs—jus—j] }7
2

e " (120)
== 5 | 00 et ]+ 9 Dt et
j=1
s—3 j—2
- [Xsfmflusfmfla [mejJrlum*jJrl? C(Xj+1wj)“ .
j=1 m=2
We define new variables vy = ul,, ¢s = ¥}, Vs € £ and we introduce an analytic

map C : Ey x B, — E, by C(A,W,) = [A, [A, W,]], which in our bases (117), (118),
becomes

0 i—1
C=- Z (Z ([Xi+1dia Vi + Z[Xi_jﬂ&i_j,ukﬂ]]) Ti—l) Pkl
(121)

keg \i=1 j=1

— 2 :C«krkﬂ

ke&
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Then the Yang-Mills equations can be written

k(k+1
r Z A Z kE+ Dopr® ™+ Z (— — 1) Uy 7!

ke ke ke
2 P r3
= I R k k+1
" (m iz us2) ; (™ (- Lar™)
Ny
e SIS WYt 122
ke M=
1
Z gt = — QZ(k’ + Dgpr® + (— — 1) Z E(k + 1)rF 1y,
ke ke H keE
2 ¢ 1 &
k+1 k i—1
- <G+/HS2) kezg(qkr + k") —i—;;gﬂ“] :

Now we must define a set of projection operators
pl : By —» El (¢=1,...,1), (123)

between the spaces defined in (98) and (99), which effectively separate out each 77 term
in the equations, and apply pi (123) to equations (122) for each k € £. This gives

2 P 3 k(k+1) (1
Tv;c+1:—2(k’+1)vk+1—m(m——Jr——,u—n) Uk+l+¥<——1> Up+1

o
2 P iy rt o
- -+ = —— ) (k+1 k
2 (m . + 7 MSZ)( + Dugyr — u32p+ck
| M2
rhly Z P (Fasa)r™*,
s=0
1 k(k+1 2
Tq2=—2(k+1)qk+(——1) : )wk——( + 2%2)(qu+k¢k)
| N2
k s+1
@ ; p+(gs+2)7“ * )
(124)
for all £k € £.

The main hurdle in rewriting this equation in a form to which Theorem 3 may be
applied is the final term in each of (124), as was the case for su(N) [15,34]. As written
here, it contains terms of much larger negative order than we want, i.e. terms of order
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r~* where s > 0. Happily we may rewrite the final term using the following equalities.
The first, concerning the magnetic gauge equations, is proven true in [17]:

N12

Ny—2
1 k S
rk+ly, Z p’i(fsﬁ)r = Z P+ (fsqa)r® ™. (125)
s=0

The second is very similar and makes use of Theorem 11:

N22 N22

1 S
T’k Z p+ gs+2 = Z p+ gs+2 . (126)

The derivation of both (125) and (126) are very similar, so we shall describe how to
derive them simultaneously by using the results from Section 4.1.2. Using Proposition
12 and equation (120), we may show that fi,gx € E, Vk. From our definitions of
the functions wug1(r) and v¥,(r), we may see that Xsi1Usi1, Xst1¥s € @321 E1 for
0 < s < Kkr. Now we employ Theorem 11, taking Z1 9 = 0, Zao = Qy, Z1x = Xk1Vk
and Zs k11 = Xet1Uks1 for kB >0, and it is clear that fi2,gsi2 € @2:1 EY. Thus,

pﬁ-(fs-ﬂ) = Pi(gsm) =0if s <k, Vk €&, (127)

because if k € £, then k = k; and so if s < k = kg, then § < k, proving (125) and
(126).

Using (125), (126) in (124) and rearranging gives

2 P T37] ]{Z(/{}—l- 1) 1
TV = — 2(k 4+ 1)vpg — E (m—?—irg—z—m) Uk+1+T (; - 1) Uk+1

: P+T3 "0 (1) TNf C(Fao)re
- \m-—4+=-—7= Upy1 — — s+2)T
25 CRYE k+1 e P+ Js+2

2

r 1 ; ;
52P+Ok + (1 - ;) PY (fir2) — P (frsa),

Tq;€:—2<k+1)q1€+(%—1) M@Z)k—g(G—FMC

N2
+ " > i (gap2)r
s=k

(128)

for all £ € £. It is helpful to note that in this regime, % — 1 = O(r?), and that the
boundary conditions (85) imply that C' = O(r?). Using the properties of (( | )) and
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noting that Th(ug) = 2us and Ty(v);) = 211, we can show that there exist analytic

functions .
N:FEyxR—=R, (:Eyx By xR — R, (129)
P:E, xR >R, G:E,xFE.xR—>R,
with )
n= _2”&1||2 + 7"77(7% q, ’f’), C - 2T2||¢1H2 + T3C(“7¢7T)7 (130)
P = rtjus|[* + r° P(u, 7), G = 272||us || + r*G(u, v, 7),

where v = ) _cusy and similarly for v; ¢ = ) o9, and similarly for ¢; and
| X]|> = (X|X). In writing n we used the basis (118) — using (117) in (108) we
may see that ¢; and a; are related by the linear transform

1 = [a1, Q4] (131)

The important point here is that n ~ O(1) near r = 0, as suggested by the lower
order terms of the expansion (116). We also introduce a few more analytic maps for

convenience:
:u_l = 1+TﬂA, :U_Q = 1+TﬂBa

» ) B . (132)
ST =1+15,, S =14+rSg.

Now we rewrite the Einstein equations (34). We introduce a new mass variable

M= (= (ual? + 3 (houl? = ) ) ). (133)

We know that ||us|| and ||11]| (and hence ||a;||) are well defined since for all Lie groups,
min &€ = 1 and hence k; = 1 always. Equations (34) then become

M == 3M 1 | Plu,r) + Glu,v,r) + (6, q.7) + C(u, 0, 7) = 2| *Sp
AP (S5 + fia) — 2fualen) + 5 ((alad) - <<w1|q1>>>}

1 40 ;
o Kg— —2M = 2 + 5 (ol - HW)) (20l + 1)

I

o i a) L2
18" = 178 {tlual® + 4l + 2 (s br) + G o)+ 20l (i + Sa) )

r? <2||¢1||2ﬂ3§,4 4 (ﬂB + SA>) + r3ﬂBSA5} .

:| + TgﬂAS’Béa

(134)
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We make one last variable change:

1

S PV (135)

U1 = Vg1 +

To continue, we define I.(0) as an open interval of size |2¢| on the real line about the
point 0 € R:

IE<O) = (_67 E) (136)

where for our purposes, € > 0 is small. We proceed by fixing vectors X, Xy € E,
and define 0 = Y _o041. Then from (128, 133, 135), we can show there exist
neighbourhoods N; of X; € E, with i € {1,2}, some € > 0, and a sequence of analytic

maps
Qr : N1 x EL x1.(0) x I.(0) — E—’i (137)
Gy : Ny x By x 1,(0) x I(0) — EF,
for which
rq, = —2(k 4+ 1)qr +rQx(u, ¥, S, M, q), (138)

T’Ollf-‘,—l = _2(k + 1){]]€+1 + Tgk(“? @7 M? 7“)7

for all k € £. Also, with (134, 135) and using vs41 = v}, and ¢, = ¢, there exist
analytic maps

Hy :Ey x E. xR — EF,
Ti :Ey x By xR — EF,

(139)
J E. xE, xRxR—R,
K:Ey xE, xRxR—=R,
for all k£ € &, such that

/

”/% :T%k<u757¢7Q>7

ru),.,, = rZy(u, ),
k+1 k( ) (140)

7’./\/1/ = —-3M + Tj<u7@7M7T>7
rS" = r*K(u,v,S,r).

Now equations (138, 140) are in a form appropriate to Theorem 3. For fixed X, X, €
E, there exists a unique solution

{wk(rv le)? Qk(ra }/1)7 uk—i-l(r? }/2)7 @k—l-l(rv Yv2>7 M(T7 }/17 Y’2>7 S(T7 Yiv Yé)}? (141)
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analytic in a neighbourhood of (r,Y;,Y3) = (0, X;, X»), satisfying
%(73 le) = r}/i,s + O(T‘Q),
qs(r, Y1) = O(r),
Us1(7, Ys) = Yo, + O(r),
(1) = Yo, + O .
US+1(T> }/2) = O(T)v
M(r,Y1,Ys) = O(r),

S(r,Y1,Ys) = Sy + O(r?),

for all s € £, where Y;, = p°.(Y;) for ¢ € {1,2}. From the definition of M (133), we
can show that m(r) = O(r3). We note that Sy is fixed by scaling such that S, = 1.
Also, it is easy to see from (129, 135, 142) that

n=0(1), (=00, P = 0(r"), G =0(r?). (143)

From Lemma 5, there exists an orthonormal basis {z;|j = 1,...,X} for £, consisting
of the eigenvectors of Tb, i.e. Ty(z;) = k;(k; + 1)z;. We introduce new variables in this
basis:

> >
Z Ugpr (1) = Z Gjyr(r)rhitla,, Z Ys(r)r® = Z b (r)rtiz;. (144)
j=1 j=1

se& se&

From Proposition 4, we know that ¥ = |X,|, so we can write ¥, = {¢|7 = 1, ..., 3};
and from Proposition 12, we find that {e,,[j = 1, ..., X} is also a basis for /. Therefore
we can write

p>
2; =) Qe (145)
k=1

With this definition of the matrix @;;, it is clear that the columns of @);; are the
eigenvectors of T5. Now we expand Q,, W, (r) and E,(r) in the same basis:

> > >
Q=Y wigea, Wilr) =Y wilr)ea, Bi(r) =3 wi&(re,,.  (146)
j=1 j=1 J=1
Then equations (114, 144, 145, 146) imply that
> p>
wi(r) = wio + Z Qijaj(r)rkﬁla &(r) = Z Qz‘j@;(r)rkj~ (147)
=1 =1

for i =1,...,% and with w?; = w;. Finally, from (142) and (144) we find that
Ui ) = 18;(1) + 00%), a(rY2) = B;(Ya) + O(r), j=1,..8,  (148)
with 8;(Y;) = ((;]Y:)), i € {1,2}. Therefore, we obtain the expansions (116). O
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4.2. Local existence at the event horizon r = ry,

4.2.1. Boundary conditions at r = r;, We use the notation f, = f(ry). For a regular
non-extremal event horizon, we require i, = 0 and g, finite and positive. This severely

restricts the solution parameters and reduces the degrees of freedom of solutions, which
makes boundary conditions easier to determine.

Transforming to a new variable p = r — ry, we find that for regularity,

u(p) = Hpp + O(p?),
S(r) =S+ O(p),
(r) = 51+ 0(p) "
w;(p) = wjn + O(p),
a;(p) = ajup+ O(p?).
The constraint p;, = 0 implies that
3
Th T , Fu
my = — + 55 Wip = — ; 150
g T h 2 (mh — Py 2 — rf’thS,jQ) (150)
with
1 £
./T"h == 5 Z wiﬁhC',»j(kwj - wih). (151)
ij=1
We find that p), is given by
k 37"h 2Ph 27ah77h
,_ Kk 3m 20, 152
Hp, - 02 ri Sg ( )
The condition pj, > 0 places an upper bound on mj,
P, rn, ko 3r?
! h h
_1h 24 2h 153
T E T ST (153)
with
1 & 1 &
Ph=g > (kw; — wiy)Cj(kw; — w3 ), =5 > g by, (154)
i,j=1 i,j=1

and therefore with (153) mj, also places a weak bound on the possible values of w; j, and
ajp,. We also notice that for k = —1, (153) implies we have a minimum event horizon

radius 2
e > 5(2m;l +1) >0, (155)
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and a minimum value for |A|,

1 2r?
A > (1 1 2P, + ;;7’“‘) . (156)
h h

Fixing r, and ¢, and regarding S, as fixed by the requirement that the solution is
asymptotically adS, the solution parameters are {5]’»,,1, w;nt. Therefore, as at the origin,
we have 2L solution degrees of freedom at the event horizon.

4.2.2. Proof of local existence at r = r;, ~We begin by defining the new variable
p=r1—" (157)

so that for » — 7, we are considering the limit p — 0. We note that as in
the asymptotically flat [17] and the purely magnetic adS cases [36], we do not
need the results of Section 4.1.2 and use the notation E, out of convenience — we

could equally replace E, everywhere in the following with ) Re,, without using

E+ = ZQEZ,\ Rea.

LTSN

Proposition 14 In a neighbourhood of the event horizon r = r, (i.e. p = 0), with
rn # 0, there exist reqular black hole solutions to the field equations (34), (66), analytic
and unique with respect to their initial values, of the form

(158)

with wjn, &, arbitrary and ), given by (152).
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Proof We transform the field variables thus:

Ap) = @ —, (159a)
Vilp) == (159b)
1) =2, (159¢)
U(p) = T—;A', (159d)

where v is some constant we have yet to determine. Immediately we have

and it is clear that there exist analytic maps F: E, - L, P E, — R, with
FWy) =F,  PW,) =P (161)
We also notice that
S% 2
D= =T WLW), = =AW ), (162)

So we define some more analytic maps, f: By = R, (: EgxE. - R, G : B, xI,(0) =
R,C:EOXE+_)E+andD:EOXE+—>E+by

iw) = -
é(Tv W—i—) = _([Tv W—i—]v [T7 W_]),
G(X.0) = gl X (163
C(T, W) = [T, X, 7],
DT, W) = [y, 1,1

Then we can see that G = G (Vi, ). Using these we can rewrite the EYM equations
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(66) as
s 3rn, 2 4 2[| |3
po= (A+v)+ o + 5 r§P<W+) 3
3 k 1 1 2 1 1Y\ =
A ) - ) PW
—H{E?—Fp (p—l—?“h Th) P ((P‘H"h)?’ 7"2> (W)
At o L 20() 20(Y, W)
+ 142GV, N) + =
(p—i—rh)( (Vs )> ptrn S2(A+v) (p+rh)
v, L
AT /A —— ]
p dp + (p+7”h)3 ( +)
_2V+G(V+a5‘) o 2V+6(T7W+) é(T>W+)
P+ 52(5\—1—1/)(p+7“h) 52(/_\+1/)
ds _ [28G(Vi,A)  2¢(T. W)
pdp —7 p+rh Slp+r)A+v)2|’

r -~

av  [Deeow)
Tap TP S ()

40

(164a)

(164b)

(164c)

(164d)

In order to cast the equations in the form necessary for Theorem 3, we introduce some

final new variables:

~ < k 2

~ 3’/“h 2 "
PWy) — 2 T_377(\I])7
h

N 1.
Vi =Vi 5 F(WL),
h

We continue by defining an analytic map v : £y x £, x R — R with

k 2 37’h 2
X1, X, a) = a— v+ — — ZP(X,) + 28— Z (X)),
7( 15 2,(1) a—v+ h 7,’31 ( 2) + 2 r?zn( 1)

Fix vectors Y € Ey, Yo € E, satisfying
[kry ' — 20, 2 P(Ya) + 3072 — 2r; %3(Y1) || > 0.

Then if we set v 3 5 5
Th - .
— 22 2 PY,) — SalY,
v h /2 T:}SL ( 2) T};);n( 1)7

(165a)
(165h)

(165¢)

(166)

(167)

(168)



FExistence of solutions to reqular topological dyonic adS EYM theories 41

it is obvious that ~(Y1,Y2,0) = 0. Therefore, define an open neighbourhood D of
(Y1,Y2,0) € Eg x Ey x R by

D = {(X1>X27a) | ||7(X1>X27a)|| < HVH} (169)

Then from (160), (164), (165) we can show there must exist some € > 0 and analytic
maps

d N 3
g:E+XD%R with P dW+ :pg(V+,W+,)\),
p
W
H:Eyx Ex x DxI(0)— R with pd_p =—Vi+ pH(L, Vi, Wi A p),
. v - .
K:E, xDxI(0) - R with pd—p =N+ pK(V, Wy A p),
. ds <~
L:FEyx Ey xRxI(0) - R with pd—p:pE(T,V+,S,p),
: dY ~
M :Ey x RxI(0) >R with pd—p:—T—i-p./\/l(‘If,S,p),
. dw - ~
N:Eyx E; xDxRxI(0) - R with pd—sz(T,W+,/\,S,p).
0

(170)
It can be seen that (170) are in the form applicable to Theorem 3. Hence there is a
unique solution

{T(p7 Ula U2)> \Ij(pv U17 U2)7 W+(p7 Ula U2)7 ‘7+<107 U17 U2)7 5\(07 U17 U2)7 S<,07 U17 U2)}7

analytic in a neighbourhood of (p, Uy, Us) = (0, Y7, Y2), which satisfies

T(p,Uy,Us) = Yip + O(p?), ‘y(ﬂ, U1, Us) = O(p).
W+<pv U17U2) = Yé+0(p)7 V+(P, UlvU?) = O(ﬁ)v (171)
Ap, Ur, Us) = O(p), S(p, U, Uz) = S + O(p).
To gain a more explicit solution, we expand Y7, Y5, A, W, in the basis {h;, e,|i €
{1,.., 2}, a € ¥,}, as follows:

L L
Yy =) ah, Alp) = > ai(p)hy,
i=1 i=1 (172)
Yy =) _Wahea, Wo(p) =2 walp)ea-
QEZw QEZ'LU

Noting (171), this yields

a;i(p, Y1) =Yip+0(p%),  walp,Ya) = Yo+ O(p), (173)
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for all « € ¥,i € {1, ..., L}; or using the basis (52), we can express the electric equation
as

E(p. Y1) = ) Mi.edp+O0(p") (174)

aEXy
Finally, it is easy to show from (159a), (165a), (168) that

p(p, Y1, Ya) = vp+ O(p?), where pi =0, pj, = v. 0 (175)

4.3. Local existence as r — 00

4.3.1. Boundary conditions asr — oo We assume power series for all field variables of
the form f(r) = foo + D 5oy fir ™" and for clarity use the base (39) and (52). Examining
(34) and (66), we find that the expansions near infinity must be

m(r) = Meg +mur—t +O0(r ?),
S Soo + Sar™t 4+ O(r™?),
R R -
Wi (1) = Wj oo +wjar” Ly wior ©+O0(r),
Ei(r) =CEjoo +Ejar Ly c‘fj,grfz +O0(r™).

The asymptotic power series expansions are as expected: no constraints are placed on
Seos Moo, 80 We set Mo, = M (the constant Arnowitt-Deser-Misner (ADM) mass) and
rescale S to S, = 1 to agree with the asymptotic limit for SadS (or pure adS space
if M = 0). There are also no constraints placed on wj, wj1, &0 or €1 — this is in
accord with the discussion in Section 2.4, and will be investigated further in Section
5. Furthermore we find that all higher order terms we calculate in the expansion are
determined by lower order terms. The lowest order terms are

c
— 2 2

my = 5225:\a P —'g;%;(ij—-wﬁu)hﬂ(kuq—-whm)
L _ L
3 Ein(h™")ij€j —2y WiooEioe
2,7=1 ‘041‘2 i=1 |Oél|2 ’
. L (177)
04 SN Wi EF 1 w2,

Sy = — Lioo%ico 2N Hil

) 22 o ? 2;|a,»|2’

L
wjo = w; Ci(kw; — wi )
3,2 =4 W00 JURWL — Wy o6 )
=1
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So our solution parameters asymptotically are {M,w; «,w;1,Ej 00, &1} and we have
therefore 4L 4 1 degrees of freedom in total.

4.8.2. Proof of local existence as r — oo In Section 2.4, we thus confirmed there
are no constraints on the asymptotic boundary for the gauge fields as there was for
asymptotically flat solutions: this was the case in su(V) [33,36] and is to be expected.
(We will come back to this point in Section 5.) Hence, as in Section 4.2, we do not need
any of the results of Section 4.1.2 here, but we still use the notation £, for convenience.
To deal sensibly with the limit » — oo we transform to the variable

z=7r1 (178)

whence we are now dealing with the limit z — 0.

Proposition 15 There exist reqular solutions of the field equations in some
neighbourhood of z = 0, analytic and unique with respect to their initial values, of
the form

(179)

81(2) = gi,oo + 6},12 -+ 0(2’2),

where Wi oo, Eioo, win and &1 are arbitrary, and in order to agree with the asymptotic
limit of adS space, we have let mo, = M, the ADM mass of the solution, and Sy, = 1.

Proof As well as (178), we introduce also the following new variables:
A(z) = 2m(r), vo(2) = r2A'(r), vy (2) = r*WL(r). (180)

We immediately find that

de+ = —2v z%
dz + dz

and it is clear that there exist analytic maps:

= —21 (181)

A

F:E, = E, with F(W,)=F,
Z:Eyx E, — E, with Z(A,W,)=Z,
(:Eyx E, - R with C(A,W,)=¢, (182)
P:E, - R with P(W,)=P,
V:Eyx Ey - E, with Y(A,W,)=[A, [A, W,].
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Also we find that in this limit,

4

z . .
G = E(U-HU—)? CNO(1)7 yNO(]-) MNI{:_‘_Wv (183)
which in particular implies that
1 9 1
Then using (183) and (184), we may see that
ds 20(A, W
22 (||v+||25 " %) ,
dA lvol > C(AWL) | 2 y.s o LY lloe?
Z%:—QZ (— 2 + 257 + P(Wy)+ | k22— Az +€_2 — |
dv 1 1 (. A 223
Zd—;r :2U+ (/W — 1) + E {f(W+) + V4 ()\2’2 — 2P(W+)23 + §||U0||2> (185)

1 ~
+Wy(/4> W+)} )

dvg 4 2 é(A7W+) L .
= — A S AR A [— ) (| .
z dz Yo < z HUJrH 2,“252 quy( 7W+)

Then we fix four vectors X, C) € Ey, Xy, Cy € E;. From (180) — (185) it is clear that
there exists an € > 0 and analytic maps

d
Go : FL - R with =z ZJF = 2Goo(v4),
A
He : Eg — R with Zé— = 2H (o),
z
_ as
T : EL xR — R with =2 Too (A, W vy, S),
2
d\
Too  (Eo)? x (E1)> xR xI.(0) > R with = 2Too (A, W 09,04, A, 2),
z
d
Ko : (Eo)? x (E2)? x Rx L(0) = R with z% = 2K (A, Wy 00, 05, A, 2),
My @ (FEo)? x (By)? x R x I.(0) - R with z? = 2M (A, W, v9, 04, A, 2)
z

(186)
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(where we abbreviate Fy X Fy to (Ep)?, and similar for £,). Finally, Theorem 3

says that these equations possess a unique solution analytic in some neighbourhood of
(z,Y:,7;) = (0, X;,C;) (with ¢ € {1,2}) with behaviour

S(2,Y:,Z;) = Seo + O(z4),

A a}/;v ZZ = X1 +0 )
(2. Y5 2) = % +0(2) (187)
W—F(Za }/;7 Zz) = X2 + O(Z)a
vo(2,Y;, Z;) = C1 + O(2),
vy(2, Y, Z;) = Co + O(2),
and using the definitions (180),
(2, X1, X5,C1,05) = X1 + Ciz + O(22),
ai(z, X1, Xa,C1,Cy) 1 1% (27) (188)

wa(z, Xl, XQ, Cl, Cg) == X2 + CQZ + 0(22),

for all @ € ¥, € {i,..., L}. We expand the relevant vectors in (187) explicitly in the

bases
c c L
X1 =) aih;, Cy = ) a; 1h, A =73 ai(2)h;,
X2 = Zwa,ooeaa 02 = Zwa,leaa W+ = Zwa(z)ea,
QAEXy aEDy, ey,
to gain the familiar expansions
a;(2) = Qo0 + ai12 + O(2?),
(2) = tioe + 105+ O() o0

CL)i(Z) = Wi, 00 + W12 + 0(22)
for alli € {i,..., L}. Once again, we may rewrite the electric gauge function in our basis
(52) as
where &, = ZQEEU, [X1,e.] and &1 = ZaéEw [C1,e,]. Finally, we set my = M,
S = 1 for the asymptotically adS limit, and therefore we end up with the expansions
(179), having 4L + 1 degrees of freedom. O

5. Asymptotic behaviour of the field equations

As we saw in Section 2.4, and further confirmed in Section 4.3, the asymptotic boundary
conditions (176) imply that any regular solutions in the limit 7 — oo will have gauge



FExistence of solutions to reqular topological dyonic adS EYM theories 46

functions which are characterised entirely by wj e, Wj1 = W) o, Ejeo, and &1 = &
with all higher order terms in the expansions determined by these parameters. The
reason for examining this is that the A = 0 case is not so simple: there, the asymptotic
values of the gauge field must approach a particular discrete set of values, and the
higher order terms are intricately interdependent. Therefore we briefly digress to
demonstrate the difference for A < 0, which is highly similar to what we found in

simpler cases [15,26,33].

So what we wish to do here is take the asymptotic limit of the field equations by
transforming the system into autonomous form, and examining the phase plane of the
system. The form of the parameter to which we must transform dictates the asymptotic
behaviour of the field variables, and this gives us an infinitely richer solution space.

Firstly, we note that as r — oo, pu ~ Z—; Noting also (176), the Yang-Mills field

equations (66) become asymptotically,

2 r? / / & 2 r? 20n\/

Using the parameter 7 = ¢r~!, these are equivalent to

Pop 1 & P&
az 2 > wiCy(kw; — w}) — Z“”'Siz’ arz >_ Cijwi&; (193)
j=1

j=1

It is clear that the critical points of this autonomous system, pairs (w}, &), satisfy

171

L L
62
w? (Z Cyi(kw; — wi?) + 55;?) =0, D CywiEr =0. (194)
Jj=1

Jj=1

This gives us only two sets of critical points in the 4D phase plane (w,-, &, ‘fi‘f, %): the

point (0,&7,0,0) where & is arbitrary, and (£v/kw;, 0,0,0), Vi (i € {1, ..., L}), though
it is obvious that for k£ = —1 the latter point does not exist, and for £ = 0 it coincides
with the former if £ = 0. However, we point out that we have used a parameter
7 = {/r which compactifies our range of integration from (r,00) to (0, ¢, ). Thus
as we integrate out further and further, solution trajectories will in general not end at
the critical points of the phase plane, but at some other more arbitrary value. In the
asymptotically flat purely magnetic case, the parameter used was proportional to Inr,
so the integration domain is (In(r,), 00) and thence every solution must end at a critical

point.
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This is why the analysis of the asymptotic boundary conditions (176) for A < 0 imply
no constraints on the asymptotic values of w;(r) or &(r). In the purely magnetic
spherical [36] and topological dyonic su(/N) [33] cases, it was this that was responsible
for the existence of plentiful global solutions, only local existence could be established for
A =0 [17]. To summarise, we have shown that as long as we can integrate a solution
arbitrarily far into the asymptotic regime, it remains regular as r — oo, reaching
arbitrary asymptotic boundary values. We return to this point in Section 6.3.

6. Global existence proofs

Here we prove some results concerning the global behaviour of the solutions, which will
culminate in the main results of this work, which is the proof of the global existence
of non-trivial solutions to the field equations (34), (66): firstly in some neighbourhood
of the known trivial solutions from Section 3.3 (Theorem 17), and then in the limit
|A| — oo (Theorem 19). First though, we prove a couple of necessary results concerning
global behaviour.

6.1. Proof that &(r) is monotonic Vi

Here we prove that the functions &; are monotonically increasing in r for all . This
proof is very similar to an analogous proof in [33], but we will give the main points.

We can write the electric gauge equation (66b) as

r2el\ & 5
/LS ( SZ) = ZCijijj. (195)
j=1

Now Cj; is a Cartan matrix, and so it has full rank and therefore £ linearly independent
eigenvectors, which we shall call v; = {vq,...,v.}. Furthermore, the eigenvalues are
rk;(k; + 1) for a series of integers x; > 0 which depend on the Lie algebra g in question
(See Table 1). Multiplying (195) through by v;, summing over i, and noticing that the
eigenvectors are linearly independent, we find the system decouples into the £ equations

7‘25; ! wf&
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and integrating,
T1

7"251( " wf&
[ > 1 —/ﬁi(/imtl)/u—sdr. (197)

T0
T0

We know that u, S, 72, w? and k;(k; + 1) are non-negative, so the integrand is non-
negative, and hence so is the integral. Therefore &;(r) and &/(r) have the same sign.
Coupled to the fact that &(r) = 0 at the event horizon or origin, it is clear that each
&i(r) is always positive (negative) and monotonically increasing (decreasing) for all 4, 7.
A corollary of this is that also, each &(r) must be non-zero for all » > r, (or r > 0 for
solitons).

6.2. Global regularity of solutions

We prove here that any solution may be integrated out from the boundary r = rg,
where rqg = rj, for black holes and rq = 0 for solitons, and will remain regular for r
arbitrarily large. This is conditional upon our metric function u(r) being positive for
all » > rg. Thus we have:

Proposition 16 If u(r) > 0 Vr > r, for black holes (or ¥r > 0 for solitons), then all
field variables may be integrated out from the boundary conditions at the event horizon
(or the origin) into the asymptotic regime, and will remain reqular throughout.

Proof Define Q = [rg,71) and Q = [rg,71]. The results of Section 4 show that the
field variables are regular at r = ry. Our aim is therefore to use the fact that all field
variables are regular on Q, i.e. in a neighbourhood of r = ry, and then show using the
field equations that as long as the metric function p(r) > 0Vr € (rg, 00), then they will
remain regular on Q also, i.e. at r = r1; and thus we can integrate the field equations
out arbitrarily far and the field variables will remain regular. We note that this proof
is completely independent of which basis we use, and so does not depend on our model
being a regular model in the sense of [17,35].

First we recall that ,(, G, P > 0, so that m/(r) > 0 Vr and thus m(r) is monotonically
increasing, as expected. The same applies to (In|S(r)|)’, showing that In|S(r)| and
hence S(r) is monotonically increasing too. This means that (if the limits exist),

Mumax = sup{m(r)|r € Q} = m(ry), Smax = sup{S(r)|r € @} = S(r1). (198)



FExistence of solutions to reqular topological dyonic adS EYM theories 49

The condition p(r) > 0Vr € [rg,00) gives us our starting point, since with (149) this
implies that

kry 13
max S 5 199
" 2 o (199)
giving us an absolute upper bound to work with — for £ = —1, the minimum event

horizon radius (155) means that the right-hand side of (199) is non-negative. Therefore,
both m(r) and u(r) are bounded on Q. This means that My, exists, and for later use
we define jipy, = inf{u(r)|r € Q}.

Next we examine (34a). It is clear that

/ 2¢
2m'(r) > 2uG + 57 (200)

and integrating, we can show that

2(m(ry) — m(ro)] / (2G S ) . (201)

Hmin ,LLZS2

0

which implies that In |S| and hence S is bounded on Q, so that S,,., also exists. It also
implies that G is bounded on Q, and since

26 = W | (202)

then again by integrating and using the Cauchy-Schwartz inequality, we obtain

T1 2

1 T1 2
[ 2= fiweipar = ( fiwtiar | = (] -] ) )
To o

T0

The left-hand side of (203) is bounded and the right hand side is a sum of positive
terms, and so ||W, | and hence W, , F and P are all bounded on Q.

In the same fashion,
: r’n
m(r) > S (204)

so that o
s =00 s (o, — AT, (205)

2
T

(where we recall that the right-hand side of (205) is positive because A is purely
imaginary) so that it is obvious that A is bounded on Q.



FExistence of solutions to reqular topological dyonic adS EYM theories 50

Finally, we take the gauge equations. We may rewrite (35) as
SF 1

(nSW)' =~ -zt F[A’ [A, WL,
2\ 1 (206)
—A) == A, W_]].
(54) = gl
Integrating and rearranging gives
/1 SF
swi)| = Gusw)| v f <M—S[A, AW, _T_Q) .
o (207)
2 2
Y] UV 1
— Ay, = A= — A, W_]]dr.
S = @A+ [ oW (AW Jar

T0

The right-hand sides of both equations in (207) contain only bounded functions, so we
can finally conclude that T/Vjr and A’ are bounded on Q. Hence, all field variables are
bounded on Q, and if we choose r; arbitrarily large, we may consider ourselves in the
asymptotic regime. O

6.3. Global existence of solutions in a neighbourhood of embedded solutions

One of the major results of this paper is the following theorem. The gist of it is that
global solutions to the field equations (34), (66), which we have proven are uniquely
characterised by the appropriate boundary values and analytic in those values, exist in
open sets of the initial parameter space; and thus that solutions which begin sufficiently
close to existing solutions to the field equations will remain close to them as they are
integrated out arbitrarily far into the asymptotic regime, remaining regular throughout
the range. It can be noted that this argument is extremely similar to those we have
crafted for su(N) cases [15,33], but we give the full proof anyway.

Theorem 17 Let us fix 1, (for black holes only) and ¢, and define ro = ry, for black
holes and ro = 0 for solitons. Assume we have an existing solution of the field equations
(34) and (66), with each gauge field function w;(r) possessing n; nodes each, and with
gauge field values R = {&;,,w;n} for black holes or R = {zzj,ﬁj} for solitons, with
jg=1,..,L, atr =ry. Then all initial gauge field values in a neighbourhood R will also
give a solution to the field equations in which all the gauge field function w;(r) also has
n; nodes.
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Proof Assume we have an existing solution to the field equations (34) and (66), where
each w;(r) has n; nodes. This solution will have p(r) > 0 for all » € [rg,00). From
its set R of initial conditions, Proposition 16 shows that as long as u(r) > 0 we may
integrate this solution out arbitrarily far into the asymptotic regime, which according
to and Section 5 will remain regular and satisfy the boundary conditions as r — oo.

From the local existence results (Propositions 13, 14), we know that for any set of
initial values R there is a solution locally near r = r(, and that all such solutions are
analytic in R. By analyticity, all sufficiently nearby solutions will have u(r) > 0 for all
r € Q = [rg,m1] for some r = 7 with 7y < r; < co. By Proposition 16, this nearby
solution will also be regular on Q.

Now, we let r; >> rg so we are in the asymptotic regime. If r; is large enough, then
m(ry)/r << 1 for the existing solution. Let R be a different set of initial conditions
in some neighbourhood of R for gauge fields @, £;; and let 7 (r) be the mass function
of that solution. By analyticity, ji(r) > 0 for all r € Q, so the nearby solution will also
be regular on Q.

Also m(ri1)/r1 << 1 again due to analyticity, and since r, >> 1y we are in the
asymptotic regime. If r; is large enough (and hence 7 is very small), the solution
will not move very far along its phase plane trajectory as we take r; — oo. Hence,
m(r)/r remains small, the asymptotic regime remains valid. According to Proposition
15 and Section 5, the solution will reach one of the existing sets of arbitrary asymptotic
boundary conditions. Therefore the solution evolved from R will be globally regular,
exist locally as r — oo, and the gauge functions w; will still each have n; nodes.OI

Corollary 18 Nodeless non-trivial solutions to the field equations, i.e. for which
wi(r) # 0Vr, exist in some neighbourhood of existing trivial SadS solutions, and
embedded su(2) solutions (76), described in Section 3.3.1. We emphasise that the
functions &; are guaranteed by Section 6.1 to have only one zero, at r = ry.

6.4. Existence of solutions in the large |A| limit (¢ — 0)

We have concentrated on finding nodeless solutions largely because in the case of su(V),
it is known [22,24] that nodelessness is necessary (but not sufficient) for stability.
However it is also seen that another necessary condition was that the absolute value of
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the cosmological constant |A| — oo, so that the gravitational sector was stable. Also,
numerical results show that as IV gets larger, the initial value space for regular solutions
shrinks, but for |A| — oo, all solutions are nodeless [15,46,47]. Therefore, we finish
this work by proving that nodeless black hole and soliton solutions can be found in the
limit [A] — oo, i.e. as £ — 0.

The strategy is this: We transform to new field variables to find a unique solution to
the equations for ¢ = 0, being careful to take this limit correctly. We note that we only
need transform the results of Proposition 15 into our new variables, and show that the
arguments used in Section 6.3 may be easily adapted to serve in a neighbourhood of
¢ — 0. We finally emphasise that we cannot prove the existence of global non-trivial
solutions for ¢ = 0, since in that case the asymptotic variable we used in Section 5 (and
here) becomes singular.

Theorem 19 For fized 1y, there exist non-trivial solutions to the field equations (34),
(66), analytic in some neighbourhood of ¢ = 0, for any choice of boundary gauge
field values given by {W+(Th),E/+(rh)} (or alternatively, in the_lzase (172), {wjvh,é'jlh},
j = 1,.,L) for a black hole, or for a soliton, {W,(0),E (0)} (i.e. {u; v},
j=1,..,L).

Proof In the purely magnetic case, we let m = mf? and W, = \%Xi. In that case, we
found the unique solution to the field equations m(r) = r}/2, w;(r) = w;p, S = 1. In
this case, we may note that the purely magnetic solution will satisfy the dyonic system
if and only if we also have &, = 0 (Va € X); so we merely append &, = 0 to the purely
magnetic solution and it is clear that we have a (trivially) dyonic solution. Using the
usual basis for W, (r) (51) and E, (52), the solution is therefore

m(r) = = S(r)=1, Wa () = Wah, Ea(r) =0, (208)

for all r and for all & € ¥. We note that this is identical to the su(N) case, and we
treat it similarly. We reprise Proposition (15) with a change of variables:

A=\ m = ml?, i = pl?. (209)
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Then equations (185) are altered to

ds a

Za = 224 (H'U+H2S + /12524.(14’ W+)> )

d\ Clvo? €46(A7 W) 2 7 2.2 1.3 v I?

z%_—ZZ(— 2 + Msz +€P(W+)+(k£2 — Az +1)T s

d 1 1 . ; 20%2°

2 o (1) (FE s (A2 - 2P+ S ) )
dz iz iz S?
duy AW L

= <—z4\|v+\|2 T o | Ey(A,WJr)-

(210)

The terms involving ¢ are O(z) or higher, so that the argument given in Section 4.3
carries across unchanged. Thus for arbitrarily small ¢, we may find solutions that exist
locally in the limit r — oo.

The argument that proves that non-trivial black hole solutions exist globally in this
regime is very similar to Proposition 17. We fix ry, take the existing trivial solution
(208) (with initial conditions {w;;} non-zero in general), and consider varying {w;},
and varying both ¢ and {£],} away from zero. Note that for the embedded solution
(208), all magnetic gauge fields will be nodeless. We choose some r; >> 7, so that
we can consider r; in the asymptotic regime. Propositions 14 and 16 imply that for ¢
sufficiently small we may find new solutions near the trivial solution, which will begin
regularly near r = 7, and remain regular throughout (rj,71]. Once we are in the
asymptotic regime, we can use Section 5 to prove that: the solution will remain regular
as r — o00; that all w;(r) will be nodeless; and given that &£;(r) are all positive and
monotonic, that all the &;(r) will likewise be nodeless for r > r},.

The corresponding argument for solitons is similar in form to that for black holes, and
as in the purely magnetic case, we must be careful about how we take the limit ¢ — 0
due to the unboundedness here of the parameter 7 = ¢r~! that we used for black holes
— hence we take the co-ordinate x = ¢~!'r. Again we use the unique solution obtained
in [36] and append &; =0, i.e. 1%- =0, giving

m(z) =0, S(x)=1, ¢;(z)=0, ﬂj(x):ﬂj{gFl (LH ﬁ'2Hj+1;—x2)},

2 727 2
(211)
for all = and for all j € {1,..., £}, and {k;} being the sequence of integers defined in

Section 4.1.2, which integers depend on the group G.
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We proceed in a very similar fashion to the black hole case. We fix r,, take the existing
solution (211) with arbitrary @; Vj, and consider varying {a; }, varying ¢ away from
0, and varying {@E]} away from 0. Note again that for the embedded solution (208),
all magnetic gauge fields will be nodeless. Following identical logic to the black hole
case, we choose r; >> 0, so that Propositions 13 and 16 confirm that for ¢ and {772]}
sufficiently small we can find solutions near the existing unique solution which will begin
regularly near r = 0, remain regular until the asymptotic regime (by Section 5), and
meet up with regular boundary conditions at infinity. Furthermore, these neighbouring
solutions will once again have w;(r) # 0 Vr, and &;(r) # 0 Vr > 0. O

It is finally worth noting that in varying &; away from 0, we are requiring that these
solutions have a small electric field; the magnetic field, as in the purely magnetic case,
is more arbitrary.

7. Conclusions

The purpose of this work was to investigate global solutions to 4D static adS EYM
equations, for topologically symmetric black holes and solitons, with non-trivial electric
and magnetic sectors. We began by deriving the correct form for the connection and
metric in our case (Section 2). Then, we used these to derive the field equations in a
very general case, before reducing them down to the regular case (Section 3). We saw
that the equations reduced once more to looking similar to the su(/N) equations studied
in [33]. In Section 3.3, we found some trivial embedded solutions corresponding to
previously proven solutions from [7]. After that in Section 4, for each of the boundaries
r =0, r =r, and r — oo in turn, we analysed the boundary conditions, and then used
a well-known theorem of differential equations (Theorem 3) to establish the existence
of solutions close to each boundary which are analytic in their boundary values.

We proceeded by ‘stitching’ the solutions together, using a series of proofs which showed
that if we begin a solution with some arbitrary boundary values at the event horizon
(or the origin for solitons), then we may continue to integrate the solution into the
asymptotic regime, and it will remain regular (Section 6.2). Proposition 15 implied that
solutions will exist near infinity that the evolved solution will match up to, confirming
results from 4 concerning the lack of constraints on the boundary conditions here. To
finish the proof of global solutions, we argued in Section 6.3 that given the analyticity of
the boundary values, any solution which starts sufficiently nearby a trivial/embedded
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solution will stay nearby it into the asymptotic regime, where it will remain regular and
represent a new non-trivial solution. Importantly for later work, this nearby solution
will have all w;(r) nodeless for all r, and all £;(r) nodeless for all © > r, (or r > 0
for solitons). Finally, using appropriate variable changes, we gave a similar argument
which establishes the existence of nodeless solutions in the regime |A|] — oo (Section
6.4).

The main result in this paper is the proof of the existence of non-trivial global
nodeless solutions to 4D dyonic adS EYM theories for semi-simple, compact and simply-
connected Lie gauge groups, both in neighbourhoods of existing (embedded) solutions
and in the regime where |A| — co. This is not an unexpected result, but it is a nice
one, since the author believes this represents the most general model of 4D static adS
EYM systematically studied to date. The fact that this regular case bears similarity to
the su(N) model is handy; the main difference between the regular su(N) and general
cases is the Cartan matrix used. This means that while numerical results for other
Lie groups will in general be different to those discovered for su(N) [15, 16, 46, 47],
they should bear some structural similarities to the su(N) case — certainly we expect
solutions to be found in continuous bands in the initial value space (possibly given some
bounds on the values of A and r,), also giving hope that some of these solutions will be
stable since perturbed solutions may be able to find nearby regular boundary values.
This may form the subject of a future investigation.

There are a few more natural extensions this work suggests. Bizon’s “no-hair” theorem
[1] states that, “In any given matter model, a stable black hole is characterised by a
finite number of unique charges”. In addition, the solutions we found were nodeless,
which in the purely magnetic su(N) case [24] and the dyonic su(2) case [22], was a
necessary requirement for stability, as was |A| — oo. In light of the ‘No-hair’ theorem
and these facts, this suggest a stability analysis is necessary — however, in su(2) the lack
of an obvious simplifying global gauge meant the system was extremely intricate [22]
and proving stability will be exceptionally difficult, so an investigation of the linear
stability of the su(/N) dyonic system might be a better, if almost equally difficult, first
step.

Also, it is known that topological dyonic su(/N) models are a good model for holographic
semiconductors via the adS/CFT correspondence, which states that gravitational
results in adS can be translated into QFT results on the (Minkowski) boundary. It
is interesting to wonder whether this larger class of models also has applications to
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condensed matter physics. Finally, it would be of great interest to know if this work
could be used at all in the investigation of the Black Hole Information Paradox, in
light of some of Hawking’s recent comments [32] on how black hole hair may be used
to resolve the problem of information loss in black hole spacetimes. Such questions
provide ample possibilities for future research.

References

[1] P Bizon. Colored black holes. Phys. Rev. Lett., 64:2844-2847, 1990.

[2] R Bartnik and J McKinnon. Particle-like Solutions of the Einstein-Yang-Mills equations. Phys.
Rev. Lett., 61:141-144, 1988.

[3] W Israel. Event Horizons in Static Vacuum Space-Times. Physical Review, 164:1776-1779, 1967.

[4] W Israel. Event horizons in static electrovac space-times. Comm. Math. Phys., 8(3):245-260,
1968.

[5] W Israel and S Hawking. 300 years of Gravitation. Cambridge Uni Press, 1987.

[6] P Breitenlohner, P Forgacs, and D Maison. Static spherically symmetric solutions of the Einstein-
Yang-Mills equations. Comm. Math. Phys., 163(1):141-172, 1994.

[7] E. Winstanley. Existence of stable hairy black holes in su(2) Einstein-Yang-Mills theory with a
negative cosmological constant. Class. Quant. Grav., 16(6):1963-1978, 1999.

[8] L Vanzo. Black holes with unusual topology. Phys. Rev. D, 56:6475-6483, 1997.

[9] R B Mann. Topological Black Holes — Outside Looking In. Annals Israel Phys. Soc, 13:311-341,
1997.

[10] R-G Cai and Y-Z Zhang. Black plane solutions in four-dimensional spacetimes. Phys. Rev D,
54(8):4891-4898, 1996.

[11] Y Brihaye, E Radu, and D H Tchrakian. Asymptotically flat, stable black hole solutions in
Einstein—Yang-Mills—Chern-Simons theory. Phys. Rev. Lett., 106(7):071101, 2011.

[12] Y Brihaye, A Chakrabartia, and D H Tchrakian. Particle-like Solutions to Higher Order Curvature
Einstein-Yang-Mills Systems in d Dimensions. Class. Quant. Grav., 20:2765-2784, 2003.

[13] L G Yaffe. Static solutions of SU(2)-Higgs theory. Phys. Rev. D, 40(10):3463-3473, 1989.

[14] E Winstanley. Dressing a black hole with non-minimally coupled scalar field hair. Class. Quant.
Grav., 22:2233-48, 2005.

[15] J E Baxter and E Winstanley. On the existence of soliton and hairy black hole solutions of
su(N) Einstein-Yang-Mills theory with a negative cosmological constant. Class. Quant. Grav.,
25(24):245014, 2008.

[16] J E Baxter and E Winstanley. Topological black holes in su(N) Einstein-Yang-Mills theory with
a negative cosmological constant. Phys. Lett. B, 753:268-273, 2016.

[17] T A Oliynyk and H P Kiinzle. Local existence proofs for the boundary value problem for static
spherically symmetric Einstein-Yang-Mills fields with compact gauge groups. J. Math. Phys,
43:2363-93, 2002.

[18] H P Kiinzle and T A Oliynyk. On all possible static spherically symmetric EYM solitons and
black holes. Class. Quant. Grav., 19(3):457-482, 2002.



FExistence of solutions to reqular topological dyonic adS EYM theories 57

[19] O Brodbeck and N Straumann. Self-gravitating Yang-Mills solitons and their Chern-Simons
numbers. Jour. Math. Phys., 35(2):899, 1994.

[20] J Bjoraker and Y Hosotani. Stable monopole and dyon solutions in the Einstein-Yang-Mills theory
in asymptotically anti-de Sitter Space. Phys. Rev. Lett., 84:1853-6, 2000.

[21] B C Nolan and E Winstanley. On the existence of dyons and dyonic black holes in Einstein-Yang-
Mills theory. Class. Quant. Grav., 29(23):235024, 2012.

[22] B C Nolan and E Winstanley. On the stability of dyons and dyonic black holes in Einstein-Yang-
Mills theory. Class. Quant. Grav., 33(4):045003, 2016.

[23] G Lavrelashvili and D Maison. A Remark on the Instability of the Bartnik-McKinnon Solutions.
Phys. Lett. B, 343(1-4):214-217, 1995.

[24] J E Baxter and E Winstanley. On the stability of soliton and hairy black hole solutions of su(N)
Einstein-Yang-Mills theory with a negative cosmological constant. J. Math. Phys, 57:022506,
2016.

[25] J J van der Bij and E Radu. New hairy black holes with negative cosmological constant. Phys.
Lett. B, 536(1-2):107-113, 2002.

[26] J E Baxter. On the existence of topological hairy black holes in su(N) Einstein-Yang-Mills theory
with a negative cosmological constant. Gen. Rel. Grav., 47(1):1829, 2015.

[27] J M Maldacena. The Large N Limit of Superconformal Field Theories and Supergravity. Adv.
Theor. Math. Phys., 2:231-52, 1998.

[28] E Witten. Anti De Sitter Space And Holography. Adv. Theor. Math. Phys. 2:253-291, 1998.

[29] R-G Cai, L Li, L-F Li, and R-Q Yang. Introduction to Holographic Superconductor Models.
Science China Physics, Mechanics & Astronomy, 58(6):1-46, 2015.

[30] S H Hendi, N Riazi, and S Panahiyan. Holographical aspects of dyonic black holes: Massive
gravity generalization. Annalen der Physik, 530(2):1700211, 2016.

[31] Subir Sachdev. Strange and Stringy. Scientific American, 308(1):44-51, 2013.

[32] S W Hawking, M J Perry, and A Strominger. Soft Hair on Black Holes. Phys. Rev. Lett.
116:231301, 2016.

[33] J E Baxter. Existence of topological hairy dyons and dyonic black holes in anti-de Sitter SU(N)
Einstein-Yang-Mills theory. J. Math. Phys., 57(2):022505, 2016.

[34] H P Kiinzle. Analysis of the static spherically symmetric su(N) Einstein-Yang-Mills equations.
Comm. Math. Phys., 162:371-97, 1994.

[35] O Brodbeck and N Straumann. A generalized Birkhoff theorem for the Einstein-Yang-Mills
system. J. Math. Phys., 34(6):2412-2423, 1993.

[36] J E Baxter. On the global existence of spherically symmetric hairy black holes and solitons in
anti-de Sitter Einstein-Yang-Mills theories with compact semisimple gauge groups. Gen. Rel.
Grav., 48:133, 2016.

[37] H C Wang. On Invariant Connections over a Principal Fibre Bundle. Nagoya Math. J., 13:1-19,
1958.

[38] S Kobayashi and K Nomizu. Foundations of Differential Geometry. Wiley (New York), 1963.

[39] R Bartnik. The structure of spherically symmeric su(N) Yang-Mills fields. J. Math. Phys.,
38:3623-3638, 1997.

[40] R Bartnik. The spherically symmetric Einstein Yang-Mills equations. Relativity Today (Z. Perjes,
ed.), Tihany, Nova Science Pub., pages 221-40, 1989.

[41] Jet Nestruev. Smooth Manifolds and Observables. Springer Science & Business Media, 2003.

[42] A Mal’cev. Commutative subalgebras of semi-simple Lie algebras. Izv. Akad. Nauk SSSR Ser.



FExistence of solutions to reqular topological dyonic adS EYM theories 58

Mat., 9(4):291-300, 1945.

[43] E B Dynkin. Semisimple subalgebras of semisimple Lie algebras. Jour. Mat. Sb. (N. S.),
30(72):349-462, 1952.

[44] O Brodbeck and N Straumann. Instability proof for Einstein-Yang-Mills solitons and black holes
with arbitrary gauge groups. J. Math. Phys., 37:1414-1433, 1996.

[45] E A Coddington and N Levinson. The theory of ordinary differential equations. McGraw-Hill,
New York, 1955.

[46] J E Baxter, M Helbling, and E Winstanley. Abundant stable gauge field hair for black holes in
anti-de Sitter space. Phys. Rev. Lett., 100(1):011301, 2008.

[47] J E Baxter, M Helbling, and E Winstanley. Soliton and black hole solutions of su(N) Einstein-
Yang-Mills theory in anti-de Sitter space. Phys. Rev. D, 76(10):104017, 2007.



