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ABSTRACT: We study static black hole solutions with locally spherical horizons coupled to
non-Abelian field in /' = 4 Chern-Simons AdS5 supergravity. They are governed by three
parameters associated to the mass, axial torsion and amplitude of the internal soliton, and
two ones to the gravitational hair. They describe geometries that can be a global AdS
space, naked singularity or a (non-)extremal black hole. We analyze physical properties of
two inequivalent asymptotically AdS solutions when the spatial section at radial infinity
is either a 3-sphere or a projective 3-space. An important feature of these 3-parametric
solutions is that they possess a topological structure including two SU(2) solitons that wind
nontrivially around the black hole horizon, as characterized by the Pontryagin index. In
the extremal black hole limit, the solitons’ strengths match and a soliton-antisoliton system
unwinds. That limit admits both non-BPS and BPS configurations. For the latter, the pure
gauge and non-pure gauge solutions preserve 1/2 and 1/16 of the original supersymmetries,
respectively. In a general case, we compute conserved charges in Hamiltonian formalism,
finding many similarities with standard supergravity black holes.
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1 Introduction

Chern-Simons (CS) supergravity [1] provides an excellent theoretical laboratory to investi-
gate many theoretical aspects of gravitational physics, including black holes. In particular,
when formulated about five-dimensional anti-de Sitter (AdSs) space, the theory gives a
tractable model to study the effects of introducing higher-curvature terms in the context
of the AdS/CFT correspondence. On the one hand, in contrast to other theories involv-
ing higher-curvature terms, CS theory is of second order. On the other hand, lacking of
local degrees of freedom when linearizing about AdSs, it happens to evades the standard
causality bound arguments coming from AdS/CFT [2], cf. [3-5].

The theory is defined by considering the five-dimensional CS action for a supergroup
that includes the four-dimensional conformal group SO(2,4) as a part of its bosonic com-
ponents. A simple example of such a supergroup is given by SU(2,2|N), cf. [6]. This
construction yields a gauge field theory that, when expressed in the appropriate variables,
takes the form of a higher-curvature theory of gravity coupled to additional fields. The lat-
ter fields represent the matter content of the theory, and they typically consist in fermions
and gauge fields that are associated to the other fermionic and bosonic generators of the
supergroup, respectively. In spite of containing quadratic-curvature terms in the gravi-
tational part of the action, the field equations of the theory are of second order, which
follows from the fact that CS gravity is a particular case of Lovelock theory. This makes
the theory free of ghosts and tractable analytically. In fact, many sectors of the solu-
tion space of the CS (super-)gravity theory can be explicitly worked out. This includes
black holes [7-10], wormholes [11], geometries with anisotropic scale invariance [12, 13],
pp-waves, and many other interesting geometries [14]. The existence of such a diversity
in the configuration space is somehow associated to certain degree of degeneracy that the
theory exhibits, which relates to its peculiar dynamical structure [15, 16].

AdSs black hole solutions in CS supergravity have been explicitly constructed, for
instance, in references [17-20]. In particular, in [18], charged AdSs black hole solutions
were studied for the case of the supergroup SU(2,2|N), which is the minimal supergroup
containing AdSs x U(1) configurations. For this model, asymptotically locally AdSs black
hole solutions carrying U(1) charge were explicitly found. It was shown that non-vanishing
torsion is necessary for the U(1) to be present, with the coupling of torsion being realized
by an operator that resembles that of the universal axion of string theory. Here, we will
generalize the construction of [18] by studying spherically symmetric black hole solutions
coupled to non-Abelian field in /' = 4 CS AdSs supergravity. These solutions are charac-
terized by five different parameters, including the axial torsion coupling. In particular, we
will construct BPS black hole configurations, along with other solutions. We will compute
the topological charges of the solutions as well as the conserved charges, yielding the black
hole mass spectrum.

The field content of CS supergravity differs from that of standard supergravity. In the
former, all the fields, including the ones associated with the gravity sectory, namely the
vielbein e?, the spin connection w®, and the gravitino 1), are gauge components of a Lie
algebra-valued gauge connection. However, for the sake of simplicity and interpretational



purpose, hereafter the term ‘gauge field’ will mainly be reserved for the part of the CS gauge
connection associated with an internal symmetry fields: the SU(N') non-Abelian field A®
and the U(1) gauge field A. The latter field, to which we will refer as U(1),, becomes
strongly coupled in the case with N' = 4 supersymmetries, and thus we will mainly focus
on solutions uncharged under it.

Despite the difference with standard supergravity, CS theory presents many similarities
with it. For instance, as in standard supergravity, the Bogomol’'nyi-Prasad-Sommerfield
(BPS) bound appears as a no-force condition, a sort of balance between gravitational and
gauge fields interactions. More precisely, the black holes we will construct here are dressed
with a topological structure that can be thought of as the presence of two SU(2) solitons
winding nontrivially around the event horizon. This is captured by the Pontryagin index.
In the limit in which the black holes become extremal, limit that includes both non-BPS as
well as BPS configurations preserving 1/2 and 1/16 supersymmetries, the soliton-antisoliton
system unwinds. This can be regarded as the no-force phenomenon and it is expressed by
the topological charges of the solution. As said, the BPS black holes are a particular case
of extremal configurations, so presenting vanishing Hawking temperature.

The paper is organized as follows: in section 2, we review CS AdSs supergravity, we
present our conventions and collect formulae that will be used in the rest of the paper. In
section 3, we present the general ansatz for the black hole solutions we want to construct.
We discuss different fibrations and topologies for the horizon, as well as the variety of
torsion field configurations supporting the solutions. In section 4, we construct black holes
with non-Abelian charges, generalizing previous works and, in particular, the solutions
studied in [18]. In section 5, we study BPS solutions. We explicitly solve the Killing
spinor equations and show that black holes preserving supersymmetries can be constructed
analytically. In section 6, we discuss the global properties of the solutions and we compute
the topological charges associated to them. We compute the black hole mass spectrum and
we perform a comparative analysis with other black hole solutions found in the literature.
Section 7 contains our conclusions, while a series of appendices contain formulae and details
of the calculations.

2 Chern-Simons AdS supergravity in five dimensions

Chern-Simons (CS) AdS supergravity in five dimensions is a gauge theory described by
the action [21]

i 1 1
I[A] :k;/L(A):”’C <AF2A3F+A5>,
) 3 2 10

1
sz%(F/\F/\F>:§gMNKFM/\FN/\FK, (2.1)

invariant under SU(2, 2| V'), which is the supersymmetric extension (with A/ supersymmetry

generators) of the AdSs isometry group SO(2,4) ~ SU(2,2). The real number k gives the
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gravitational constant. More precisely, k = {p/¥ controls the Planck length ¢p relative



to the AdS radius ¢. Hereafter, we omit writing the wedge product A between the forms
for short.

The supertrace is defined through the symmetric invariant tensor (antisymmetric for
fermionic indices) of rank three,

i
gunk =1(GuGNGE) = 3 STr ({Gum, GnN} GK) , (2.2)

with the generators
Gy = {JABaGAaGluQ?aQZ} - (2.3)

Here, J 45, Ga, G are the 15 + N2 generators of the bosonic part of the superalgebra,
SU(2,2) x SUWN) x U(1),, Q2, Q%, being instead the 8 odd generators. The index ‘¢’ in
the Abelian group is to distinguish it from other Abelian subalgebras within SU(N) that
will play a role in our discussion. AdS generators are the SO(2,4) ~ SU(2,2) generators
Jap = —Jpa, with A = (a,5) (e =0,1,2,3,4) and J,5 = P,. They can be represented
in terms of the gamma matrices with the matrix elements (I‘a)g, where o, 8 = 1,...,4
are spinorial indices in the fundamental representation of SU(2,2) as Jap = %F AB, With
I'ys =Ty and Ty, = % [[4,Tp]. On the other hand, the SU(N) generators G, can be
represented by A x N matrices 75, with the matrix elements (75 );, where s,u =1,...,N.
When N = 1, the internal generators are absent. The dimension of the superalgebra
SU(2,2|N) is ® = N? + 8N + 15, and from that A2 4 15 generators are bosonic and 8N
fermionic. The off-shell number of bosonic and fermionic degrees of freedom coincides only
when V' = 3 or N' = 5. Representation of all generators is given in appendix A and the
properties of the gamma matrices in appendix B.

The Lie algebra of the anti-Hermitian generators Gjs defines the structure constants

(G, GN] = fuifGr,  M,N,...=[AB] A1, (‘;‘) <3> : (2.4)

a

The non-vanishing (anti)commutators are [15]

[Jar,Jcp]l = napJIpc —npJac —nacIsp +necJap
(G Ga,) = fA1A2A3 Gy s

a A 1 U AB\ % «a A\ s saSU
{ S7QB}:Z(55 (r )/3 Jap— 35 (1 ) Gy +i8§0“Gy, (2.5)
and the mixed bosonic-fermionic ones,
1 . i 1 -
Jap, Q¢] = —5 (Tap)g Q7 [JAB,QZ] =5Q5 (Tap)l
[GA, Q2] = ()Y Q2 G, Q3] = -Qu (),
G1,Qs) = —ig Q2 (G1.Q3] =g Qs (2:6)

where ¢ = % — % is the U(1),-charge of fermions. We already see here that the case N' =4
is special; when A" = 4, the U(1), generator becomes a central charge of SU(2,2[4). Our
conventions related to the supersymmetry generators are

Q=[Q", Q=QTy=[Qu. {laTb}=2na. (2.7)



The metric 1., = diag(—,+, +, +, +) is mostly positive, and the SO(2,4) embedding metric
is NAB = dzag(—, +7 +7 +7 +7 _)
The fundamental field is a gauge connection 1-form, namely
1 _ _
A = A(z)dat Gy = 3 wABI A + ANGA +2Q% — Q2 + AG,
1 1 - _
= ;¢ Pat g wPT g+ ANGY +5QY — QEYS + AG. (2.8)

In our notation the generators are anti-Hermitean, and therefore the same applies for
the gauge field A = AMG,;. The fermionic part of the gauge field, ¥Q — Qu, forms

NG
an anti-Hermitean bilinear combination because the fermions satisfy (wQ) = Qy. The
corresponding field-strength is

F :dA+A/\A:<dAM—|-;fNKMAN/\AK> Gu

1 1 _ _
= TP, + 3 F®J o+ FAGA 4+ VY Qs — Q°V, + F Gy, (2.9)

with the components

1 1 - _
Fab — Rab 4 7 eeb — 3 ST, F = dA + i,
Fa5 = %T“ + %1/_;31““1/15 , Fy = Vs, (2.10)

FA = FA g (74)

where we defined the Riemann curvature 2-form R% = dw® + w A w, P, torsion tensor 2-
form T = de®+w? Aeb and the internal symmetry field strength F = FAG, = dA+AAA.
The group covariant derivative acts on the spinors as

1 1
Vips = (d +3 W™ g + o e“Fa) s — AN (T0)" Py + igA s . (2.11)

The symmetric invariant tensor gysyx has general form® [15]

1

JIAB[CD][EF] = 5 €ABCDEF ; g1 =3,
91[AB][CD] = OM[AB|[CD] » Iam)@)(3) = 1 (TaB)j oy, »
GA1AsAs = O VA1 AsAs 5 Ine)(5) = iv2 05 (Ta)y, -
G1A1 A9 = PYALAs » Gia)(3) = oGy, (2.12)

where the Cartan-Killing metric of the AdS group is npjcp] = nac MBD — NAD NBC With
nap = diag(nes, —1). The symmetric invariant tensors of SU(N') that appear in the CS
5-form Lagrangian are ya,n, = Tr(7a,7a,) and iya,a,ns = Tr (7a,74,7a4). Levi-Civita

1Compared to the notation of [15], the invariant tensor is guynvkx = iAmNK-



tensor in six-dimensional embedding space is defined by €upcdes = €abede- In terms of the
Lorentz indices, the bosonic components of the invariant tensor are

1
Yalbe][de] = 5 €abede 5

G1jab]jed] = ¢ (MacTbd — Madbe)
9lab = —QTap - (213)
The dimensionless coupling constants {«, 3, v, 0, p, A} are not independent, SU(2, 2|\) be-

ing a simple supergroup. Invariance of the tensor (D(A)gy vk = 0) establishes the local
supersymmetry when [15]

Wt -
_41’ 1 _1 4N

ﬁ:?—ma 1/1:57

p:N’ 7/2:_1

c=1, (2.14)

The only independent coupling, that defines the level of the CS action, is the gravitational
constant k.

On the other hand, the Cartan-Killing metric gyyny = (G Gy) of the supergroup is
given by eq. (A.5) in appendix A. When N # 4, the algebra su(2,2|\) is semi-simple
because the Cartan-Killing metric is non-singular. When N = 4, the U(1) generator
becomes the center (it commutes with other supergenerators, as given by (2.5)—(2.5)) and
the metric is such that g1 = 0. Thus, the supergroup becomes psu(2,2|N). Its bosonic
generators satisfy g1y = —% JMN -

Using the invariant tensor (2.12), the Lagrangian (2.1) can be written in components
in a covariant way. Focusing on the bosonic sector (15 = 0), we get

L= LG(ea w) + LSU(N) (‘A) + LU(l) (A7 €,w, A) ’ (215)

where, up to a boundary term, the gravitational Lagrangian has the form

1
Lo = — €4pede (RabRCdee +

302 504

2 1
Y, - RWefelet + — e“ebecedee> . (2.16)

Rewritten in the tensorial notation with Lg = d°z/—g Lg, we recognize the gravitational
Lagrangian density as the Einstein-Gauss-Bonnet AdS gravity [7]

1

;CG:—TKS

[R —2A + agp (R “PR,0p — AR"™ Ry, + RQ)} , (2.17)
with the fixed Gauss-Bonnet coupling constant agp = £?/4, known as the CS point. The CS
AdS supergravity can, therefore, be regarded as a supersymmetric extension of the Einstein-
Gauss-Bonnet AdS gravity in the CS point.? The cosmological constant A = —3/¢2 < 0

2Supersymmetric extension of the Gauss-Bonnet term with A’ = 1 and N/ = 2 in four dimensions has
been constructed in [22].



also has different form in terms of the AdS radius compared to General Relativity.® Note
that the limit agg — ¢%/4 is not continuous because the CS action has different local
symmetries and a number of bulk degrees of freedom than the Einstein-Gauss-Bonnet AdS
gravity with a generic coupling agp # £2/4.

The five-dimensional analog of the Newton constant Gy = ¢3/8k is read from the term
R/167Gy. In terms of the Planck length introduced after eq. (2.1), we have Gy o £3,. The
normalization of the Lagrangian is such that the dimensionless CS level k is proportional
to the ratio £3/Gx.

The gauge field Lagrangians, on the other hand, are given by

i 1 1
Levgy = 3 T (AJ—'Q S AF 4 10A5> ,

B 2 1 a
Ly, = 3 AF? = 15 | T°T, -

402 2 N

2
: R®Rg, — R“beaeb> At = FAF A, (2.18)
where the interaction is included in the U(1), part and A = A’7y.

The CS coupling for the U(1) field AF? is 3 given by (2.14), which vanishes for N’ = 4
and becomes negative for N' > 4. If, in spite of this, we consider the large N limit,
we find that the non-Abelian coupling FAFpA vanishes as p ~ 1/A, while the one of
U(1) goes as B ~ —1/AN? and it also vanishes. Therefore, in the large A limit of the CS
AdSs supergravity, the bosonic part of the action contains the gravitational and SU(N)
kinetic terms and the gravitational coupling with U(1), field. Gravitational dynamics of
this theory has been discussed in [18]. In addition, the whole supersymmetric part of the
action remains finite in this limit, both the kinetic term of the fermions and their interaction
with the gauge fields.

On the other hand, in the case N — 4, as mentioned before, the coefficient 3, which
appears in the first term of the Lagrangian Ly ), in (2.18), vanishes. This can, thus, be
regarded as a point where the U(1), field becomes strongly coupled. This will be relevant
for our discussion of BPS configurations.

The field equations have the form

SAM . Ev = gunkg FNFE =0, (2.19)

written here as 4-forms. The bosonic part of these equations in components reads

1 1
Se : Ea = 3 Cabede FYF — T F,
1 1
&Uab : Eab = 276 €abede FCdTe + 5 FoF,
1 2 1
SA : =2 (F“bFab -5 T“Ta> +BFF + 4 FAF,,
2
(5./4A : En = N FAF + ’)/AAlAQJTAlJrAQ . (2.20)
3In General Relativity (g = 0) the cosmological constant in D dimensions is A = —%D;Q)7 which

corresponds to A = —6/¢* when D = 5.



The first set of the above equations are the Einstein field equations augmented with higher-
curvature modifications and a coupling to torsion tensor. F® in those equations correspond
to the so-called AdS-curvature 2-form (see (2.10)), which vanishes for solutions that have
constant curvature locally.

3 Static spherically symmetric black hole ansatz

We are interested in static, spherically symmetric black hole solutions of the supergravity
theory described above. Consider the local coordinates x# = (t,r,y"™) on the spacetime
manifold M ~ R x I, such that I" corresponds to the four-dimensional spatial manifold
t = const with coordinates (r,y™), and ¥ defines the three-dimensional transversal section
t,r = const with local coordinates y"”. The corresponding coordinates on the tangent
bundle will be labeled by a = (0, 1,7), where i = 2,3, 4.

The most general static, spherically symmetric ansatz is given by the metric

ds? = —N?(r) f2(r) dt* + +72dQ?, (3.1)

dr
f2(r)
where f(r) is the metric function whose positive roots define the horizons location, and
N(r) is the lapse function. We choose the transversal line element rd€2 such that Q describes
a three-dimensional space of constant curvature locally,

dQ? = v (y) dy™dy™ = n;; €€, An = M5 E5,8 . (3.2)

The difference between the submanifold ¥, with the induced metric 72v,,,(y), and the
submanifold © endowed with the (intrinsic) metric Y, (y), is the radial fibration. When
Q) is maximally symmetric, its intrisic radius can be rescaled to 1, —1 or 0. Here, we
allow non maximally symmetric constant curvature configurations with more than one
scale factor, and not all the radii can be rescaled to the unit size at the same time. This
is why we keep the size of ) arbitrary in general. Possible geometries of the X section
discussed here have topologies with Q@ = M! x M! x M!, M! x M? or M3, where
each of maximally symmetric spaces M" € {R™ S" H"} can be locally flat, spherical or
hyperbolic, i.e., have zero, positive or negative intrinsic curvature constructed from the
metric of the submanifold M™. For example, we can consider 3 to be a compact space
H3 /Y, with T being a discrete subgroup of the isometries of the 3-hyperbolic space. On €,
the curvature R = %Rfjm dy™ Ady™ is associated to the metric 7,,,. Note that in general
the transverse space is not maximally symmetric. For example, S! x S? geometry breaks
the maximal isometry group SO(4) of ¥ to SO(2) x SO(3).

The five independent spherically symmetric components of the torsion tensor are*

T;ttr(T) =0, Trtr(r) =0, Thim = )N((T)’Ynm =0, Thrm = X(T)'Ynma Tomk = ¢(T) €Enmk -
(3.3)

“In order to have static spherically symmetric geometry, we impose the ansatz only on the metric and
torsion (field strength associated to P,), and not on the gauge fields. We will see that this is sufficient to
obtain BPS solutions.



We restrict the torsion tensor only to the cases where the first three components vanish
because other solutions involving these components have been discussed in [18]. In addition,
when ¢ = 0 and some of other torsional components are turned on, the Schwarzschild-like
black hole solution was found in [23]. In our case, we will keep ¢ non-vanishing, as it will
turn out that this is an important field for construction of BPS states for the black holes.
Therefore, for the solutions considered here at most the trace y and the axial torsion ¢
could contribute to the dynamics of the system.

On the transversal section Y, €,,% is a constant Levi-Civita tensor and &,,; is a
Y-covariant Levi-Civita tensor,

Enmk = \ﬁenmk’ ) Enmk = €nmktr - (34)

This summarizes our 6D, 5D and 3D Levi-Civita conventions (all with mostly plus signature
conventions) as

€abcde5 = €abede » €01ijk5 = €0lijk = €ijk »

6abcde5 _eabcde 6011,]]65 — _601z]k — Gmk

7 (3.5)

)

Q012345 _ 4

€012345 =

As regarding U(1), x SU(N) fields, their form is determined by equations of motion.
Namely, the BPS states are solitonic solutions, which are extended objects, and there-
fore they do not necessarily possess spherical symmetry. However, for simplicity, we will
consider only U(1), field components

Ay(r), Ar(r)=0, (3.6)

which are the ones that are compatible with the metric isometries. The radial component
is set to zero because it can always be written as total differential by redefinition of the
radial coordinate. The above ansatz is suitable when the spacetime topology does not
contain a S' factor which could, in principle, allow for a non-trivial winding of the U(1),
field around the circle.

Let us single out three types of transversal sections (3.2):

(7) Planar geometry allows the topologies S! x S! x S!, R? x S! and R3, and is given by
the flat metric

Yom =Omn, RY=0, k=0. (3.7)
(77) The 3-sphere S? of radius a has constant positive curvature
R =pgeé nNed k=L 50 (3.8)
9 a2 )
and 7y, depends on three angular variables. Changing the topology to the hyperbolic

one can be done by setting x < 0. The planar case (k = 0) has been included in the
previous point (3.7).



(7ii) Non maximally symmetric transversal section is M! x M?2. For example, if the
boundary topology is S' x S?, the maximal number (six) of isometries is broken to
four isometries. The coordinates can be chosen as y™ = (2,6, ) and (3.2) is given
by

A% = ay d22 + as (d92 + sin? 9dg02) . (3.9)

Here, the z ~ z + 27 direction is compactified on the circle S' of radius a1, and as

is the radius of the sphere S?, the curvature has only one non-vanishing component
0@ = 1/a3
2

It is worth mentioning that the classification above refers to local properties of the 3-
spaces, and that locally equivalent spaces that are constructed from the ones above through
identifications are also included.

Under these assumptions, and considering here only the cases (i)—(4i) (the case (i)
will be discussed elsewhere), we can write out the following vielbein and spin connection

1-forms,
d . ,
¢ =Ny, =7 “ere (3.10)
WO = F(Nf) dt, wlt=vé, Wi =l — peikg, '
where we introduced the definitions
flx—r) ¢
The torsion becomes
T = f}_ dr A é +rgpe]kej/\e (3.12)
and the AdS curvature reads
1 ! &
FOl = { — (f(Nf)') } dt Adr, FY = (1/ +> dr A& 4+ prve . e Ne
02 ’ 2f ik ’ (3.13)
FO = f[ (Nf) + ]dt/\ Fil = —g/é? drnek + 2 nél.
To simplify the expressions, we denoted
= r 2 2
:(T)Eﬁ—i—ﬁ—(p —ve. (3.14)

~10 -



The first two equations of motion (2.20) can be written in components as

1 o
E = 3 [ (V + EZf) — 21/90@'} € dr e’ glek

E =——= [I/(Nf)/ + ;2] e dt '€7er

= (1) ) s (v + ) (v 4 ) - S5 [ emarar 2

n

I
2o | [1]
N TN

_ i = A 5i5d sk
501—% 7= 2rg090>6”kdreee ,
501 = 07
]_ .
i = |:——;V <V(Nf)/ + ;;) + 5 V¢Ftr:| €ijk dtdr éjéku
2 1 ! 1
& = {_;‘P (52 - (f(Nf)’) ) + 5 Fir 5] dtdréé; . (3.15)

The last two equations in (2.20) give restrictions to the Abelian A and internal A" fields.
In particular, while the U(1),-gauge field in the static ansatz has vanishing Pontryagin
density, F'F' = 0, it is possible to have nontrivial contributions to £ from the non-Abelian
internal symmetry sector and from gravity. Substituting our ansatz (3.10) for the metric
and spin connection, we get for that equation of motion

1 L 1
E= 3 €ijh (cpl/z/ - Z—f - Ecp’) drételer + NG FAFy. (3.16)
The last equation that determines the dynamics of the internal symmetry gauge field,

Ex =0, in components read

dt : 0= 'YAA1A2-7: 1.7:A2 Nmnl
dr : 0= 7AA1A2~Ft 1,FA2 ~/mnl

T

dym . O = NFtT ‘FATLZ + ’7AA1A2 (‘Ftr .Fl - 2‘Ft I.FAQ):l %nl (317)

The equations (3.15)—(3.17) are valid for any A. As already noticed, the case N' =4
has vanishing coupling 8 = 0, but the chosen ansatz is such that F'F = 0, thus the only
term involving this coupling, SF'F, vanishes for any .

As usual in higher-curvature gravity, the solution space of the equations (3.15)—(3.17)
contains several independent branches with well-defined geometries (in the sense that the
metric does not contain arbitrary functions of the radial coordinate). Our goal is to find
one involving the internal non-Abelian fields that, at the same time, admits unbroken
supersymmetries. To this end, let us review the known solutions and discuss the existence
of the BPS states within them:

Global AdS space. Maximally symmetric, global AdS spacetime, with F4Z = 0, is a
particular solution of CS supergravity. It amounts to setting

T2

f2:n+£—2, (3.18)
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in the metric (3.1). It can exist with or without the addition of the U(1) x SU(N') matter
fields.

Without matter, the Killing spinors in the global AdS space have been constructed
in [19] based on the Killing spinor equation within a class of supergravities. They are
completely determined by the Killing spinors of the transverse section ¥, and for maximally
symmetric 3 they admit the maximum number of supersymmetries. Killing spinors have
been classified for complete, connected, irreducible Riemannian manifolds of Euclidean
signature in [24-26], and their geometric construction in homogeneous space-times has
been performed in [27]. In particular, the spinors on ¥ ~ S™ have been constructed in [28].

Global AdS space with the U(1), x SU(4) fields. In [16], the Killing spinors and
the %G—BPS state were constructed in the case of NV = 4, when the spacetime is globally
AdSs, such that

FAB =0, F#0, FM#o. (3.19)

The space has the planar S' x S' x S! topology (3.7) with x = 0, such that the isometry
group is broken as SO(4) — U(1) x U(1) x U(1), and the SU(4) group is also broken to
U(1) x U(1) x U(1). Because of w1(U(1)) = Z, the non-trivial central charge and the BPS
state are characterized by three integers, one for each coordinate y™ =~ y™ + 2.

Explicitly, the isomorphism SU(4) ~ SO(6) enables to represent the internal symmetry
generators Gy = {T;} with the 4 x 4 blocks 7y = {77s} in terms of an independent set of
the gamma matrices 775 = % ING, (I,J =1,...,6). The cancellation of different components
of F!7 is achieved along the Cartan subalgebra T x T34 x Tsg, with two non-vanishing
Abelian components of the field strength (subgroup of SU(4)), and also non-vanishing
U(1), field.

The Abelian fields appearing in this solution are not spherically symmetric (for exam-
ple, Frp, Finn # 0) and they describe a soliton. We expect similar feature to hold for the
Abelian and internal non-Abelian fields in the case of black holes.

Dimensionally continued black hole. Dimensionally continued black holes are exact
solutions of CS AdS gravity in odd dimensions D > 5 when the torsion vanishes [8]; the
BTZ black hole can be regarded as the case D = 3. They are characterized by the mass
M and, when coupled to the Maxwell field, by the electric charge Q. In pure CS gravity,
@ =0, and

) = 2

The spacetime topology is the one of the unit sphere, ¥ ~ SP~2. The AdS space corre-

~M, T*=0. (3.20)

sponds to a state of mass M = —1. The black holes solutions are separated by a gap of
naked singularities —1/a = —1 < M < 0 from the black hole solutions with M > 0. This
behavior of the solutions is similar to the one in D = 3 dimensions (i.e. BTZ black holes),
therefore the name ‘dimensionally continued black holes’.
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In sum, the solutions behave in the following way:

M >0 Black holes
M = Black hole ground state
—a% < M <0 Naked singularities

= —a% Global AdS space

In the list above, we introduced the radius a of the sphere SP~2 (compared to [8]); recall,
one can rescale a = 1. The scalar curvature behaves near r = 0 as
R (1 )(D—2)(D—3) D(D-1)

5+ M = - (3.21)

We see that the singularity at » = 0 is absent only in the global AdS space. The black hole
ground state with M = 0 is the smallest black hole and it has the horizon with zero radius.

Black hole solutions with zero horizon area (and then vanishing black hole entropy at
the supergravity level), are familiar in string theory, where they are called “small black
holes”. They are typically associated to string states and require, for finding the en-
tropy, a quantum attractor mechanism taking into account the presence of higher curvature
terms [29-31].

The BPS states exist only for the global AdS space (M = —1), as discussed in the
previous paragraph. In particular, the zero mass black hole is not supersymmetric [19].

U(1)4-neutral black hole with axial torsion. In absence of torsion, CS AdS gravity
is in fact a special case of Lovelock AdS gravity, whose exact spherically symmetric, static
solutions are dimensionally continued black holes. They do not admit BPS states if M # —1.
Addition of the axial torsion (¢#0, x=0) has been discussed in [17]. The solution is

2
f2:%2+br7M, p=20r", k=C2, (3.22)

where b is gravitational hair, an integration constant of gravitational origin different than
mass, charge or angular momentum. This kind of constants is known to appear in CS AdSs
gravity [17, 18], but it can also be found in New Massive Gravity in three dimensions [32],
or conformal gravity [33] in arbitrary dimension. In [17], the torsion field stabilises the
ground state black hole solution. Namely, it becomes a %—BPS state when b = 0, for
the spacetime with the (locally parallelized) S® topology, such that the transversal section
curvature is RY = C2 &' A &,

U(1),-charged black hole. Black hole solutions in the AdSs x U(1), sector with A* =0
were discussed in [18] for arbitrary coupling constants (not necessarily supersymmetric).
This branch of solutions is completely independent on the previous one, in the sense that
the latter is not a special case of the former, although both branches do share common
particular sub-cases. In case of the planar geometry (3.7) (where & = 0) and the torsion
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tensor with y¢ # 0, the general solution reads

f= %2+be : o=C, wv=ch, e=d%I,
r? eh
h=\l—C% r>1C, X:r<1+f). (3.23)
1 r?  br
A=A — —— | 5+ — h
¢ =0T 50t (122+ y tel ) ’
where Ag; is an integration constant. Note that p = M because k = 0. The potential
behaves as )
1+e (7 br 1
A=A —— | 5+ — - .24
0= Ao 2acz<£2+2>+0(r>’ 324
thus the electromagnetic field becomes divergent in the asymptotic sector, unless ¢ = —1.

The non-vanishing U(1), x AdSs field strength 2-forms (3.13) have the form

o — (7%2) _ 2) dt Ady®, FY = _T(KJ;hf) dr Ndy* — Ché',,, dy" ANdy™,
Y St | |
F = A drAdt, F’5:£lef£f dr Ady' + 7 C ey, dy A dy™

(3.25)
Note that the AdS curvature is divergent, Fi — oo, on two surfaces: on the horizon
r =ry (when f =0) and at r = ¢C' (when h = 0). It turns out that these points intro-
duce singularities in the torsional curvature invariants, but not in the Riemann curvature
invariants.
This solution does not admit Killing spinors in general.

4 Black hole solutions with the non-Abelian field

In this section we will add an SU(N) field to the solution. We consider the case where the
transversal space is isomorphic to the 3-sphere. Then equations (3.15)—(3.17) have at least
two branches of solutions, distinguished by the vanishing or not of the function
r? 2 _ .2
:(T)=H+ﬁ_¢ -V, (4.1)

introduced in eq. (3.14) (see, for instance, £1). Recall that, geometrically, in case of a
constant axial torsion ¢ = C, Z becomes the AdS field strength on the 3-sphere, as we can
see from the last of egs. (3.13).

We will analyze separately the two cases = = 0 and E # 0. From egs. (3.13) and (3.14),
it can be seen that this parameter geometrically represents the ‘magnetic’ components of
the AdS field strength caused by presence of non-axial torsion, similarly as ¢’ are ‘electric’
components (in radial foliation) due to existence of the axial torsion. In the case considered
in this section, the electric field-like contribution is vanishing, thus = = 0 and 2 # 0
distinguish, respectively, absence and presence of the AdS magnetic field on the spatial
boundary of the spacetime.

— 14 —



4.1 Branch with ==0

We assume that ¢ # 0 because it defines the axial torsion. Then the condition = = 0
determines the function v in terms of ¢ up to a global sign ¢ = £1 by means of (3.14).
One can show that taking v = 0 is in contradiction with &, and v # 0 leads to ¢’ = 0 in
order to satisfy &y, so that the solution is

[ 2
v=ch=c¢ Z—2+K—C2, p=0C, (4.2)

where C' is an integration constant. The remaining independent equations not involving
the internal non-Abelian field, &;; and &;, become

r

b
—20lCA; = (f+v)(Nf+v), F(INf) = PRIER (4.3)
We can distinguish three cases to determine the unknown functions A;, N and f.
1) When A} # 0, the solution is
+v (f4+vr b r b
A’:—f — 4 = NfY = —+4+~. 4.4
‘ 2a£Cf( y e?+2>’ JINFY =5 +5 (44)

These two equations are not enough to solve three radial functions. In absence of internal
non-Abelian fields, N(r) remains arbitrary. In that case, a radial evolution of the spacetime
geometry is not determined by initial conditions. Such “free geometry” has been observed
in Lovelock gravity [34], higher-order curvature theory that can have multiply degenerate
vacua and accidental symmetries that turn fields into non dynamical ones. Similar feature
has been noticed in CS AdSs supergravity with maximal number of spherically symmetric
torsional components [18] and in New Massive Gravity in [35]. In this work, we will not
consider these degenerate geometries.

When internal non-Abelian fields are added, there is an additional interaction with the
metric which could help to determine N. The only equation with such interaction is (see
last line in (3.17))

PA; Fanl = 0 YAA As (2}-{7\3}7{}2 - fﬁlfé\ﬁ) gmnt (4.5)
Therefore, to avoid a free geometry, the above equation together with (4.4) has to fully
determine A;, f and N. We expect that a U(1),-charged black hole with internal non-
Abelian fields would exist only when N # 4.

When N = 4, the U(1), field becomes non dynamical (a central extension in the
algebra) and the black hole is U(1),-neutral.

2) When 4; =0 and (Nf + v)" = 0, the solution reads

bot b2
A =0, Nf:—(€20+1/>, f:—<1+2r>1/, (4.6)
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or explicitly

2 2
f(r) = <1+M> 2—2—{—/{—02,

r

bot r2 2
L+ m+r-C
N(r)=—2_VE (4.7)

(1+%) Zf;—kn—C’??

where bg is another integration constant, conveniently normalized. Thus we have free
parameters {C, by, b}. The black hole horizon is determined by f(ry) =0, N(ry) # 0.
The gravitational hair modifies the metric through N # 1, since it behaves asymptot-

ically as
bo — b) 12
N~1+ (Om) . (4.8)
The metric describes asymptotically AdS space with gravitational hair,
2 b2€2
(fN)2 ~ %+b0T+Ii*C2+OT,
2 22
9 T 5 b
f Nﬁ‘f’bT"Flﬁ-C +T' (4.9)
3) Another nonequivalent =-neutral solution with A; = 0 is obtained when we take
f+v=0in (4.3), which yields
ebol bl r
A = =—v=—ch, N=1——+—1 - . 4.1
+=0, f v eh, 2y+2yn<l/+£> (4.10)

The expressions in this case involve the log terms in the metric functions N and fN when
b # 0, and the geometry does not describe any longer usual AAdS space. It has faster
fall-off when ¢ = —1 than when ¢ = 1. In particular, when b = 0, the space is AAdS,
but still it possesses the gravitational hair by # 0 that modifies its asymptotics. When
b = by = 0, we recover the solution with N = 1.

In the last two cases, 2) and 3), the internal non-Abelian field that satisfies equa-
tions (3.16) and (3.17) allows the static configuration

AN = AN (ryy), (4.11)
with the internal non-Abelian field strength without support on the transversal section,
FA=FAAt ndr 4+ FA, dr Ady™. (4.12)

An interesting case of the =-neutral solution corresponds to b = by = 0, in which case
the branches 2) and 3) coincide. Then, without the internal non-Abelian field, it becomes
a %—BPS state when xk = C2 [17]. We will show in section 5.3 that there is also a BPS state
that includes a pure gauge internal non-Abelian field.
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4.2 Branch with = # 0

To solve the equations of motion, we express N from & and require that the spacetime
has non-vanishing axial torsion. Then &;; implies A; = 0 and &;; enables to find f. The
solution is

A =0, f 13 (Nf) = —— (4.13)
= =—v — =——. .
¢ ’ 2r |7 V(2
On the other hand, &); and & present a system of equations in ¢ and v,
J+v_ / ( r T ) E ’
==2 — | —=2 . 4.14
o e’ [Vt @) F =29 (4.14)

Recall that the function Z(r) is given by eq. (3.14). Comparing the last equations leads to
a differential equation in v? that can be straightforwardly solved. The general solution is

. f . 7“2 . boﬁ
U——@, f— ﬁ"’bT‘FH—M, N_l_ﬁ
b2€2 b€2 b2£2_
2 _ C2_b£2u+—4 b2£4(7"+*3)(u+74 ﬂ) 1+b£2 (4.15)
7 2 ¥ 4 b2 )3 2r )’ '
: (r+2)

with the integration constants {C, by, b, u}. We will choose a sign of the axial torsion so
that sgn(y) = sgn(C).

When b # 0, the gravitational hair causes a non-trivial behaviour of the axial torsion
that tends to a constant value on the boundary at r — oo,

ch — C’2,
b2¢?2
4

whereas the second gravitational hair parameter by produces N # 1, such that asymptoti-

E—pu—C*t (4.16)

cally
bol?
N—->1———. 4.17
5y (4.17)
With addition of the gravitational hair, the spacetime acquires additional singular

terms at r = 0, as the Riemann scalar behaves near the singularity as

o 6(M +r)  3b(8Y/—M + 3bol)

R~ T 4.18

72 (2/ =M + bol)r (4.18)

where for by = 0 we recover eq. (4.25). Non-vanishing hair parameter by # 0 favors
naked singularities (M < 0), global AdS space (M = —1) and the ground state black hole

(M =0).

However, we have to set by = 0 in order to have finite N on the horizon.

Regarding the internal non-Abelian field contribution to the field equations (2.20), the
equation & implies that the non-Abelian Pontryagin term has to satisfy

I Ad%

pFAFy = a (zw Hib‘; + 2E<p/> eipdréteiet . (4.19)

2r
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In the general case with b # 0, ¢ # const., the above equation requires both F2A and FA
to be different from zero.

On the other hand, the solution with no gravitational hair (that is, with both b = 0
and by = 0, in which case ¢ = const. and N = 1) allows for a simpler but still non trivial
solution, where the internal non-Abelian field strength takes value only on the transverse
space Y. In this special case, f + v = 0 and = becomes a constant ‘charge’, with the

solution
r2
f=-v =h= E—Q—M, M=p—x>0, (4.20)
p=0C, b=0.

An additional feature of this particular solution is that it allows the torsion component
C to decouple completely from the functions v(r) and f(r), leading to a U(1),-neutral
and Z-charged black hole. Note that, unlike (3.23), now the metric function f = h does
not depend on the constant C. Furthermore, in this case the r.h.s. of (4.19) is zero so
we can choose F2A, = 0 to solve it. Then it is straightforward to prove that the internal
non-Abelian field equations (3.16) and (3.17) are solved. In consequence, F has support
only on ¥, namely

1
F =5 Fn dy™ Ay #0. (4.21)

4.3 The space of parameters of the black hole
All three solutions mentioned above, (4.7) and (4.10) (with Z = 0), and (4.15) (with = # 0),

have the space of the parameters characterized by, at most, four free parameters by, b,
and C'. The metric function is such that the horizons are defined by

2
r
flre)=0 = 7:;+Lri—M=o, (4.22)
where the mass parameter M and the value of L depend on the solution (M = C? — &,
L=0when E=0,and M =y — K, L =b when E # 0). The geometry has at most two
horizons r_ and r; > r_ of the form

ry =—LE+2p. L<0. (4.23)

The event horizon rp = r4 exists when the extremality parameter p is real:

—r 2 L2£2
pQZ(W) =M+~ >0. (4.24)

The black hole becomes extremal in the limit when the two horizons coincide, p = 0. Thus,
the extrThus, the extremality parameter is a measure of the deviation of the black hole
solution

emality parameter is a measure of the deviation of the black hole solution from its
ground state (the extremal case).
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Indeed, similarly to (3.21), in D = 5 the Riemannian scalar curvature of the solution

near r = 0 behaves as
- 6(M + k) _12L_20

~ — 4 4.2
R 73 ——amt (4.25)
showing a singularity when M + k # 0 or L # 0.
When p? > 0, the black hole temperature is
1 N(ry) (ry L>
T = — | N(f2) — — 4+ — 4.2
47 [ (f)L+ 2 <£2 +2 ’ (4.26)

and it becomes zero in the extremal case p = 0.

The cases where p? < 0, p> # —1 correspond to naked singularities, where an event
horizon hiding the singularity at » = 0 cannot be defined.

In the next section we will focus on the solution (4.20), with A" = 4 supercharges.

5 BPS states with the internal non-Abelian field

In this section we are interested in solutions with a standard asymptotically AdS space-
time (without gravitational hair (b = by = 0)) in the pseudo-Riemannian sector, and with
a gauge field in the internal symmetry sector. In that way, the torsional degrees of freedom
can modify the asymptotic behavior of the supercurvature, but its pseudo-Riemannian part
has the usual asymptotically AdS form.

We will focus in particular on the case N' = 4, that is with gauge supergroup SU(2, 2|4).
Then the U(1), generator becomes a central extension, making the corresponding field
A, non dynamical.” Moreover, as we will explicitly discuss after eq. (5.3), in this case
the odd generators of the superalgebra become U(1),-neutral, so that the U(1), charge
should not play a role while looking to BPS solutions preserving a fraction of the N/ = 4
supersymmetries. However, the U(1), field could have a non-trivial effect on topology [16],
but typically not in the spherically symmetric ansatz. It was shown in the previous section
that for spherically symmetric solutions, the time component A; of the U(1), gauge field
either vanishes (A; = 0), or it can produce non-physical configurations which require further
investigation. The last statement means that, when = = 0, it can become divergent on
the boundary, as in (3.24), and when = # 0, it allows free geometries (with the metric
containing arbitrary functions). It is worthwhile emphasizing that divergent fields on the
asymptotically AdS boundary are not a problem as long as energy and other conserved
charges are finite. For simplicity, we set A; = 0.

We seek for bosonic solutions of the field equations (1s,%* = 0) that are left invariant
under (globally defined) local supersymmetry transformations eg, € # 0. In general, gauge
transformations with the local parameter

1 _
A=A Gy = 5 MBI g+ AMGy + QY — Q3 + A Gy, (5.1)

®As mentioned before, when N = 4 the coefficient § vanishes and the U(1), field becomes strongly
coupled.
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act on the gauge field as
0A =DA =dA+[AA]. (5.2)

In particular, the supersymmetry transformations for any N read

1 1
deths = Veg = (d + 1 WPy + Y] e'T, + iqAG1> €5 — AA(TA);‘eu,

7.8 =3 s (9 1 a 1 ab . A-u s
0e)® = Ve' =€ (d—%e Fa—zw Fab+1qAG1>+A €“(Ta)s - (5.3)
In our case A" = 4 and the fermions are U(1)-neutral, ¢ = 1 — ﬁ =0, thus the U(1), field
drops out of the covariant derivative. In consequence, the bosonic BPS states satisfy the
Killing spinor equation
Seths = Ves = (d+ A — Ae, =0, (5.4)

where we denoted the AdS gauge field by

~ 1 1 1 1
A= 3 w®J 0 + 7 P, = 1 Ww®T 4 + 5 T, . (5.5)
Integrability condition. Applying once more the covariant derivative V over (5.4), we

obtain the integrability condition of the Killing spinor equation,

VVes=Fe, — Fled =0 = F%e = 7, (5.6)
where the AdS curvature reads

L1 1 1 1

= 3 F®3 .0+ 7 TP, = i F7,, + 5 T°T, . (5.7)

Unlike in standard supergravity, this condition — linear in the field strength — cannot
be expressed as a combination of the equations of motion which are quadratic in the field
strength, but it has to be satisfied on-shell. We will evaluate it for the asymptotically AdS
black hole, that means, without the gravitational hair. At first we will include all branches
with (vanishing or non-vanishing) =-charge,

b=1by =0,

(11
I

pw—C?. (5.8)
Recall that we also have the extremality parameter,
PP=u—r>0, (5.9)

where the negative values of p? do not correspond to black holes, and it is convenient to
introduce the third (dependent) parameter

[1]:

=E-p’=Kk-C?*<E. (5.10)

We will see later that, geometrically, the parameters = and Z characterize the on-shell field
strength (2.9) with support on X, restricted to SU(2) subgroups. In the extremal case
(p? = 0), the two parameters coincide, = = Z.
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Common features of all U(1),-neutral solutions without hair found in the previous
section are the following conditions on the fields

r
Ay=0, N=1, o=C, v=-—f, uu':ff'zg—z. (5.11)
In particular, in the extremal limit p — 0 we have
=2, that is pu— K,

so that f—>%.

(5.12)
Using the index decomposition a = (0,1,7) in (5.7) and plugging the above fields in the
curvature on-shell,

components of the AdS curvature (3.12) and (3.13), we find the general form of the AdS

A S 1

=5i50 T..
5 =€ e’ Jij,

(5.13)
where only the components on ¥ remain different from zero, and in the representation of
the gamma matrices they have the form

A . r 1 .
The consistency (5.6) of the Killing spinor equation with the AdS curvature (5.14) reads
0= (Frn — Fan)e, Frme=0, Fune=0, Fyue=0.

(5.15)
The equations in (5.15) can be satisfied in the extremal limit, in which the conditions (5.12)
hold, by taking the Killing spinors to be the eigenvectors of the I'y matrix:

Tie= e, A==+£1.

(5.16)
We then obtain the general on-shell conditions on the internal non-Abelian field F,, =
]-"ﬁ\l,G A and the spinor parameter e:

Frme =0,

Fime =0, Jire=0,

(5.17)
that have to be satisfied in order for the extremal black hole (with p? = 0 and f = 7) to
be compatible with the BPS condition (5.4).

The first term in (5.14) cancels out when acting on € only if A = —1. In the other case

A= +1, p> =0, then Fij has an extra contribution proportional to 2C'7 I';;.

The above conditions can be used to identify the subgroup of SU(4) to which F is
restricted. Let us now proceed with finding the Killing spinors.
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Static Killing spinor equation. Let us write out in components the Killing spinor
equation (5.4),
0=de+ Ae — Ae, (5.18)

for all static AdS black holes previously discussed, satisfying (5.11).
The on-shell AdS gauge field in these cases, corresponding to the AdS field
strength (5.13), is

~ r d¢ dr r o1 - .

—(Z hd p. et = (o ijk 5 -
A_<£J01+fPo>£+€fP1+<€PZ th>e+2(w Ce ek)JZ]

- il I 5 (o ijk -

= g o (LT e+ o T+ o D (1 4T é 4 (@7 = C et e) Ty, (5.19)

where in the second line we applied p? = 0 and therefore f = 7- We also assume a static
configuration of the spinor,
Oes = 0. (5.20)

From (5.18), the Killing spinor satisfies a system of partial differential equations taken
along dz* that, applying I';e = Ae, acquire the form

r
dt: 0:(>\+1)27€2F0€—At6,
A
L 0=+ —e— Ae, 21
dr 0 86+2T6 Ay e (5.21)
m . _ D pso 2 (A o ik s e
dy™: 0= 0ne+ (1+/\)2€erm—|—4(wm Ce ekm>1“w}e Amne.

Recall that &% is the intrinsic (torsioneless) spin connection of S% satisfying 7% = dé’ +
QM A €; = 0, so that it is a known function of é*. In contrast, the spacetime torsion 7%
and the supertorsion F'%, defined in (2.10), are non-vanishing.

A solution of (5.21) depends on the explicit form of the black hole, the eigenvalue A
and the particular subgroup of SU(4) considered for the internal non-Abelian field.

As respect to the spinors that are the positive eigenstates of the I';-matrix, for them
the first equation in (5.17) acquires an extra term due to A = +1, that yields a contribution
to JFi; proportional to 2C'% I';;. However, solving (5.21) for this configuration shows that
it produces a constant flux of the non-Abelian field with F,. # 0, that is inconsistent with
our requirement of static solutions, and in particular with the second line of (5.17). Thus,
we will disregard this solution for the given ansatz of the non-Abelian field, and focus only
on the A = —1 case.

5.1 Broken symmetry of the non-Abelian field

The fact that the BPS state has to satisfy eq. (5.6) suggests that the compact subgroup®
SO(4) C SO(2,4) of the spacetime isometry group has to be ‘tuned’ with the internal
symmetry group SU(4). This in particular implies that, on the BPS solution, the internal
symmetry SU(4) ~ SO(6) (we do not consider U(1), any longer), will be broken at least to
its subgroup SO(4) € SO(6). Setting to zero all components of F = F2G that correspond

Looking at SO(2) x SO(4) C SO(2,4) would involve closed timelike curves.
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to the broken symmetries also simplifies solving the field equations of CS AdS5 gravity that
are quadratic in the field strengths.

The result depends on both the subgroup of SU(4) and on the topology of the spatial
boundary ¥, whose metric is v, given by (3.2). The existence of a topological charge, as-
sociated to a non trivial embedding, with winding number n € Z, of the internal symmetry
group G in the asymptotic transverse space with topology S¥, depends on the k-th homo-
topy group 7 (G). In our case, since the transverse space ¥ is three dimensional, k = 1,2, 3.
Using the table from [36], we identify the existence of possible winding numbers for the
following relevant cases:

St~UM): m(SY)Y=7Z, m(SY) =0, m3(S') =0,
S22 800 . m(s?) =0, m(S?) = Z, my(S?) = Z,
Sg ~ 28%;3 ~ SU(Q) ™1 (83) =Y, 7T2(SS) — 07 773(83) = Z’

and, correspondingly, for the isometry groups:
m(U(1)=7Z, w3(SUR2)=7Z, w3(SO4)=Z+7Z.

The table presented above has much richer content when we also include quotient spaces
of the type ¥/, with T a discrete subroup of Isom(S*), such as “lens spaces” S¥/Z; [37].
In particular, for the 3-sphere with isometries T = Zso, the identification of its antipodal
points leads to the topological space RP? = S?/Z that is the real projective 3-space, whose
nontrivial homotopy groups are

m(RP®) =Z,, m(RPP) =0, m3(RP?) =2,

the group 7 being different compared to the one of S3.

In the case discussed in this paper, ¥ is the maximally symmetric 3-sphere S? or its
identifications, and the corresponding (locally) isometry group is SO(4), while the internal
symmetry is SU(4), which is locally equivalent to SO(6).

Non-trivial configurations then require in particular the internal symmetry group SU(4)
to be broken to SO(4) or subgroups thereof. There are two nonequivalent mazimal sub-
groups of SU(4) containing SO(4) ~ SU(2)+ x SU(2)_ as a semi-simple factor (see for
example [38]). One corresponds to SU(4) — SO(4) ~ SU(2);+ x SU(2)_ irreducibly.
In terms of SO(6), it corresponds to the decomposition SO(6) — SO(3) x SO(3). The
other decomposition is SU(4) — SU(2)4 x SU(2)_ x U(1). that in terms of SO(6) reads
SO(6) — SO(4) x SO(2).. The two decompositions are distinguished by the correspond-
ing nonequivalent branchings of the irreducible representations of SU(4). In particular,
for the former one, the fundamental representation 4 of SU(4) (the one pertaining to the
odd generators) decomposes into the (2,2) of SU(2); x SU(2)_, while for the latter it
goes into the (2,1)41 + (1,2)_1 of SU(2);+ x SU(2)_ x U(1), so that the odd generators
are U(1).-charged. More information about these two decompositions can be found in
appendix D.

As we are going to discuss in the following text, our solution corresponds to choosing
the second of the branchings above, where the Killing spinor decomposes into a U(1),-
charged Dirac spinor on X.
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To implement explicitly the breaking of internal symmetry on the solution, it is
convenient to represent the SU(4) generators in terms of SO(6) antisymmetric matrices
T;; = —T 7, where the indices labeling the generators run as I,J = 0,...,5 for conve-
nience (the Lie group is compact), and expand the SU(4) gauge field as

1
A=A'G, = 3 AT (5.22)

We will set to zero the components of A’/ corresponding to the broken generators. It
depends on = and A which ones are broken but, in all cases, they have to describe a
soliton on the geometry whose transversal section is S?. Because we know that, due to
m3(SU(2)) = Z, the SU(2) group can have a non-trivial topological structure with winding
around the 3-sphere, let us assume from the very beginning that the SU(4) is broken
to a subgroup containing at least an SU(2) factor, to be identified on the solution with
the diagonal SU(2)p C SU(2,2) tangent space symmetry on S3 (a hat over SU(2) is to
distinguish it from SU(2) factors in the internal symmetry group). Generators of the
diagonal subgroup SU(2)p C SU(4) are neither of the generators of SU(2)4, but their
linear combination.” Let us consider the following decomposition, which corresponds to
the second of the branchings mentioned above. Using I = (0,1,%,5), we write

SO(6) ~ SU(4) — SU(2)4 x SU(2)_ x U(1)e — SU(2)p x U(1).,
T[J — {T+@ R T,g s Tc} — {T@ s Tc} s

The U(1). subgroup is generated by any commuting generator, for instance Ti5. Fur-
thermore, T; given by (5.23) are the generators of the diagonal subgroup SU(2)p C
SU(2)+ x SU(2)—, written in the “dual” form

T; = 26 Ty - (5.23)
On the other hand, with the above choice the ‘left’ and ‘right’ SU(2)4 generators are

Ty = (iTOi - Ti) ) (i =2,3, 4)a (524)

1
2
and they close two independent su(2) algebras,

k. [T, T_;] =0. (5.25)

[Tys, Ty =€ L

]
Therefore, the gauge field in the maximal subgroup of the SU(4) gauge group, consis-
tent with the isometries of the 3-sphere is

A=AT;+ AT ; + APT,. (5.26)

Note that o ) A B 1 . . R
AV = D (A AL AT = (A ) (5.27)

"Sometimes the term ‘diagonal subgroup’ is used for an Abelian subgroup of diagonal matrices, but this
is not the case here.
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and the diagonal condition A%, = A" = — A% identifies the subgroup with the non-vanishing
SU(2) field A?,
SU2)p : A% =0, AY

&l AF, (5.28)
corresponding to the components along the generators T; that close the su(2) algebra,

[T, Tj] = —sz’% T . (5.29)

In this text we will focus on the SU(2)p x U(1).-valued solution of the form
A= AT; + APT,. (5.30)

With this choice at hand, we can focus on solving the Killing spinor equation construc-
tion of the particular BPS states.

In view of the above discussion and the definition (5.23), from now on it will be more
convenient to work with the ‘dual’ AdS generators of S/[\J(2) p and an associated ‘dual’ spin
connection on three-dimensional manifold X,

JiE

. 1
ei]k.]jk, Wi =g ei]kwjk. (5.31)

DN |

In addition, to simplify the expressions, from here on, we will rescale out an explicit
appearance of the 3-sphere radius a as

C
t — at, r%z, w— = C——, (5.32)
a a

what is equivalent to setting a = 1.

5.2 =-charged BPS black hole

When = = p—C? # 0, the solution without gravitational hair is given by egs. (4.20). Since
the internal non-Abelian field has non-vanishing components F,,,,,, this combined with the
integrability condition (5.17) and the rescaling (5.32) leads to the U(1),-neutral solution
of the form

p=C#0, N=1,

7"2
f:_V: 1+€72_M7
1
F =5 Fundy™ Ady" #£0, (5.33)

where A is yet to be determined. This solution allows for a non trivial embedding of an
SU(2) subgroup of the SU(4) internal symmetry group on the three-dimensional section
Y, since it identifies the action on the Killing spinor of the S/I\J(Q) p generator J; on the
tangent space of ¥ with the one on the non vanishing generators of SU(4). This suggests
to choose F as a field strength for a diagonal subgroup SU(2)p.
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When A = —1, the Killing spinor equation (5.21) becomes

0 :.AtS,
1
0=0€e——ec— A ¢,
2r
N 1 .
0 = Dpe— ZCe”kéﬁ@Flje—Ame, (5.34)

where D,,e = (8m + %eij kdszjll“@-j) € is the covariant derivative on the 3-sphere acting on
the time-independent Killing spinor €, and the internal non-Abelian field is A, = AﬁG A-
The first equation has as a particular solution

AN =0, (5.35)

and the second one can be solved by

AY=0,  e(ry) = \/in@), (5.36)

where 7(y) is an arbitrary spinor on the 3-sphere such that I'ynp = —n.

To solve the third equation for the Killing spinor in (5.34), we finally impose the
SU(2)p symmetry on the transversal part of the internal gauge field, with the generators
Gy = {T;, T.}, as given by eq. (5.30). Replacing the known quantities, the last equation
becomes

O + (D3, — C'ély) Jim = (ATTs + AT, 7. (5.37)

It can be solved by identifying, on the solution, the tangent space S/I\J(2) p Symmetry on X
(and the corresponding indices 4, j, ...) with the internal SU(2)p symmetry (labeled with
indices 7, 7, . . .),

A =0y, = C8y . ()5 €l = (T0)] eu (5.38)

This solidary identification between the internal and spacetime symmetries is remi-
niscent of the t’Hooft-Polyakov monopole [39, 40], where the adjoint indices of the Higgs
field are identified with those of the 3-space, which is also known as embedding of the
gauge group in the spin connection [41, 42]. Note that A?, transforms as an SU(2)p gauge
connection. Due to the identification of the generators (5.38) when acting on the spinor,
we also identify the corresponding indices,

i=1¢€{2,3,4}, (5.39)

and stop writing the hats above the SU(4) counterpart from now on, unless we want to
emphasize the difference. The signature on the identified sections is (+,+,+) in both
groups, so (5.39) can be performed consistently.

The equation (5.38) then implies the following particular solution for the spinor,

Omis = AR (T e = n(y) = W Ty, (5.40)
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where A'® = dQ(y) is a locally pure gauge U(1). configuration because it does not prop-
agate, as F® = 0 is required by the integrability condition (5.6). Also, 1o is a constant
spinor. When 2 vanishes, the Killing spinor 7 is constant on the sphere.

The anti-Hermitean generator T, acts on the spinor, in the representation of gamma

matrices, as 115 = —% I';. Similarly to usual gamma matrices whose explicit representation

u

¥ matrix can be represented by a diagonal matrix I =

is given in appendix B, the (T'y)
03 ® 1, and it has the eigenvalues +1. Therefore, we can write 75 as a sum of spinors 74,
belonging to positive and negative eigenspaces of 'y,

5 Q(y) '

ns(y) =e 2 ()

(SIE

N(4+)s T € N(-)s » (T1)¥ Ny = E0(a)s » (5.41)

in agreement with the SU(4) — SU(2); x SU(2)_ x U(1). decomposition of the spinor
charges, as in eq. (D.4).

In this solution, 79 belongs to a negative eigenspace of the I'y matrix and it satisfies
the projective relations (5.38). Thus, the final form of the Killing spinor is

=
€= \/zeﬂ(y)TC no, Timo=-no, Jinos = (Ti)s nou- (5.42)
The corresponding internal field-strength has constant curvature on the transversal
section,
1o g
F = 3 E¢€y e'e’Ty . (5.43)

—_

Similarly as = corresponds to the magnitude of the AdS curvature on 3, we see that =
represents, for the given black hole solution, the magnitude of the internal SU(2)p field
strength (2.9) restricted to the transversal section ¥. Let us recall that this parameter is
defined as = = Z — p2, and for black-hole solutions it satisfies = < =, so that the BPS
condition (5.17), that holds in the extremal limit p — 0, leads to

pPP=0 & pu=1. (5.44)

[1]:
Il
[1]
(>

Note that, contrary to the =-neutral case found in Subection 4.1 which is pure gauge, and
where the BPS equation is solved by the vacuum state in section 5.3, here we find a non
trivial solution to the BPS equation, corresponding to the extremal black hole condition
¢ = 1, where the axial torsion charge C' remains completely arbitrary, up to topological
considerations that will be discussed in subsection 6.1.

Let us emphasize that the internal geometry of the three-sphere can be described in
terms of torsionless quantities such that

S*: RY=¢Ene, T'=0, (5.45)

while the torsion and curvature of the transversal section ¥ (with '], = ré’) are

2
Y: RY= (E - ) ENE, T =rCe e net. (5.46)
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In sum, using (5.38), the full expression for the BPS state gauge field is

r dr T
Agpps = 72 (Jo1 +Po) dt + 7P1 + 7€ (P; — Jui)
+(@' = C&) (J; + Ty) + dQ(y) T, (5.47)

and the corresponding BPS state gauge curvature is

rC s
FBPS = 7 eiokezej (Pk — Jlk) +

y Se; e (T +Th). (5.48)

N | —

This solution is a 1/16-BPS state because of the projective conditions on 7y given in (5.42),
leaving finally only one (Dirac) supercharge unbroken. A detailed counting of these super-
symmetries and an explicit construction of the Killing spinor in a particular representation
is given in appendix E.

To study both BPS and non-BPS solutions and their charges, we will look at a more
generic solution with b = 0, not necessarily BPS and not necessarily extremal (p? > 0),
characterized by the arbitrary, independent charges = and =, conveniently defined by

(1]

=u—C%*  ZeR, (5.49)

such that, in a non-BPS state, S/I\J(Q)D and SU(2)p components of the gauge field do
not have the same integration constants. The gauge field and the corresponding fields
strengths are

r

14

Fee (Esz + éTk) , (5.50)

T d¢ dr
A=(- Pl =+ —
<£J01+f 0>£+€f

F = Ceijkézé'] <Z Pk- — lek;) + 562'

Pl—l-éi( Pi_lei) —i—((Z)i—Céi)JZ'—I—AiTi—i-dQTC,

where A’ = A (y)dy™ is any solution with constant F*. It is asymptotically AdS in the
Riemannian sector, but the field strength F does not vanish on the boundary, neither in
the AdS sector (because of Z # 0) or the internal non-Abelian sector (when = # 0).

A particular solution for the internal non-Abelian field that admits a BPS limit is

[1]:

Al =o' — Bé, =1-B?<1, (5.51)
where B is the amplitude of the soliton. The upper bound on Z(B) is chosen such that
the field strength of this internal field on ¥ is always bounded from above.

Since, with the generalized solution (5.51) for the internal soliton now we have, instead
of (5.10), that the parameters are related by

[1]:

+p? + B> - C?, (5.52)

—_
— —
—_

the extremality condition (5.44) leads to

pP=0 = E=Z+4B2-(C?, (5.53)
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and the BPS condition requires equality of the SU(2)p and SU(2)p field strengths and the
amplitudes of two solitons, namely,

E=Z, B=C. (5.54)

On the other hand, the extremal configurations, defined by eq. (5.53), allow also solutions
with 2 = 2 and B = +C. Note, however, that only one of the two choices B = +C' corre-
sponds to a BPS state, since the Killing spinor equation, associated with a supersymmetric
black hole solution, requires B = C', as summarized by

[1]x

BPS: pu=1, B=C, ==%2, (5.55)

and corresponding to the values (5.47) and (5.48) of the gauge field and of its field strength.
The other choice, B = —C, still corresponds to an extremal solution, but it does not
preserve any supersymmetry:

[1]:

non-BPS : uw=1, B=-C,

(1]

(5.56)

We then find that for this class of black hole solutions, in general the parameter space
of extremal solutions (x = 1 and B, C arbitrary) is larger than the parameter space of BPS
solutions (satisfying (5.55)). This is similar to standard supergravity, where the space of
extremal solutions is also larger than the space of BPS solutions.

Global properties of the Killing spinor. Having obtained local solution at hand, we
still have to analyse global properties of the Killing spinor (5.40)—-(5.42) on ¥, which is
locally a 3-sphere. This is generally related to the existence of a generalized spin structure
on the manifold [43] that insures consistent coupling of spinors to bosonic fields. Keeping
aside detailed analysis of spin structures, here we will discuss examples of two interesting
topological spaces 3: global S? that is a simply connected space, and the real projective
3-space, RP® ~ S3/Z,, obtained from the (parallelizable) 3-sphere by identification of its
antipodal points, which is not simply connected. In absence of torsion and SU(2) gauge
field, S® has one and RP? two inequivalent spin structures [46].

Understanding of global behaviour of locally S* topologies is clearer if we reduce the
problem to three dimensions, i.e., introduce a 3-dimensional Killing bispinor 7 on the
sphere. We use the representation of I'-matrices (B.12) given in appendix B and express
the left chiral spinors, satisfying I'1ns = —ns, in terms of the bispinor 75 as

(0
Ns = <ﬁs> . (5.57)

Then it is interesting to notice that the local 3-sphere admits constant spinor solutions.
This is not possible on S? for spinors neutral with respect to internal gauge symmetries
and on a torsionless sphere, while constant Killing spinors are allowed when the topology
of the space is RP3.8

8In absence of additional fields (C' = 0, A = 0), for each s, the bispinor 7, is a solution of the three-
dimensional Killing spinor equation D7j = %éi%f] discussed in [28]. Using the 3D ~-matrices duality
identity (B.11), it can also be written as dfj + % (@" — &)y:j = 0. The spinors become constant in RP*
space, 7 = 7j, in the frame with &' = &'. On the sphere S*, the constant spinors are not solutions of this
equation.
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In our case, this result can be generalized and globally well-defined constant spinors
obtained in both S* and RP? in the presence of both torsion and gauge symmetry.
In bicomponent notation, eq. (5.37) becomes

dij = {—; (w - Céi) Vi +A} i, (5.58)

where the matrix 7; acts on the spinorial and an anti-Hermitean matrix A on the group
indices of the bispinior. A general solution is [47]

Jea 3@ =Cent AL (5.59)

n="7Pe
where P denotes path ordering” and C(y) is a path from a given point yo € ¥ defined by
1(yo) = 7o, to an arbitrary point y € 3.
Globally well-defined Killing spinors on ¥ can be obtained if, after the parallel trans-
port along a closed path, the following holonomy condition on the bosonic connections is
satisfied,

p et 2@ =0t A\ (o (5.60)

where 7 is a loop connecting yo and y and back to yo (it can be obtained by choosing two
different paths C,C’ : yo — v, and defining v = C~1oC’), and A(y) = +1 is a sign depending
on the choice of the spin structure.

The 3-sphere manifold 3. We have shown that, when the spinor is charged by presence
of additional fields, such as torsion and internal fields .4, then the holonomy condition (5.60)
on the bosonic connections ensures that the spinor is globally well-defined. This is in
particular true when the manifold is S3.

While the case C = 0, A = 0 does not admit the Killing spinors in CS AdS5 supergrav-
ity [17], it is interesting that the torsion field itself (C' # 0, A = 0) possesses non-trivial
holonomy on the 3-sphere. Let us choose the Hopf’s coordinates y™ = (6, @1, p2) on S3,
where 6 € [0, g] and @1, p2 € [0,27], such that the vielbein and the connection are given
by eqs. (F.3) in appendix F. Then a closed path that is a circle v(y) = S'(6) leads to the
exponential factor €7C3 in (5.60), using the representation of gamma matrices given in
appendix B. As we will see later, C is related to an integer ny according to ng = C(C? —2),
implying that this closed path will not always give zero due to C' # 0. In this case, globally
well-defined Killing spinors can be obtained when the holonomy of the torsion contribu-
tion is canceled by the holonomy of the internal connection A. The fact that topology
and topological charges play an important role in construction of BPS states reminds on
the extremal Reissner-Nordstrom black hole, where the electric charge is topological and
associated with a nontrivial central charge in N' = 2 supergravity [44, 45] and allows for
globally well-defined Killing spinors.

9P orders a composition of paths in 1-parameter representation of y™ (1) according to the value of the
parameter 7, e.g., P(CoC')=C'oCif 7' < 7.
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The projective 3-space manifold ¥. When the antipodal points on the 3-sphere are
identified, the manifold acquires the fixed points that change the topology of the manifold
and two different spin structures are possible [46]. In this case, in the presence of both
torsion and internal gauge field, Killing spinors can be defined when the holonomy of &y;
cancels the one of the other contributions, up to a sign, depending on the choice of the
spin structure.

In RP? space, the spin connection and vielbein can be chosen to globally obey [17]

~ 1

o =é, (5.61)

as a consequence of the fact that isometries of the 3-sphere are locally described by SO(4) ~
SO(3)+ x SO(3)—, which allows to set consistently one of two independent connections, say
SO(3)4, to zero. This parametrization describes the parallelized RP?, where the 1-form
&' = @' satisfies the Maurer-Cartan equation of the SO(3)_ algebra:
Ri=da' — e aioh =3¢ eek e
2 k 2 k ) ~ ~jsk _

To parameterise the projective 3-space, we use the Fuler angles adapted to parallelized
RP3, 4™ = (1,0, @), with ¥, p € [0,4+27] and 6 € [0, 7]. The vielbein is then given by the
expression (G.12). More details are available in appendix G.

5.3 =-neutral BPS black hole

When the black hole is Z-neutral, then the mass parameter is always positive, u = C% > 0,
and the U(1),-neutral solution of subsection 4.1 with the 3-sphere radius rescaled to 1
through (5.32), is given by
p=C#0, N=1,
2

”
f:—l/ = 1+€*2—C2,

1 1 .
F = §Ftrdt/\dr+§}}mdr/\dy ) (5.63)

Formally, this solution can be obtained from the Z-charged one (5.33) by taking the limit
Z — 0, that is, by setting u = C?, even if it belongs to a completely independent branch.
Proceeding the same as in the previous subsection, we break the internal symmetry as
SU(4) — SU(2)p x U(1). and we find that the configuration can be a BPS state only in

the extremal case
pPP=1-C*=0, E=0, (5.64)

that describes a pure gauge non-Abelian field,
F=0, A=gdg ' +dQy)T., g¢geSUQ2)p. (5.65)

The solutions satisfying dA = —.A? are purely topological (without the bulk degrees of
freedom). Globally well-defined Killing spinors have the form

_1l o0k (Hi_ o\ T
e:¢%%hﬂz%“”%”mﬂm, L110s = —10s » (5.66)
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where 7§ is a constant spinor and (5.61) also applies. Taking closed paths 7 leads in
general to
—1e M@ —Cerp+A]

pehl-ze o = A1) (5.67)

with A = +1.
Note that, since f‘no = Fnp is trivially satisfied on 3 because the corresponding field
strengths have = = E = 0, there is no need to further project the spinor and we have

dt d . 4 .
Apps = %2 (Jo1 +Po) + é P+ %él (P; —Ju) + (@' — C&") (J; + T;) + dQT,,
rC i
Fpps = VA eijke & (Pr—Ju), (5.68)

that is a %—BPS state. In the non-BPS case, it becomes

dt d . : , .
A= (ZJ(H +fP0> 7+ éPl +é (Zpi —th-> + (@' — C&) I, + A'T; + dOT,,
F = Ce,lée (; P — fJ1k> , (5.69)

where the internal field A° = &' — B¢’ has the constant amplitude B. It is a pure gauge
field when 2 = 1 — B2 = 0, corresponding to two different configurations B = F1 with
the gauge field A%, = @' & &'. Interestingly, on RP?, it is explicit that one of these fields
identically vanishes (A" = 0), while the other one (A’ ) has nontrivial topology.

Note that the above expression, with two independent parameters B and C, is different
from the Z-charged solution (5.50) that depends on three independent parameters p, B
and C.

6 Global properties of the solutions

In this section we study physical properties of the solutions, i.e., their charges. Apart from
Noether charges which are consequence of continuous symmetries in a theory, there are
also topological charges which arise due to topological properties of the solutions defined
on spacetime manifold.

6.1 Topological properties

In this subsection we focus on the topological properties of the solutions (5.33) which, in
the limit & = 2 = 0 and p = C?, also include the E-neutral ones (5.63). More precisely,
we analyze a static configuration A|. on the four-dimensional spatial manifold I', whose
boundary at the infinity, 0I' = X, is a compact topological space of unit radius. We will
discuss the cases S® and S?/Zy = RP3.

Restricted to t,r = const, the solution (5.50) has non-trivial topology on I' and it
takes the form

Alg=¢ (2 P; - fJu> + A'J; + A'T; +dQ T,

o 1 w 5
Fly = Cejlee (Z Py — fJ1k> t5 € e (E Ji + ETk:) ; (6.1)
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where at the end we also have to take the boundary limit, » — co. The STI(2) p-part of
the AdS field A, with the axial torsion C, has the form

Al=gl—Cé, (6.2)
and the internal SU(2)p field A?, with the amplitude B, is given by
A =o' - Bé'. (6.3)

The torsional soliton A’ and the internal symmetry soliton A’ have the same angular
dependence and different amplitudes, determined by the integration constants C' and B.

The AdS ﬁeldl\in addition, has the term along the generators 7 P; — fJy; that does
not belong to the SU(2)p sector, which is a reason why F* # F* even in the extremal case.
Namely, the internal field strength for SU(2)p,

Fi= (@A+ ARAY = dA — 2y A0 AT, (6.4)

has components

[1]:

SRCLEIT =1- B2, (6.5)

while the S/I\J(2) p field strength is also defined by (6.4) for the field A?, leading to

2

Fi= Ri—CTi—%eijkéj/\ék:%(1—02)6ijk€jék, (6.6)
after using (5.45). Thus, we can write
Fi= % (1 - 02) ¢ e # %Eeijkéjék,
Fi— %(1 - B?) eijkéjék = %éeijkéjék, (6.7)

where we point out again that, above, only a part of the =Z-charge appears in the AdS field
strength because F7 is the S/[\J(Q)D component of the AdS field A?, and not the S/I\J(Q)D field
strength associated to the full AdS field.!9 Note that A and A’ are pure gauge solutions
when C' = £1, B = +1, but to determine whether they corresponds to trivial topology
with identically vanishing gauge fields, or describe topological solitons, we have to compute
their topological charges, which also depend on the global properties of X.

The above static solution possesses topological charges obtained from the topological
current Jiop which satisfies <F2> Ir = d(*Jiop) locally, and it is also conserved. Globally, it
is associated to the Pontryagin topological invariant that takes values on 0I' = X, whose
corresponding charge is known as the Pontryagin number. It is worth of pointing out that
the topological charge does not have an origin in a symmetry of the action, so the charge
exists if the global properties of the solution are such that it is non-vanishing. In our case,

19T6 obtain the usual constant Z = u — C? in the AdS field strength starting from (6.7), one has to add
a contribution from the non-SU(2)p term stemming from [P;, P;] = J;; = —[J14, J15].

— 33 —



as SU(2, 2[4) is broken to SO(2,4) x SU(2)p x U(1)., there are several nontrivial topological
charges, not necessarily independent.

First we define the total Pontryagin number computed in SU(2,2|4), which is a real
quantity (P € R) [48]

o 2\ _ IR .
SU(2,2,[4): P QZF/<F> QZZ/<AF 3A> (6.8)

Here )y is a normalization constant that depends on the topology of 3, and which will
be determined later. The supertrace (---) is defined using the Cartan-Killing metric,
gunN = (G Gy) given in (A.6) in appendix A.

On the other hand, due to the non-vanishing third homotopy group m3(SU(2)) =
73(SO(3)) = Z, the Pontryagin indices n; and ng associated to the solution (6.1) restricted
to subgroups SU(2)p and S/[\I(Q) D, respectively, are integers of the form

SU@2)p: mni1= QE/<]:2> :QE/<A}“— :1)),43>’
r by

SU@)p . ns— Qg/<]:'2> _ Qg/<Af— ;A3>, (6.9)
I b}

when properly normalized. They describe how many times SU(2) and S/I\J(2) wind around
the 3-sphere at the infinity. Therefore, the Pontryagin index for SU(2)p x SU(2)p is also
an integer, given by the total winding number

n=mn1+ne €7, (6.10)

because the invariant tensor is such that two terms decouple.

In eq. (6.9), the normalization becomes relevant because it rescales the numbers n;
and ng to integers. It depends on topology. Similarly as in [48], the normalization in (6.9)
has been chosen so that a topologically non-trivial non-Abelian solution which tends to
a pure gauge on the boundary (F — 0, A — gdg~!) has the winding number |nq| = 1,
and similarly for ng. A reason is that SU(2) is geometrically a 3-sphere with invariant
volume element proportional to Tr(gdg~' A gdg~! A gdg~!). For our solution, the pure
gauge corresponds to = = 0. For details of the proof, see for example egs. (3.18)-(3.20) in
section 3.2 of [49]. The result for the two topologies considered in this text is

1 1
S? = ovarQ3y

Q = — A1
2Vol(S3) ’ RE® ™ QVol(RP) (6.11)

A difference with respect to Yang-Mills theory on the flat background considered in [48] is
that, here, the dynamics is governed by the CS action which allows also for non pure-gauge
geometries with finite energy in AdS space possessing the axial torsion.

For completeness, we also define the Pontryagin number for SO(2,4),

o [ — o [ an L |
S0(2,4): P QEF/<F> QEE/<AF 3A>, (6.12)

which is also a real quantity (not integer).
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For evaluation of conserved quantities, we need a coordinate system that parametrizes
the manifold ¥. For the 3-sphere, the Hopf’s coordinate frame y™ = (6,1, p2) with
9 € [0, %] and ¢1, @2 € [0,27] has been introduced in appendix F, whose vielbein and spin
connection are given by eqgs. (F.3). Similarly, the projective 3-plane, due to identification
of its points, satisfies the condition @’ = &, and the manifold can be described by the Euler
coordinates y™ = (1,0, ), where ¢, p € [0,27] and 6 € [0,7]. In this case, the vielbein
has the form (G.12).

The constant 2y. depends on the volume

1 N 3, 5
VOI(E)Zg/eijke NeE Ne :/d yeé. (6.13)
Using the vielbein (F.3), the volume of the 3-sphere is, as usual, Vol(S?) = 272. On the
other hand, the volume of the projective space depends on the choice of the geodesic length
on the manifold, but it is always bounded from above [50]. For the metric choice given in
appendix G, it becomes a half of the volume of a 3-sphere, Vol(RP?) = $Vol(S?) = 72, as
shown in eq. (G.14).

As an illustration, we write explicitly the form of the internal soliton A’ (and the same
holds for the axial soliton A?, with the replacement B — C) for two topologies. On the
3-sphere, it has the form (see eq. (F.3))

A2 =—-Bdes,
S3 . A3 = —sinf (Bdy; + des), (6.14)
At = —cosf (Bdpy +dg) .

The integration constant B determines the amplitude of oscillation of particular compo-
nents of A% . The fields Al A become degenerate when C' = +1, B = +1 because then
they depend on two coordinates only (6, o1 &+ ¢2). These values of charges correspond to
the pure gauge configurations.

On the projective 3-plane, the internal soliton reads (see eq. (G.12))

A? = 158 (sinf dp — sinpcosdy)

RP? : AP = -8 (cosfdyp + sinpsinfdy) , (6.15)
At =158 (d0 + cos pdip) .

To evaluate the topological charges ni, na, P and P, we use the traces constructed
in appendix C. In our case A = A+ A along the generators G,, = {Jap, Trs}, and the
AdS and internal symmetry contributions decouple because, as shown in appendix A and
appendix C (see egs. (A.6) and (C.12))

1
(JapJcp) = 1 Tr(Tapl'cp) = —naBco

(TryTrr) = —Tr(1157kL) = Sk L) >
(JapTry) =0, (6.16)

that implies
P=P+n. (6.17)
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We observe that two SU(2) subgroups, generated by T; and J;, have the Cartan-Killing
metrics of the opposite sign as a consequence of the supersymmetry, namely

(TyTj) =iy,  (JiJj) = —diy, (6.18)
in agreement with (C.15).

SU(2)p soliton. To understand better the geometry of the full solution, let us focus
first on the internal non-Abelian sector, by decoupling the gravitational sector by means
of p = 0 and C' = 0. This is possible by looking at the fixed gravitational background
A corresponding to the AdS space in spherical foliation, where t,r = const is locally the
3-sphere that satisfies F =0. The gravitational part then vanishes both in the action and
in the equations of motion. The A’(y) field is a solitonic solution of five-dimensional CS
theory for SU(2)p x U(1). gauge group, defined on the manifold R x I', with the U(1),
field being zero on-shell. The U(1). field does not contribute to the Pontryagin number
because 71 (S?) = 0 and, as respect to the projective space, although its fundamental group
is non-trivial, 7 (RP?) = Zs,it is finite-dimensional, thus it cannot describe a usual winding
of a soliton. Direct computation is in agreement with this observation.
Using the auxiliary expressions for the non-Abelian field,

(A7) = 2 (14,4 4) = f% L (6.19)

the integrals (F.5) for the sphere and (6.13) for the projective plane, we arrive to the result
for a non-Abelian soliton

ni1(S*) = B(2—B?,  n(RP?) = i (1-B)*2+ B), (6.20)
where the one for the 3-sphere has also been computed in [51]. Note that the winding
number of the sphere is an odd function under the reflection transformation B — —B,
which only changes a direction of the winding of the soliton around it, ny — —nj. The
identification of the antipodal points on the 3-sphere breaks this reflection symmetry. In-
stead, the transformation B — —B on RP? produces a shift n; — —n; + 1. The constant
= = 1 — B2, however, remains invariant under the reflection in both cases.

The non-Abelian solitons are classified by the Pontryagin index nq, which relates the
topological charge n1 and the soliton of amplitude B. Because the topological charge is an
integer, this restricts the allowed values of B. Explicitly, we find that B is quantized by
np in the following way.

On the sphere, we get:

n(S?) =0, B =0, B =42,
Mm@ =1, B=1, —_;i\f’
1
n (S = -1, B=-1, :2i\f’
Al/3
mE =2, 52" a0

— 36 —



where A = 12(=9n1 + (/81n? — 96). For example, the topological sector with =2 =0
contains pure gauge solutions B = +1 classified by the winding numbers ny = £1. As
another particular case, the topological sector with = # 0 and B = 0, +v/2 has trivial
topology, n1 = 0. In a generic case, the sector with = # 0 and nontrivial topology classified
by the integer |n;| > 2, corresponds to non-pure gauge solutions.

On the projective plane, we find:

n1(RP?) =0, B=1, B=-2,
n(RP?) =1, B=-1, B=2,
n(RP3) #£0,1, B=AY34+A1/3

where A = —1 + 2ny + 21/n? —ny. For positive index n; > 2, it can also be written as

A = (y/n1 + m)Q The absence of the reflection symmetry allows now to have the
same |n;| < 1 for two different solitonic configurations. When |nq| > 2, both RP? and S3
have a unique soliton for a given topology.

The topological sector with = = 0 contains only pure gauge solutions where the non-
Abelian field is A = gdg~'. In that case, when B = 1, the field is topologically trivial
because A = 0 and g = 1. However, when B = —1, it becomes topologically nontrivial.

When = # 0, there is always only one soliton with given B and nontrivial topology
characterized by the integer ny # 0, 1.

Since the topological charge is conserved and the energy is finite, the evolution cannot
change a solution from one topological sector to another.

SU(2)p soliton coupled to the black hole. Consider now an internal symmetry
soliton of amplitude B in the spacetime with axial torsion C' and a black hole with the
mass parameter p. The U(1). field again does not contribute to the topological charges,
with the same argument as discussed above. In this case, there is the quantized topological
charge defined in the second line of eq. (6.9), the Pontryagin index associated to S/I\J(2) D-
It is computed similarly to (6.20), with the result

na(8%) = —C (2- 7)., nﬂRW):—iUf%ﬁ%2+Cf (6.21)

Again, the sphere index only changes the sign under a discrete symmetry C' — —C, that is
ngy — —no, whereas the projective hyperplane index has an additional shift, no — —no — 1.
It describes an independent S/I\J(2) p soliton of the amplitude C' produced by the axial
torsion. Thus, there are two solitons, whose charges B and C are related to the topological
numbers 11 and ng, respectively, and with the total S/[\J(Q) p x SU(2)p Pontryagin index
given by (6.10),

—C(2—-C?*+ B(2- B?), on S?,

—1(1-0)22+C)+1(1-B)22+B), on RP?.
When the BPS conditions (5.55) are fulfilled, the two solitons satisfy B = C, becoming
a soliton and anti-soliton system that unwinds, summing up to a topologically trivial

n_ner_{ (6.22)

configuration from the point of view of gauge fields,

npps = 0. (6.23)
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The above relation can be seen as a ‘balance of strengths’ between the two oppositely
charged solitons, and it reflects the ‘balance of forces’ associated with gravity and internal
symmetry which is usual for BPS states in standard supergravity. However, the solution
does not possess only S/I\J(Q)D xSU(2)p isometries but the extended SO(2,4) xSU(2)p ones,
that means that the total topological charge acquires an additional contribution coming
from the AdS field. Using the auxiliary expressions for the AdS field on ¥,

—_

At 2 sisjsk = ~i~j 1k
<AF> = Cp €ijk€ elet — §5ijk€ & A 5

. 1 A (T
A? = §€ijk (pZe & —A A]) Jp— e & A (6 Py — fJ1k> ;
) 3 o I
(&%) = - 5 Peign @AM 4 S eijp AATAR, (6.24)

where all divergences cancel out as the r-dependence always appears in the combination
;—3 — f2=p?, eq. (6.12) yields

N 3 N 3
P =ny—Cp*,  PRP’) =ny+ 3 CpP. (6.25)
The total topological charge of the solution is
. 3 3
P =n+P=n- 2 Cp*,  PRP?) =n+ T Cp*. (6.26)

In the above expression, the SU(2) charges are quantized by n and the mass parameter
p? = p— 1 is not. This result is similar to the one in standard gravity where U(1) charges
are also quantized and the mass is not.

The expressions (6.26) also shows that the Pontryagin charge P is quantized only in
the extremal limit, otherwise it is a real quantity.

The BPS state associated with the full SU(2,2[4) CS gauge connection, with the pa-
rameters satisfying (5.55), is topologically trivial,

Pgps =0. (6.27)

Since P is a conserved quantity, the above relation reflects an exact balancing of the
contribution from the topological charge in the Pontryagin term for the AdS and from the
internal symmetry parts,

p=1, ny = —na, (6.28)

in the CS AdS action at fixed time. This result is non trivial because, as we saw before, the
SO(2,4) gauge fields in CS AdS supergravity are identified with the geometry of spacetime,
that is, the spin connection and vielbein of the 5D space-time over which the CS action is
integrated. Thus, thinking of the obtained result from the point of view of a black hole in
AdS space, it can be read as a no-force condition, as is usual in BPS solutions, reflecting the
balance of forces between the geometry and the internal symmetry, similarly as in standard
gravity.

As we will see later, the BPS state has all conserved charges equal to zero, that is, it is
U(1)4-neutral with zero energy (see, for instance, egs. (6.58) and (6.58)). It is expected that

— 38 —



the obtained BPS condition would saturate the supercharge algebra bound {Q, QT} > 0,
since a linear combination of the conserved charges appears on the r.h.s. of the inequality.

The results of this subsection also hold for the Z-neutral black holes after setting
2 2
p°=C*—1.

6.2 Conserved charges

CS theory is invariant under two sets of local symmetries: the gauge ones with the lo-
cal parameters AA(:L') and spacetime diffeomorphisms with the parameters dz# = &H(x).
Because they are not all independent, the corresponding charges are difficult to find.

In D = 3, the charges and their algebra have been computed in [52]. Since it is on-shell
satisfied A = £¢A, where £¢ denotes Lie derivative, treating A as the only independent
parameter leads to the affine (Kac-Moody) asymptotic charge algebra, whereas treating
¢ as an independent parameter gives rise to the asymptotic Virasoro algebra. They both
describe symmetries of a two-dimensional boundary, since the Virasoro algebra can be
obtained from two Kac-Moody ones through the Sugawara construction.

In odd D > 5, CS gravity is nonlinear in the curvature tensor, and its number of inde-
pendent local symmetries can change depending on the phase space region. It means that
its number of degrees of freedom and the number of physical fields also varies throughout
the phase space, taking values from zero to some maximal number in so-called generic
CS theories. In addition, in CS theories it is difficult to separate first and second class
constraints and prove which ones are linearly independent. This makes a computation of
conserved charges very difficult and intrinsically dependent on the background.

There are at least two sets of charges: QQ[A] associated to gauge symmetries and H [¢]
associated to spatial diffeomorphisms. In [53, 54], these charges have been constructed in
CS gravity in asymptotically locally AdS spaces using the Noether theorem. On the other
hand, thermodynamic mass for torsionless black holes in AdS space has been found in [55]
using Hamiltonian method.

The Nester’s formula [56, 57] is useful for finding conserved charges when the torsional
degrees of freedom are present. In [58], conserved charges of the five-dimensional BTZ
black rings in first order formalism have been worked out, and they in special case reduce
to CS gravity. However, a general formula applicable to any CS gravity solution remains
unknown.

Bulk degrees of freedom. Hamiltonian formalism provides a systematic way to identify
independent local symmetries, determine the number of degrees of freedom and compute
the charges in CS theory [59, 60]. It has a particular feature that allows for appearance of
accidental symmetries, additional to gauge symmetries and diffeomorphisms, which turn
physical fields into unphysical ones and, in that way, eliminate physical degrees of freedom
from the theory. The quantity that counts accidental symmetries is the symplectic matrix,
Q(x). In D = 5, the symplectic matrix is defined by [59, 60]

QN = i€ (G GNFy) v, =1,...,4, (6.29)
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on the four-dimensional spatial section I' corresponding to the slice t = const., and all
components along ¢ vanish, Q%N = —Q’ﬁN = 0. In (6.29), Gjs are the generators of
the SU(2,2[4) supergroup introduced in section 2. Due to its dependence on F(x), the
rank of Q(x) varies throughout the phase space [61]. The zero modes of € contain four
always-present spatial diffeomorphisms. Any additional zero mode, if it exists, leads to a
new accidental symmetry. As a consequence, CS gravity has different number of degrees
of freedom in different sectors of the phase space, depending on the number of accidental
symmetries present. If © is the dimension of the gauge group, then generic CS theory
has the maximal rank of €0, that is 49, and minimal number of local symmetries: four
spatial diffeomorphisms and zero accidental symmetries. It this case, as we will show later
in this section, according to eq. (6.33), the number of degrees of freedom is maximal,
® — 2. Most of them are torsional degrees of freedom. The time-like diffeomorphism
(the one that defines total energy) is not an independents symmetry, as it is on-shell
equal to a gauge transformation. An example of a generic 5D CS theory invariant under
G x U(1) has been worked out in [59, 60]. On the other hand, an example of non-generic
5D spherically symmetric and static CS AdS supergravity with torsion and the accidental
symmetry U(1) x U(1) x U(1), has been discussed in [18]. It has zero degrees of freedom.
Another important example of a non-generic CS theory is a special case of torsion-free
Lovelock gravity. Remarkably, a generic sector within this class of non-generic theories has
the same number of degrees of freedom as General Relativity [62], that is, D(D —3)/2 in D
dimensions, even when the Einstein-Hilbert term is absent and the gravitational dynamics
is described by only one higher-order curvature polynomial [63].

Another effect to take into account is when two existing local symmetries become
linearly dependent on certain backgrounds, decreasing a number of local symmetries and,
thus, producing more degrees of freedom. The quantity that accounts these regularity
conditions (conditions of linear independence of the symmetries) is the Jacobian J(z).
When the gauge constraints become dependent in some backgrounds, the theory is said to
be irregular [15, 64]. An example of irregular CS AdSs gravity based on SU(4) x U(1) has
been discussed in [15]. In five dimensions, the Jacobian matrix Jyn(z) of the canonical
gauge generators Gyr(A, ), is defined by

Jun =1{GuGnNF) . (6.30)

The generators, satisfying 6Gys o< Jary DSAYN, are linearly independent if the correspond-
ing Jacobian matrix has maximal rank on shell, equal to the dimension ® of the gauge
group. Even though the symplectic matrix and the Jacobian matrix components are related
by Qi N = AR T N,\p, their ranks are independent because they act in different spaces.
Indeed, there are examples of four different backgrounds corresponding to different phase
space sectors in one CS theory (generic/regular, non-generic/regular, generic/irregular and
non-generic/irregular).

In our particular case, ® = dim SU(2,2|4) = 63 but, as shown in appendix H, the
fermionic part of the phase space decouples in the backgrounds considered in this text and,
because we set all fermions equal to zero in the solution, there are no fermionic degrees
of freedom left. On the other hand, the bosonic gauge fields are associated to the group
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SO(2,4) x SU(2)p x U(1). x U(1), of dimension D = 20. From the solutions at our
disposal, we do not discuss the non extremal cases when = = 0 # = or Z # 0 = = because
they do not possess BPS states and, in addition, we are not interested in the backgrounds
of pure gauge solutions (such as Z-neutral solution (5.69) with Z, £ = 0) because we know
that they do not propagate in the bulk. It remains to analyse only the phase space sector
of the E-charged solutions (2, Z # 0) using the field strength F given by eq. (5.50), which
has all components on I'. Then a non-trivial sub-matrix of Jy/n has components in AdS
group, Jiap|cp)], and the interacting terms with the U(1), field, Jias, where J11 = 0. In
addition, although SU(4) ~ SO(6) also possesses a rank-three invariant tensor, the solution
breaks this symmetry to SU(2)p x U(1),, in which case the symmetric rank-3 tensor of
the internal group identically vanishes, implying that the SU(4) sub-matrix vanishes as
well, Jryxr) = 0. All the components of the bosonic Jacobian are explicitly written in
appendix H.
The rank of the Jacobian matrix is determined by examining its zero modes VM,

TunVN =0. (6.31)

If the vector VM = (VAB V4 Ve V1) (with 20 components) vanishes, the matrix has
maximal rank, i.e., 20. Each zero mode decreases the rank for one. In appendix H, we
showed that there are four non-vanishing components V¢, V% € R, thus the rank of the
Jacobian is rank(J) = 16.

As regards the 4Dp x 4Dy symplectic matrix (6.29), its maximal possible rank on '
is 76 (when 4 spatial diffeomorphisms are subtracted). The zero modes VMM on I' have 80
components and they are non-trivial solutions of

oV =0, pe {r,m}. (6.32)

In appendix H it is shown that there are 48 zero modes V°, V5, vk _ gk Vs,
V,?f’, Vo) il y)r Vi ik — yliskl and the rank of the symplectic matrix is
rank(Q2) = 32.

Knowing the ranks of these two matrices that determine the symmetry structure of
any CS theory, the number of degrees of freedom (d.o.f.) is computed in Dirac’s canonical
formalism according to the formula

d.o.f. = % rank(Q2) — rank(7), (6.33)

that will be shown in the next paragraph. In generic and regular theories, both ranks are
maximal, that is, rank(Q) = 4(® — 1) and rank(J) = D, reproducing the known result
® — 2 for the number of degrees of freedom [59, 60].

In our case, the solution with =, = # 0 belongs to the non-generic (rank(Q2) < 76) and
irregular (rank(J) < 20) sector of CS AdS supergravity, such that

1
dof. =232-16=0, (6.34)

meaning that there are no gauge fields propagating in the bulk geometry around the back-
ground of the form (5.50).
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Finally, let us comment that our ansatz on the metric (3.1) and torsion (3.3), (3.11)
considers only four radial functions, f(r), N(r), v(r) and ¢(r), and the internal non-
Abelian gauge field represented by the scalar function @(r), which becomes constant on-
shell. Abelian fields are pure gauge. In the branches discussed in subsections 4.1 and 4.2,
we have v = 0, leaving four functions f, N, ¢, @ when Z # 0, or three functions N, ¢, ¢
in the Z-neutral case, whose radial evolution is determined by given initial conditions in
first order formalism (satisfying first order differential equations). In addition, we choose
boundary conditions such that N = 1. In that way, we remain with three (£ # 0) and two
(2 = 0) functions in the AdS sector, whose radial evolution is determined by the integration
constants (u, B,C) and (B, C), respectively.

However, the constants B and C are quantized by the integers n; and ng due to
topological considerations, so they are not arbitrary. This leaves the parameter u as the
only integration constant, which is not enough to describe a full degree of freedom because,
in the d.o.f. count, two integration constants usually describe one degree of freedom. This
result is similar to BTZ black hole in three dimensions, where the mass parameter has
topological origin. Furthermore, there is also a similarity with standard supergravity,
where the BPS states share the feature that they look like ‘a half’ of a degree of freedom,
according to the fact that the BPS conditions are first-order differential equations that,
however, imply the second-order field equations of motion. This means that, in our ansatz,
we indeed have zero physical degrees of freedom, thus our solutions belong to a topological
sector of CS AdSs supergravity.

Hamiltonian charge formula. In CS AdS supergravity, the SU(2,2|4) charge can be
obtained by Hamiltonian formalism. Separating the time and space coordinates, z# =
(t,z*) € R x T, the Hamiltonian form of CS action (2.1), up to a boundary term, is [60]

= / dx (L3 AY — AV xr) . (6.35)
M

where the A,{V[ -independent quantities are

k 1
LS = —3 B8 <gMNKAéVF,f§ 2 IMNL fKSL AgA'Iy(A§> )
k
Yur = — Ea’BWSgMNKF(%Ff% . (6.36)

4

Passing to the phase space with canonical variables (AY 7$,), where 7}, = 0 and AM
is a Lagrange multiplier, canonical analysis shows that there are two kinds of constraints
(canonical equations of motion that do not involve time derivatives). The first ones are

G =7 — LS, (0% (@), o ()] = Oy (@) W (@ —2') (6.37)

where the Poisson brackets are taken at the same time, ¢t = /. Zero modes of Q correspond
to first class constraints that are accidental symmetries. For us, the relevant first class
constraint is the one that generates gauge symmetry,

Gu = —xm +Dadly,  [Gu(),Gn ()] = fui Gre () 8 (@ — ). (6.38)

— 492 —



With this constraint content at hand, a number of d.o.f. in 5D CS theory is computed
in Dirac’s canonical formalism in the following way. There are © canonical gauge generators
G (first class constraints), but only rank(7) of them are linearly independent. There are
also 49 constraints ¢, on I', and rank({2) of them are not gauge generators, but they are
so-called second class constraints that eliminate redundant components of the fields. The
rest, 40 — rank(2), are gauge generators (diffeomorphisms and accidental symmetries).
In total we have n, = rank(J) + 4© — rank({2) first class constraints and n,, = rank(Q)
second class constraints. Among the 4® gauge fields AY on I' (AM does not count because
it is a Lagrange multiplier), not all correspond to the physical fields. Each local symmetry
generator (first class constraint) eliminates one field component, and a nature of second
class constraints is such that two of them eliminate only one field component (because
a second class constraint can be imagined as first class constraint plus its corresponding
gauge fixing function in the phase space). What remains is the number of physical gauge
field components d.o.f. = 4D —n, — In,,, leading to the final formula (6.33).

We will compute a formula for conserved charges associated to gauge symmetries. The

smeared generator,

GA] = / A1z AMGyr + QA (6.39)
I

produces gauge transformations via the Poisson brackets, 6, AYM = {Aé\é/f ,G [A]} = —D,AM.
The boundary term, Q[A], has to be chosen so that the generator has well-defined functional
derivatives [65].

In order to identify its non-differentiable part, we vary canonical fields, keeping the
gauge parameter field-independent in the asymptotic limit (0A — 0 on OI' = ¥). The
bulk terms are constraints and they vanish on-shell, implying that the smeared generator
becomes equal to its boundary term, i.e., the charge G[A] = Q[A]. Thus, to compute Q[A],
it is enough to focus on the boundary terms that arise from making the above expression
free of derivatives acting on dA and dw. Up to explicitly written global sign, we obtain
on-shell

5QIA] = i [ d (% (AFGA) + % (DAA&A)) | (6.40)

Then we apply the Stoke’s theorem, noticing that the term containing DA also vanishes
since DA — 0 on ¥ (see the conditions on the local parameters, eq. (6.42) below).
The result is the on-shell Hamiltonian charge whose variation is given by the functional

5Q [A] = 2ik6 / (AFSA) | (6.41)
b

where A is an asymptotically covariantly constant parameter that does not vary on the
boundary, and 6 is a global sign chosen as # = 1 when = # 0 and § = —1 when = = 0. This
choice, § = 1 —20g=, ensures that the energy, which is always a bounded quantity, becomes
bounded from below. The above formula is not integrable in general, i.e., not possible to
write as a total variation in general, given boundary conditions for A.
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One way to integrate out (6.41) is to use boundary conditions F — F, where F is a
Lie-algebra valued 2-form that does not vary on X. The background-dependent charge is
then solved as @ {A; f‘} = 2ik0 [, <AFA>. We can always add an A-dependent ‘integration
constant’ to this charge. This approach has been adopted in [16, 59].

The background-dependent method is not suitable when the boundary field depends
on the parameters 2, = # 0 because it would introduce background charges. Instead, we
will look at a class of solutions where 6Q) becomes integrable.

The parameter A is a Lie-algebra valued function that has to be fixed and covariantly
constant on the asymptotic boundary, namely

X: DA=0, 6A—0, (6.42)

where D = D(A) is the group covariant derivative, DA = dA + [A,A]. In our case,
non-vanishing gauge fields are the bosonic ones and since they all commute, the expression
becomes a sum of independent terms, DA = DApqg + DA su@) T dAy(). This means
that, because of independence of generators, each term has to vanish independently. The
same has to be true for each bosonic subgroup in DDA = [F, A] = 0.

On the other hand, there is the charge H[¢] associated to diffeomorphisms, or more
precisely to asymptotic Killing vectors § = £ 0, describing isometries of the asymptotic
sector. Since in D > 3 we have in general F # 0, which implies £;A = D(i¢A)+icF # DA
and two set of charges (Q[A] and H[¢]) are independent. The exception is the time-like
charge that defines the total energy and where £¢A and D(i¢A) become related on-shell.
In that case, the parameter A turns field-dependent, still satisfying the conditions (6.42).
The total energy is E = H[0;] = Q[Ao], where the last equality holds on-shell and the
function Ag(A) is yet to be determined.

The solution of eq. (6.42) in the U(1), x SU(2)p x U(1), sector is

At=1, A'=0, A°=1. (6.43)

It means that we can have Abelian conserved charges. In particular, even if the U(1), field
is absent, an effective U(1), charge might exist due to interaction.
As regards the asymptotically covariantly constant AdS parameter, it has the form

2

AZU(f-f—;) (J01—|—P0)+fp+u2(.]01—P0)

o (2r P lp*u 1
=u (—T> (J01+P0)+7 (Jo1 _P0)+O(T3) . (6.44)

It is associated to the asymptotic isometries { = {#0,, as
LeA = DA +icF, A =icA. (6.45)

Since the mass corresponds to the time-like diffeomorphisms whose asymptotic Killing
vector is § = 0, we have i¢F = 0 on the solution, and the result is

r r T 2 1
AozAt:ﬁJ01+§P0:€—2Jm+ 52_12)7“—'_0(7“3)] Py. (6.46)
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This behavior is consistent with the one found in eq. (6.44), determining the normaliza-

tion as

1 2
Or: u=—, v=">

We focus now on explicit computation of conserved charges @), and E associated to
the only two non-vanishing local parameters, A' given by (6.43) and Ag given by (6.46),
respectively.

Total energy. The total energy of the black hole-soliton system is computed using the
formula (6.41),

SE = 6Q[Ao] = 2ik0 / (AoFSA) . (6.43)
by

Since the energy density ¢ is the same for any ¥ which is locally a sphere, the total energy

will be of the form eVol(X). The internal symmetry soliton and the U(1). gauge field do

not contribute to the total energy because they do not interact with the AdS field directly.
The asymptotic parameter (6.46) and the solution (5.50) have the form

.
Aoy = ?2301—1-%1307

Fly = 7% &¢; (CSk + ;Jk> ,

Als=ds;+ (o' - Cé) I, (6.49)

where we denoted non—S/I\J(2) p-term by S; = % P; — f J1; to easier compute the traces. The
variations are taken in the boundary parameters such that ér = 0.

There are several ambiguities in the charge formula that we have to fix. For instance,
it is always possible to add an arbitrary variation of an r -dependent function to the above
expressions. But if we keep track of all §r arising from the supertraces (instead of setting
them to zero), we will obtain a natural cancellation of all divergences in the charge. Thus,
the dr-freedom is fixed by the finiteness of the charge when r — co. Lagrangian version
of this method requires addition of local counterterms to the action, that has been done
in CS AdS gravity without torsion in any odd dimension in [66] by addition of the Euler
topological invariant to the bulk action, but it still has an unknown form in a general case.

Another ambiguity lies in the parameter choice, e.g., 6p?> = éu and 6(C — 1) = 6C.
The additive constant will be chosen so that the charge Q[A] vanishes when its source
is absent.!! For example, on the sphere, the solitons are absent when C' = B = 0, but
on the projective space they are absent when C' = B = 1 (because the corresponding
topological numbers are zero). As respect to the black hole, the charge is absent when the
horizon (4.24) contracts to a point, p? = 0.

" Similar normalization has been chosen in [55], where the additive constant related with the mass has
been fixed requiring that the horizon shrinks to a point when g — 1 — 0, and the electrically charged
solution reduces to the uncharged one when the parameter ¢ — 0.
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With this method at hand, we compute the following supertraces,

. T . or
1 <J01SiJj> = 5ij s 1<J01JZ‘(5SJ'> = ﬁ (52']' s

o
f of

i<P()SiJj> = —5 5z‘j R i<P0Ji(58j> = ——

5 0ij - (6.50)

Plugging them in into eq. (6.48) and recognizing the integral of /% €i€;ér as 6Vol(X), we
~ 3kVol(X)0 .. | [rir o [ 12 ,

where we used that the AdS field varies as A" = —6C & independently on the choice of
the topology . The second term is finite thanks to 2—2 — f? = p%. In the first term, we use

obtain

also dr/r — 0 to evaluate

i ror op?
arriving to the result
kVol(X)6
SE = ?’V‘;g() [ (P +1-C?) 6% - 2p2502} . (6.53)

We also applied Z = p? + 1 — C2. The finiteness of the above expression is a non-trivial
result, as the charges in AdS spaces are usually divergent in the asymptotic sector and
have to be regularized.

In the Z-charged case, when p? and C? are independent parameters, the above expres-
sion is not integrable. To circumvent this problem, we will assume that the axial soliton
has fixed topology, dC = 0, so that it becomes a background configuration. This can be
understood from the fact that the Pontryagin index ny(C') is quantized, because then it
cannot vary infinitesimally, and therefore dno = % (1 — C?)6C = 0 implies §C' = 0 when
C # +1, but we will always keep it zero. As a result, also setting § = 1, we obtain for the
total energy

2
E:M <p+1_02> p?

20 2
= W(wlw?)(ul) > W(l@)? (6.54)

We notice that it is always bounded from below for fixed C.

Obtained energy includes the mass of the black hole, interaction energy between the
black hole and the axial soliton, as well as the vacuum energy of the AdS space. Indeed,
we can write the above result as

E = M + Eint + Eads (6.55)
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where

3kVOI(R)
M==—g—#
3k Vol (S
= BV
3k Vol (S
Faqs = _45() (1-202). (6.56)

The first term (M) is the black hole mass, and the second term (Fjiy) corresponds to an
interaction energy between the black hole and the axial soliton background. The last term
(Eaqs) describes the vacuum energy of the AdS space with torsion. When the torsion
vanishes, the result matches the known one of the torsionless asymptotically AdSs black
hole [55], where the gravitational energy (which includes the black hole mass and vacuum
energy) has been computed using the Regge-Teitelboim method,'?
3kVol(2
4E( ) ( b2 1) _

Note that the internal symmetry soliton with the charge B does not curve nor torsion

Ec—o = (6.57)

spacetime and it does not contribute to the total energy, as we already observed since the
internal non-Abelian field does not interact with the black hole directly (only through the
U(1)4 term). It is a consequence of the fact that SU(2) does not possess a symmetric rank-3
invariant tensor.
The BPS limit of the configuration corresponds to the extremal black hole with © =1,
whose energy is
Epps =0. (6.58)

The same is true for dimensionally continued black holes [8], where the smallest horizon
black hole has zero energy. In addition, it is worth pointing out the similarities with the
spectrum of supersymmetric black holes in 3D supergravity in AdS [67], which is itself a
CS theory. In 3D, the BTZ black hole geometry exhibits maximal supersymmetry in the
global AdS3 vacuum, which is the vacuum of the Neveu-Schwarz sector. The vacuum of
the Ramond sector is given by the so-called massless BTZ, where the origin represents
the topological obstruction. Also in the BTZ, as it is usual in supergravity, the BPS
configurations represent extremal black holes. Another similarity with the 3D case is the
mass gap between the global AdS and the black hole spectrum, a gap that is filled with
solutions exhibiting naked singularities. The gap becomes more evident for solutions with
weak torsion field (> C?), when the interaction energy can be neglected.

For the Z-neutral solution, we have p? = C? — 1. Since the axial charge is related to
the black hole mass, it cannot describe a fixed background. Then the energy (6.53) can be
exactly integrated out, leading to

_ 3kVol(%)
o w

12To translate the notation from [55] and prove m = Ec—o, first we choose the dimension D = 2n+1 = 5,

SE op, (6.59)

n = 2, and fix the volume of the transversal space Q3 = Vol(X). The gravitational coupling constant in the
paper is ko = m, and it is related to our gravitational constant as ko = %. Finally, the gravitational
energy m = M + Eaqs can be obtained from the mass parameter p = /2Gom + 1.

47 —



where we set § = —1, that further yields

~ 3kVol(¥) 4 3kVol(X%)

E 20 ? 20

(n—1)%>0, (6.60)

and also
3kVol(%)

20 ’

Again, the energy is bounded from below. In this case, the black hole mass and the inter-

Eags = Epps = 0. (6.61)

action between the axial soliton and the black hole cannot be distinguished. Furthermore,
the vacuum energy is not computed in a similar way as before, with 4 =0 and C # 0. In
the extremal case, the black hole has zero energy, as expected.

The quantized topological charges ny and ny can always be added to the total energy
because they satisfy on; = 0 and dne = 0. This is a more general property funded on the
fact that boundary conditions modify conserved quantities. For instance, in AdS, gravity,
imposing (anti)self-dual boundary conditions on the AdS tensor (on-shell equivalent to the
Weyl tensor), permits existence of solitonic solutions with ‘magnetic mass’, computed as
a Noether charge when the Pontryagin topological invariant is added to Einsten-Hilbert
action [68, 69]. In the next step, we will see that there is another conserved charge, @, of
topological origin.

To conclude, the Z-neutral solutions have discrete energy spectrum, related to their
topological properties. This is also true for Z-charged solutions in the BPS limit while, out
of the limit, the energy spectrum is continuous. These conclusions are similar to the ones
in superstring theory where the black p-brane charges [70, 71] appearing in supergravity
are associated with the number of coincident D-branes [72] in the underlying string-theory
configuration [73-76] and, therefore, quantized. In the BPS limit the mass, thus, becomes
quantized.

Abelian charges. We have two Abelian parameters A' and A¢ associated to the sym-
metry U(1), x U(1).. It is straightforward to check that the pure gauge field leads to
Qc=0.

On the other hand, as we discussed before, the U(1), sector of the theory is strongly
coupled when N = 4. Thus, even though the U(1), gauge field vanishes, its coupling to
both AdS and SU(4) fields leads to the effective interaction between them, and produces an
effective U(1), charge associated to the gauge parameter A! = 1. Using the formula (6.41)
and the invariant tensor (2.12) and (2.14), we find

1 - A )
5Qq = %9 <2 Fup6A4B — F; 5,42) . (6.62)
by

Note that i (G1T;T;) = £ Tr (r;7;) = —3 6ij (see eq. (C.11)). Replacing the solution (6.1)
in the variation and using eq. (6.52), we obtain for ¥ € {S? RP?},

ko ik 1 ror 1_ 1~
5Q, = ?/eijkeeaek}% {c <f5f_ 52) _:50+2;53], (6.63)
2
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or after taking the limit

_ 3kOVol(%)

> S(Cp*)—(1-C*6(1—-C)+ (1 —-B*»6B| . (6.64)

0Qq =

In this case it is always possible to integrate out the charge for any =.

On RP?, since & = &, natural charges in At and A’ are 1—C and 1— B (or equivalently
the integration constant of the variation is fixed so that the solitons vanish when C' =1
and B = 1), so we can write the above variation as

3km20 9 9 9
0Qq = — 5 I(Cp*)—(1-C*)6(1-C)—(1—-B*)d(1—-B)|, (6.65)
and the result after integration is
kw0 4 4
Qq(RP?) = —3% (Cp2 tanatg nl) = —2kr%0 P, (6.66)

where P € R is the total Pontryagin index (6.26). The proportionality between @, and P
is a consequence of the identity iy = —i gun- The latter is true only for the bosonic
components of the Cartan-Killing metric for the N' = 4 superalgebra (see eq. (A.6) in
appendix A and the comment after eq. (2.14)). Thus, the effective charge (6.66) does not
contribute with any new conserved quantity, but itshows a topological origin, similarly as
the electric charge of Reissner-Nordstrém black holes in standard supergravity which is
related to the central charge of the corresponding algebra.

On S3, natural charges are C' and B (since the solitons vanish when C' = 0, B = 0),
and the variation (6.64) is

Qq(S%) = —07% (3CP* +mi +na+ B—C) . (6.67)

The charge is, therefore, proportional to 3n —2P + B — C'. Because P and n are topological
numbers, B —C'is a conserved quantity directly related to U(1), symmetry on the 3-sphere.
Since the result is exact, it is valid for both =-charged and =-neutral solutions. The

BPS states in all cases satisfy
QIS = 0. (6.68)

6.3 Right and left non-Abelian solitons

Properties of CS supergravity depend on invariant tensors associated to its gauge group.
We saw in appendix C that the subgroups SU(2)p and SU(2)4, when coupled to U(1),,
have different invariant tensors (compare egs. (C.13) and (C.16)). Namely, the left and
right groups have an additional non-vanishing component of the rank-3 tensor, that is
Gel+i][+5) = :i:i ;5. This means that previously discussed solutions, based on the diagonal
subgroup, could have different physical features if it is replaced by the left of right subgroup.
A purpose of this subsection is to explore this possibility.

Let us consider a solution (5.50) mapped to a nonequivalent one when the non trivial
gauge subgroup SU(2) C SU(4) in the BPS solution is changed as SU(2)p — SU(2)+.13 A

3There is an additional minus sign in the mapping T; <+ —T4; to adjust the structure constants in the
algebra [Ty, T;] = —€,;" Tk > [T4i, Toj] = €, T
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new solution on ¥ € {S3 RP3} reads

dt  d N .
A= (ZJol +fPo> =y éPl +é (ZPZ- - lei) + AT+ AT+ dQ T,

iz (T 1 =i~
F = C’eijke &’ (E P _lek) + 5 Jk ( Ji _\_4T+k) , (669)

where A! = &' — Cé, L= = @' — Bé and A* = 0. In the old basis, the components of the
internal non-Abelian gauge field are

1

Ai:_AOi:_l

;@ —B&),  F=-Fl=_Td, e (6.70)

The BPS state is reached when
uw=1, B=C. (6.71)

The corresponding Killing spinor has the same form as before, and it satisfies the projection
conditions

Ie=—e,, Jie=—T €. (6.72)

While many features, due to formal equivalence of the solutions, remain the same, an
essential difference is the non-vanishing coupling ge[4(4; in SU(2)+ x SU(2)- x U(1), so
that the U(1). component could become relevant.

For that reason, and because the total energy, as well as @)y, remain essentially un-
changed by introduction of the right soliton, we will focus only on the new charge Q.
unrelated to the AdS field, associated to the parameter A¢ = 1, obtained from (6.41) as

5Q. = % /ﬂ,M - —%V I()(1 — B%)sB. (6.73)

We can integrate out the charge exactly, arriving to the result

Q.= k—g Vol(X)(B? — 3B) + const, (6.74)

where the additive constant is 3k6 72 on RP? (corresponding to Q. — 0 when B — 1) and
it is zero on S3 (corresponding to Q. — 0 when B — 0). This charge is, therefore, on
RP? proportional to the SU(2) Pontryagin index (6.20), and on S? it has more complicated
dependence, but in both cases conservation of n; implies a conservation of Q.. Explicitly,
we have

Qe(RP) = 2k07%n1,  Q(S°) = —k0r* (n1 + B(m)) . (6.75)

Therefore, the new solution is not equivalent to the old one, as it relates the Hamilto-
nian conserved charge to the quantized topological one associated to the SU(2) soliton.

Another solution can be obtained in an analogous way using the mapping SU(2)p —
SU(2)—, with similar conclusions.
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7 Conclusions

Chern-Simons AdSs supergravity presents many differences with respect to standard su-
pergravity. The gravitational sector of the former takes the form of Einstein-Gauss-Bonnet
AdS theory, with the Gauss-Bonnet coupling constant being fixed so that the global AdS
vacuum is 2-fold degenerate. With addition of torsional fields, local symmetries of this
gravity theory become enhanced from the Lorentz to AdS gauge group SO(2,4). Further-
more, the addition of U(1), x SU(N) internal gauge fields and A/ supersymmetry generators
close the supersymmetry algebra off-shell, without necessity of the auxiliary fields [77], such
that the number of bosonic and fermionic fields is not the same in general. This is related
to the topological origin of the CS theory. Also related to that, the number of propagating
degrees of freedom depends on background and, in general, it is not the same as in standard
gravity. Still, these two gravity theories have a surprising number of common features, such
as existence of black holes [8] respecting the laws of thermodynamics [55].

We show in this paper that more similarities arise in the supersymmetric extension of
the theory. We focus on the special case with ' = 4 supersymmetries, in which the U(1),
field becomes strongly coupled, fermions turn U(1),-neutral and the U(1), sector converts
to a central extension. We choose the U(1), field locally vanishing, but because it interacts
with both the geometry and the internal symmetry, it leads to non-trivial global effects.

It is worth mentioning that most results obtained in this manuscript can be generalized
to any N > 3, when SU(N) contains an SU(2) x U(1). subgroup, and the U(1), field is
pure gauge.

New black hole solutions. First we solve the gravitational sector of the theory and find
a new class of black hole solutions with the mass parameter p and the axial torsion charge
C'. Namely, the torsion tensor restricted to the 3D spatial section, which is locally a sphere,
admits the maximal number of Killing vectors. Thus, the 3D space embedded in higher-
dimensional geometry is characterised by the axial torsion strength C, whereas the intrinsic
torsion of the 3-sphere remains zero. The black holes also possess the gravitational hair
that modifies the asymptotics of the metric functions g4, ¢ compared to standard AdS
fall-off. Such black hole has two horizons, and it becomes extremal, with zero temperature,
when they coincide.

Other relevant AdS gauge fields in the solution are associated to SU(2)p C SO(2,4).
We find two inequivalent branches of the black holes that differ according to the S/I\J(Q) D
field strengths =. One of them has = # 0, and another is a pure gauge. When = = 0, the
mass parameter is not independent from the axial torsion, being 1 = C2. In both cases the
S/I\J(2) p field is topologically non-trivial and it describes a solitonic solution. Namely, in
absence of the gravitational hair (b = by = 0), the metric manifold is asymptotically AdS
in the standard sense, and the axial torsion can be seen as a scalar field ¢(z) on the curved
space satisfying a boundary condition ¢(x) — C. It has properties of a solitonic solution,
which we call the axial soliton. In [17], it was shown that the axial soliton preserves 1/2

of the original supersymmetries, and it is therefore a BPS state.
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BPS states and conserved charges. In this paper, we also investigate other BPS states
and their underlying topological origin for the black hole solutions of CS AdS supergravity.
To this end, we consider a solution with a non vanishing internal SU(2)p x U(1), C SU(4)
gauge field, which describes an independent solitonic solution, with amplitude B. We show
that the internal and axial solitons have nontrivial winding numbers ni(B), no(C) € Z,
meaning that the constants B and C' cannot take arbitrary values, but only the ones fixed
by n; and ny. The total Pontryagin number P € R, which depends on ni, ny and on the
extremality parameter of the black hole, is a conserved quantity. A way to understand why
P is not an integer is that it has an additional term that depends on the mass parameter
1 that appears in the extremality parameter of the black hole.

We compute the conserved charges in the theory, both Noether (due to time-like asymp-
totic space-time isometries) and topological charges (due to existence of S/I\J(2) p xSU(2)p
soliton). The computations are performed for S* and RP? ~ S3 /Z2 spatial topologies on
the horizon, motivated by the fact that, in absence of internal symmetries and the axial
torsion, the Killing spinor becomes locally constant, so it would in principle not be glob-
ally well-defined on (simply connected) S®. It could be so on RP?. This crucial difference
motivated us to investigate the effects of both topologies on the physical properties of the
solution. Nevertheless, as the spinors carry also the U(1). charge finally, when all gauge
fields are added, both cases discussed in the paper present similar behavior, with the dif-
ference being that expressions on S? possesses an additional reflection symmetry C < —C,
absent on RP? due to identifications.

Another interesting result is that the topological charge P is also an effective charge Q,
for U(1), symmetry on RP? and, in the case of S%, it leads to a conserved quantity B — C.
As respect to the unbroken supersymmetries, we find that the BPS states are reached in
the limit when the internal soliton and axial soliton form a soliton-antisoliton system that
finally unwinds (n; = —ng), which is achieved by the soliton amplitude matching, B = C,
and when the black hole becomes extremal. Thus, similarly as in standard supergravity,
and as expected, BPS states are extremal states. In addition, in both CS and standard
supergravity, the space of extremal solutions is larger than the space of BPS solutions —
namely, the state B = —C is extremal, but it is not a BPS state.

It is also worthwhile to emphasize important differences between the =-charged and =-
neutral cases, corresponding to %—BPS state and %—BPS state, respectively. The =-neutral
solutions have fully discrete energy spectrum because u = C? and C' is a discrete function
of ng € Z. This is also true for =-charged solutions in the BPS limit, otherwise the energy
spectrum is continuous. The last statement resembles the case of the Reissner—-Nordstrom
black holes in N/ = 2 supergravity (at least when A = 0), where the U(1), charge is
also a central extension in the superalgebra. Another example are Taub-NUT-AdS and
Taub-Bolt-AdS solutions in AdS, gravity, whose Noether charge acquires the ‘magnetic
mass’ term that is the Pontryagin number [68, 69]. Furthermore, it satisfies (anti) self-dual
asymptotic conditions in the field strength, frequently associated to solitonic solutions.

Finally, motivated by possible (anti) self-duality between the SU(2)4 and SU(2)_ in-
ternal sectors of the theory, we re-interpret the solution by replacing the SU(2)p internal
soliton by the right SU(2)4 C SU(4) soliton, where the left one identically vanishes. Al-
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though we do not find a duality relation in this simple setting, we prove that in this case
the obtained solution is physically inequivalent from the one studied in detail in this paper,
as it has a new conserved quantity, that is the U(1). charge Q., related to the topologi-
cal number n;(B). In this way, the charge n; becomes conserved, whereas in the previous
solution it was conserved only when combined with no and the extremality parameter in P.

Discussion and outlook. An appearance of (anti) self-duality and solitonic solutions
in the context of gauge theories is not sursprising. The well-known example is the Belavin-
Polyakov-Schwarz-Tyupkin (BPST) instanton in the SU(2) Yang-Mills theories, where the
Euclidean action is bounded by its pure-gauge value Iyy[gdg—!]. The bound is saturated
for the (anti) self-dual Yang-Mills instantons, where Iyy[gdg~!] becomes proportional to
the winding number Py\ € Z (Pontryagin index). This is why we expect that, in principle,
it should be possible to extend the static SU(2); solution sketched in section 6.3 to the
full non-static SU(2)4 x SU(2)_ one, and realize the (anti) self-duality between the left
and right sectors at the level of the CS action, similarly as in Yang-Mills theories. In
this case, the likely topological charge that would play a role in the bound is not the
Pontryagin index, but the invariant obtained from Icg[gdg™!]. The same invariant leads
to the quantization of the CS coupling constant k in the quantum theory (by requiring
the invariance of e'/cs also globally), because the CS theory changes under finite gauge
transformations, A — g~ (A +d)g, as [6]

Ics — Ics + % <(g_1d9)5> ) (7.1)
M
where we discarded a (topologically trivial) boundary term.

In addition, a more general study of the spin structure on non-Riemannian manifolds
in the framework of CS supergravity could give some insight about possible more general
BPS state solutions, similar to the one mentioned above.

Another task to be carried out is to compute the superalgebra of charges and eval-
uate its central extension, as shown in [52] in a simple toy model of generic, regular CS
theory. Evaluation of the central charge is important to identify a dual boundary theory,
in the framework of AdS/CFT correspondence, studied in higher-dimensional CS gravity
in [78-82]. In particular, the anticommutator of supercharges would lead to the Bogo-
mol’nyi bound, which is saturated on the BPS states in standard supergravity [44]. This
method has been applied to global AdS solutions with non-Abelian fields (not black holes)
in AdS5 CS supergravity in [16].

Finally, we cannot talk about black holes without knowing their entropy and studying
the Hawking radiation via the black hole thermodynamics. The problem is particularly
interesting because the found black hole is coupled to two solitons and the configuration
is described by three integration constants (u, B, C') but only two conserved charges (E,
@Qq) and several topological numbers (n1, na, P), where only one of them is conserved (P).
In the case of the right internal soliton, (). ~ n; is an additional conserved quantity.

Related to the entropy, we would also like to understand whether some well-known
facts about the black holes in standard supergravity are still valid in the CS theory. For
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instance, whether the area of the extremal black hole horizon is proportional to (some
power of) the black hole entropy. Without torsion, the entropy in gravity with k-fold
degenerate AdS vacuum is polynomial in the horizon [55], and this also holds in Lovelock
gravity in general [83].

Then, the extremal limit in standard gravity is asymptotically reached at the zero
Hawking temperature, where all the energy is lost by thermal Hawking radiation. In
absence of topological charges in the gauge field sector, the minimal energy is zero, thus
the black hole totally evaporates. When a topological charge is present, the minimal energy
is determined by the topological charge, and the extremal limit gives the no-force condition
analogous to M = |Q,| for the Reissner-Nordstrom black holes. Extremal CS AdS black
holes also have vanishing temperature and they do not Hawking-radiate, but in our case the
presence of additional solitons singles out only the ones with zero total topological charge
as the configuration of equilibrium. These elements suggest that the usual interpretation
of stable BPS states should also hold in the CS case. However, in order to prove it, we still
have to work out explicitly the Bogomol’nyi bound of the BPS states by diagonalizing the
supercharges part of the algebra that is positive definite, {QZ, (QT)g} > 0. The topological
charge is expected to appear in the superalgebra, such us @4, Q. or — as discussed above
— the winding number proportional to Ias[gdg™!] of the SU(2), x SU(2)_ soliton.

Some of the ideas mentioned above are already work in progress.
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A Representation of the generators of SU(2, 2|N)

The bosonic sector of the supersymmetric extension of AdSs is AdSs x SU(N) x U(1) for
N > 1, where the SU(N) part is absent when A" = 1. Representation of all generators can
be found in [15], as follows.

o AdSs generators Jap = (Jup, Jas = Po), A= (a,5) (a=0,...4):

5(TaB)§ 0
J _ 5 AB ;
AB l 0 0 )
1
Fab = 5 [F(I)Fb] ) Fa5 = Fa7
{Faan} = Qnaba Tab = (_7+7+7+7+) . (Al)
e SU(N) generators:
0 O t

G\ = = —T). A2
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e U(1) generator:

G1:l4‘5ﬁ iOu]. (A.3)
0 495
e SUSY generators:
0 0 - 0 0302
&= 5 = v A4

The Cartan-Killing metric of the supergroup is defined by
gMN = <GMGN> = STI‘ (GMGN) N (A5)

and it has non-vanishing components

giAB)[cD] = —N[AB][CD] s g1 = —4q,
s (A.6)
GA A = —VA1As 5 9 () = =050, ,
where g = % — NI- and ya, A, = Tr(7a,7a,).
B Five-dimensional gamma matrices
The five-dimensional gamma matrices I'y, (a = 0,...,4) satisfy the Crifford algebra
{Fa,rb} = 2770,13, Nab = (77+a+7+7+)' (Bl)

They can be constructed from the 4 x 4 four-dimensional gamma matrices (YT, such that
[y = (I3, T4) = (W3, '), where the last matrix is

Iy= WD =il Tely, Th=Ty, Ty)’=1. (B.2)
In our conventions, their hermicity can be summarized as
Il =TT, (B.3)

Introducing the Levi-Civita as given by egs. (3.6), we can prove that

Tr (DaDp0 Tl = —4i epede - (B.4)
Other traces are
Te(Ty) = 0,
Tr (Tal's) = 47ab
Tr (D,0,T,) = 0,
Tr (Lol lcl'a) = 4 (MabNed — Nactbd + Madbe) - (B.5)

The basis of the gamma matrices is

{14, T4, Tep} = {I4,TuB}, Loy =
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where T'yp = {Tp, a5 = I'u}, and nap = (Nap, —1) (A, B = 0,...,5). They satisfy the
orthogonality relations

1 «
iﬁw)ﬁmmg:@g—mwg (B.7)

Any matrix M can be expanded in this basis as

1 1 a 1 ab
M_Zﬂm®+1ﬁmw)m—gﬂ(Mr)nb (B.8)

As a consequence of (B.4) and the Levi-Civita conventions (3.6), we get the identity
i ik
5 €ijk " = Fol“ll“z- . (B9>

Let us write out a particular representation of five-dimensional gamma matrices decom-
posed as I'y = (I'g, I't, I;), with 14 = (—,+,6;5), in terms of three-dimensional matrices
~;. They close the Clifford algebra

{vi, v} = 2635, (B.10)

and they can be represented in terms of the Pauli’s matrices as ;11 = ;. They also satisfy
the following identities,

Yy = 0ij o + ieijmk, Vij = ieijk:’Yk ; (B.11)

where the second one is three-dimensional version of the identity (B.9). Then the repre-
sentation of five-dimensional I'-matrices reads

0 I L, 0
F0=102®H2=< 2>, I11=<73®]12=<2 >7

1, 0 0 —Iy
0 .
E=m®%=< %» (B.12)
¥ 0
and also for I'yp = T,
0 -I v 0
oy = -1 R = Loi = | =
01 01 @l <—H2 0 )a 0i = 03X (0_%,)’
‘ 0 i 0
Iy =ioa®@y = v ) Lij =l ® 5 = I : (B.13)
—; 0 0 i

C Generators and invariant tensors of SU(4)

In appendix A we reviewed a representation of the algebra su(2,2|N) used in this text.
The basic properties and identities of SU(N') generators have been summarized in appendix
of [84].
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Here we focus on the special case N = 4. Because of the isomorphism SU(4) ~ SO(6),
the generators of SU(4) can be represented in terms of the gamma matrices T'77. Let us
write Gy = Try, where A = [IJ] and

0 0

N , I,J=0,....5, s,u=1,...4. C.1
Oé(ru)i] (1)

TIJ—[

The signature of the group indices I,J is flat and the numeration from 0 to 5 is for
convenience, stemming from the identification (5.39). Since the Euclidean and Lorentzian
indices cannot be confused in this section, we drop writing the hats.!*

The s0(6) algebra reads

Trs, Tk =0Ty — 650 Trx — 01k Tyr + 0T, (C.2)

u
S

and the gamma matrices (I';)% are the 4 x 4 matrices satisfying the Euclidean Clifford

algebra
{T;,T;} = 2615, (I,J=1,...,6). (C.3)

All gamma matrices are Hermitean and the generators are anti-Hermitean,
[0, 0] = —T'f,. (C.4)

Using the definition (2.12), and the fact that the supertrace of T;; and the trace of
r 17 have a relative minus sign, the supergroup symmetric invariant tensor is

9IJ|[KL[MN] = V[IJ|[KL][MN] s
_1 (C.5)
NuKL = N"Y[IJ][KL]a .
Lo/t u
e (y) = "3 BT
where the particular SO(6) symmetric invariant tensors are defined by
1 .
YNINKL) = ZH(FIJFKL%

. PR
D) = 15 T, Prr ). (C.6)

The mapping of the indices I, J = (f), RN 5) < A, B =(0,...,5) and the signatures nap > 077 means
that the AdSs generators with the particular indices 0 and 5 acquire the factor *
SO(6) generators with the indices 0 and 5, so the isomorphism is established via the mapping:

—1i” with respect to the

T()i g —iJm7 Tf)i < —iJoZ‘, TOS < —Jo, Tij <—>J~;j7
Tii (—)Jh', Tié (—)*i.]ls, Tié (—)*i.]i.
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It is useful to write the following traces of the gamma matrices,

Tr(T,L;) = 4617,
Te(D,T,TRTL) = 4(6150kL — 01x05 + 01007K)
Tr(D, D, T T Tl N) = 4615 (Sxromn — SxmOLN + O NOLM)
—401k (07L0MN — OyMOLN + SyNOLM)
+4011, (00 OMN — 0gMOKN + SNOK M)

— 4070 (0yxOLN — 070K N + OJNOKL)

(C.7)

+46rn (6gxdrm — dyLdknm + 0ymdkr) + 4 erkmn

where the trace of six gamma matrices, with all indices different, is totally antisymmetric,

and therefore proportional to the Levi-Civita tensor e€;jxramn. Its coefficient is evaluated
using the identity (B.4) and the isomorphism with AdSs, as explained in Footnote 14. To

compute the invariant tensor, we need also

. 1 - -
Tr(T'ry) = 0, 1 Tr(CryTkL) = =KL »

1 -
1 Tr(CryT kU mn) = =N Orm + dpryndxm
+Oir ik MOLN — S[rLM]OKN +1€1JKLMN
where we defined
Sy = O0rkdyL — Lok €123456 = 1 .

Now we can evaluate the symmetric tensors of rank two and three using (C.6),

Tr(try7kL) = YKL = —O[g)KL)] >
i

Tr (TrTkLT™MN) = YK LMN] = 5 CTJKLMN -

The corresponding supergroup invariant tensors are

1

(T Tk Tun) = guakLmn) = 3 CLJKLMN

. 1
(G1T1yTkL) = QKL = Y OrJKL] >

and for the Cartan-Killing metric

(TroTkL) = gunxr) = OgKL) -

(C.8)

(C.9)

(C.10)

(C.11)

(C.12)

In our settings, we are focused on SU(2) group, which does not possess a rank three

symmetric invariant tensor (see appendix of [84]). In order to acquire a non-trivial rank
three tensor, the SU(2) fields have to interact with U(1) fields. This can be achieved in a

few nonequivalent ways, which we summarize below.
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a) Subgroup U(1). x SU(2)p x U(1)4

This subgroup is generated by T. = Ty5, T; = %eijk Tji (4,7,k = 2,3,4) and G;. The
Levi-Civita tensor associated to this subgroup is identically zero (because the generator
Ty is missing), giving that the rank-three symmetric tensor is also zero. All non-vanishing
components are due to the Cartan-Killing metric that appears in either (C.11) or (C.12),
and they are

1 1
e = =737+ Uik = ~ 57 Sk (C.13)
Gee =1, 9k = Ofig) (k)
In terms of the generators 7; = % eij k Tjk, useful relations used in the text are
[1i, 7] = —eijkTm Tr ([7i, 73] ) = €ijie » (C.14)
Tr (7375) = —dij, Tr ({7, 75}m) =0.
For the supergenerators, these relations become
[T, Tj] = _eijka ) ([T, T]] Ty) = ~Cijk > (C.15)

b) Subgroup U(1). x SU(2)_ x SU(2)4+ x U(1),

This subgroup is an extension of the previous one, with the generators T. = Ty5, Ty;
and G1. Now the non-Abelian generators cover the full range of the indices and they can
form non-trivial Levi-Civita tensor. Using the invariant tensor (C.11) with the Levi-Civita
conventions (3.6), and also (C.12), we find the following non-vanishing components,

1 1 1
Gel+i)[5] = il Oij » Jree = =37 DLl = T a7 dij (C.16)
as well as .
Jee =1, Gy = 5 % - (C.17)

For completeness, we summarize the definition of the left and right generators (5.24) and
their algebra as

Ty =
[Tii, Tsj] = ;" Tog, [T43,T_j]=0. (C.18)

Particular results corresponding to the broken gauge symmetry SU(2)1 — U(1)4 can
be easily deduced from the above text by taking Tayi as the generator of U(1)4.

D Two branchings of SU(4)

The internal symmetry of interest is SU(4), which is the double covering of SO(6). On one
hand, the fundamental representation 4 of SU(4) is complex and we label its indices by
S,u,...=1,...,4. Then the 15 generators are traceless matrices 7,* (with 7,* = 0) in the
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4 (lower index) times 4 (upper index). On the other hand, the fundamental representation
6 of SO(6) is real and we label its indices by I,J,... =1,...,6. The 15 generators in this
representation are Try = —TYy.

SU(4) admits two inequivalent branchings SU(4) — SO(4) (see [38], page 117), which
are associated with different black hole solutions. These are:

1) SU(4) — SO(4) irreducibly or, equivalently, SO(6) — SO(3) x SO(3);
2) SU(4) — SU(2)+ x SU(2)— x U(1)e, that is, SO(6) — SO(4) x SO(2)..

In the first branching, the (complex) fundamental representation 4 € SU(4) goes into
the (real) 4 € SO(4) ~ SU(2)4+ x SU(2)_ irreducibly, that is,

4 (2,2), (D.1)
which implies in terms of both the representation and the corresponding indices,

6 — (3,1)+(1,3),
I— (i,7), i,i=1,2,3. (D.2)

The adjoint representation, similarly, decomposes as
15— (3,1)+(1,3)+(3,3). (D.3)

From the point of view of the generators, the above decomposition is realized in the 4 as
" — Tsu)» which are the generators of SO(4), and in the 6 we have instead T7; — T;;+13;,
which are the generators of SU(2)+ respectively.

In the second, different, branching of SU(4), there is an additional Abelian group that
assigns the U(1). weight to each representation, which we denote as a subscript. Then the
4 € SU(4) decomposes into

4—(2,1)41+(1,2)1, (D.4)

where the first item in the brackets is the dimension of the SU(2); representation and
the second one is the dimension of the SU(2)_ representation. In components, we have
that the (complex) index u = 1,...,4 decomposes into u = («a, &), where o, & = 1,2 label
the fundamental representations of SU(2), and of SU(2)_ respectively, carrying opposite
charges £1 with respect to U(1)..
For the 6, we have
6 —(2,2)0+(1,1) 12+ (1,1) o, (D.5)

which can be realized by the decomposition (as we do in the main body of the paper)
I —(0,1,4,5), with ¢ = 2, 3,4, where the fundamental representation of SO(4) is spanned
by the indices (0,¢) while the indices (1,5) span SO(2).. For the adjoint, similarly, we
obtain

15 — (3,1)0+ (1,3)0 + (1,1)0 + (2,2)42 + (2,2) 2. (D.6)

Finally, for the generators in the 4 we now find 7,* — T, P +T&B + T, generating SU(2) 4 x
SU(2)_ x U(1), where T,° and T, d’B are symmetric and traceless and where the U(1).
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generator is T = T, = —T;% For the generators in the 6 we have, instead, T7; —
To; + T;j + T15, where the combinations

1 1
Tei=g (iTOi ~3 Eijijk> , 1=2,3,4, (D.7)

introduced in (5.24), generate SU(2) 4, while T35 generates SO(2). ~ U(1)..

E Counting of supersymmetries

Here we prove that the Killing spinor for the Z-charged solution (5.47) has 1/16 of unbroken
supersymmetries.

We focus on the constant part of the spinor, in the text denoted by 7y, but we drop the
index 0 in this appendix for the sake of simplicity. Using the representation (B.12) of the
I'; matrix, the projection 'y, = —n; leaves, for each s, just a half of spinor components,

0 Yills
s = ) FZ s — 5 5 == 1,...747 E.l
! <m> " < 0) ° (=)

where we wrote I';ns represented in (B.13) because we will need it in the next step.
Now we have to check, when = # 0, how many supersymmetries breaks the condi-
tion (5.38) written as

(Ta)§ i = (To)ng . (E.2)

Because the spatial and spinorial indices are mixed up, we will write 5 = 7% as a 4 x 4

matrix H, where each column has fixed group index s, namely

Hzma=(2%>, (E3)

and A = (71 72) and B = (7j374) are 2 x 2 matrices with the spinorial indices o = 3,4,
which are exactly the left chiral (0,1/2) indices that can also be denoted by @ = 1,2. Then
the matrices can be written explicitly as

~i ~i ~i i
A:(zl ”) B:(?;» ”) (E4)
™ N "3 N4

Thus ()% n% = (I;H)®, and (T;)% 0%, = (HTT;)? can be expressed just as products of

S S
matrices, leading to

. 00i) (00 0A\ (04
I;H = HT, ' = E E.5
» (a0)0e)-02)(a%) e

where we represented T'; analogously to (B.13), that is T'; = 1 ® 5;. The above condition

O'Z‘A O'Z'B A&z 0 ~
= A =A5, B=0. E.
(o o®)=(h0) = ow=ta B0 (©.6)

becomes
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The fact that B = 0 means that a half of the remaining components are further projected
out, 7% = 0 and 7§ = 0, leaving only 1/4 of the original components denoted by 7%, with
a=1,2 and § = 1,2, which are 4 complex numbers.

The last set of the conditions to be analyzed is (O’i)db Ai’é = A% (5;)%;. Here tilde just
means that the Pauli matrices &; act by the right, and o; by the left, so this statement is
the condition that A has to commute with all Pauli matrices. Using the Schur’s lemma that
says that the only matrices commuting with a finite-dimensional irreducible representation
of a group, SU(2) in this case, are the scalar matrices, implies that A is a scalar, i.e.,
proportional to . Therefore, only one component, 1711 = 7722 survives the last condition,
while ﬁiQ = 7721 = 0, cutting further the number of supersymmetries to 1/4. As a result, a
pair of dependent spinors 7{ and 7§ remains non-vanishing, where either both are different
than zero or both are zero, because they are proportional to the same complex Grassmann
number 7711. Note that a different choice of the SU(4) basis could transform it to only one
spinor.

In sum, accounting all projection conditions in the considered representation leaves
1/16 of the original supersymmetries unbroken, given by the Killing spinors of the form

0 0

n = i, ony = i, (E.7)

0
1
0
and the corresponding conjugated ones, 72 and 72.

F Coordinates on the 3-sphere

The 3-sphere can be described in the Hopf’s fibration, with the angles y™ = (6, @1, p2) €
[0, 2] x [0,2n] x [0,27], where S? is embedded in R* through [85]
Y1 = cospsind, Y? =sin¢; sinf,
Y3 = cospycosh, Y* = sin gy cos 6. (F.1)
It satisfies the unit 3-sphere equation 6,,Y?Y? = 1, whose metric is
dQ? = §,,dYPdY? = d6? + sin® @ dp? + cos® 0 d3 . (F.2)
For any fixed value of 6, the coordinates (1, ¢2) parametrize a 2-dimensional torus. When

0 = 0 and 7/2, these tori reduce to circles.
The vielbein and the spin connection of the 3-sphere in the Hopf’s coordinates are

e2=4dé, @2 =0,
&3 =sinfdey; , @3 = —sinfdeys,
é* = cosfdeps, ot = —cosfdy; . (F.3)

What we call the volume of the above three-dimensional geometry is

27 27 /2
Vol(S3) = /dgol/dcpg / dfsin cos = 272, (F.4)
0 0 0
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that corresponds to the known expression for the area of the unit 3-sphere, whose four-
dimensional volume is 72/2. Other integrals that we use in the text are

[ eijpééler = 1272, [ eijpélaiar = 4n?

S8 3 F.5
[ejpa'aial =0, [ eijiéeiaor =0. (¥5)
S3 S3

G Real projective 3-space

The real projective 3-space, RP3, is the quotient space S3 /Zo of a 3-sphere, obtained by
identification of its antipodal points, S?/(x ~ —z). Equivalently, it is the quotient space
of a half-sphere, i.e., solid 3-disc D? with antipodal points of D3 ~ S? identified [86]. In
that way, each open hemisphere in S? becomes disjoint from its antipodal image.

A double covering of the sphere, used for the above identification, can be written as
the quotient S? ~ Gisom/SU(2)nol of the isometry group Gisom =~ SU(2); x SU(2)_ and
the holonomy group SU(2)p01 C Gisom- A choice of the latter defines the topology and the
connection defined on it. In what follows we will construct S® and RP3.

The Killing vectors generating Gisom satisfy

(€0, €] = —€i" Ea, [€4i:6-5] =0, (G.1)

that can also be expressed in terms of the left-invariant 1-forms w’ of the isometry group,
defined by their action on the generators,

wi (§+j) = 5;7 wi (f—j) :5;'7 wii (&Fj) =0,
dwh (i, €x5) = —wi (620, €x5)) = —e5" (G-2)

This is equivalent to saying that w? satisfy the Maurer-Cartan equations,

T O R R
To represent Gigom in terms of its Killing vectors, we embed the 3-sphere of radius a
in R* using the radial foliation (a,y™),

d? = da® 4+ a?dQ?,  dO? = v (y) dy™dy”, (G.4)
with the vielbein e = (e!,e’) and the corresponding Levi-Civita spin connection given by

el =da, et :Géi(y)a

Wi = eijk ok (y), wlt = —et. (G.5)
Here é' and &' are intrinsic quantities of S® in the coordinates y™, with the intrinsic
curvature 2-form R’ = ¢ jk & A éF and the intrinsic torsion 2-form 7% = 0. The unit
3-sphere S? is obtained from R* by setting da = 0, a = 1.

In this basis, the isometries of the 3-sphere are described by the six Killing vectors
§pg = —Egp = §5yOm which satisfy the s0(4) Lie-bracket algebra,

[quv 5p’q’] = 5pq’ fqp’ - ‘5qq’ 5171)’ - 51910’ gqq’ + 5(119’ qu’ : (G'G)
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We can decompose and redefine these Killing vectors as

Epg = (6105 &ij) — (§44,6-40) (G.7)

to establish the isomorphism Gisom =~ SO(4) ~ SO(3); x SO(3)—. Then the SO(3)+
isometries are described by the Killing vectors,

§ai = %(fi +&1), & =€, (G.8)

which satisfy the algebra (G.1).
To obtain S3, we choose SU(2)po1 ~ SU(2)p as the diagonal subgroup of Gisom, whose
connection and the vielbein are associated to the ones of the 3-sphere,

1 . 1 ,
@ =i tuel), =gl -wl), (G.9)
or equivalently
w; =+ =3 F . (G~1O)

Indeed, in terms of & and €, eqgs. (G.3) become the conditions of constant curvature R and
vanishing torsion 7% of the 3-manifold. Unlike W, the connection @ has a non vanishing
curvature, corresponding to the fact the SU(2)p is a local symmetry on S3. This choice
reproduces the radial foliation described in (G.5).

We can choose, instead, one of the SU(2)y factors as a holonomy group, say SU(2),
such that S ~ SU(2)_. With this choice, only a subgroup SU(2)_ C SO(4) of the isometry
group is manifest, so that only £_; acts on the quotient space RP?, while &,; has the
corresponding gauge connection set to zero
(]

o =é,

0
20" = 2¢". (G.11)

4

i
Wy
w

To show that obtained topological space is indeed RP?, note that the left-invariant 1-form
&' are dual to the generators &; such that éi(gj) = 5} Their algebra can be read off from the
structure constants in the Maurer-Cartan equations satisfied be the left-invariant forms &°,
finding that the isometry group is indeed restricted to SO(3) = SU(2)4./Z, that is precisely
the one of RP?, when it is written as a parallelized manifold [50].

It remains to find an explicit coordinate frame for this qotient space. Since w® is a pure
gauge connection, & (y) can be constructed using w* J_; = gdg~!, where g(y) € SO(3)_
and [J_,,J_j] = —eijkj,k. One possible parametrization of the SO(3)_ group element
is in terms of the Euler angles y™ = (¢,0,¢) ~ (¢¥ + 27,0 + 7, + 27) such that g =
R.(0)R,(¢)R. (1), leading to the vielbein

1
2 = B (sinfdp — sinp cos O dyp) ,
1
& = —5 (cosOdp + sin psinfdy) | (G.12)
4 1
&=3 (d + cos p dy)) ,
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(G.13)

and the projective 3-space metric
1
d0* = (dz/P +d62 + 2 cos p dOdy + dgoQ) ,

with /7 = % sin . This enables to compute the volume of the manifold as
1 2w 2w by
Vol (RP?) = /\ﬁd?’y =3 /de/cw/d@ sinp = 72 (G.14)
0 0 0
For

We see that it is a half of the volume of the 3-sphere, due to its identification.
completeness, we write the Killing vectors describing isometries of the above metric as

€+2 = _81117
§43 = cot psiny Oy — S%nw Op — cos 9 Oy,
sin ¢
§44 = cot pcosth Oy — c‘osw O +sint 0, ,
sin ¢
-2 = _607
0
£ 3 = ;ons(p Oy — cot pcos g —sinf d, ,
in
E 4= —:il;l(p Oy + cot psinf) 9y — cos ) 0, . (G.15)
H Degrees of freedom count
(H.1)

In this appendix we evaluate the rank of the Jacobian matrix 2-form

Jun =i (GyGNF) = gyni FE,
(H.2)

and the symplectic matrix
Ohyy = €Y (GyGNFy,) = € gy FY,,

for the =-charged solution (5.50), for purpose of computing the number of d.o.f. in the the-
ory around a certain background. The matrix elements of these two tensors are related by
(H.3)

ny o _tuvpo
Q fo'up jMN,paa

but they act in different spaces, so the rank of one matrix is not related to the rank of
another matrix.
We use the Z-charged solution given by eq. (5.50),
i r ~j~k 1r—~~i~j 1~ k =i =j = =
F=C¢ ZPz’—lei ele —|—§;ee Jij+§:€ij eelT,, ZE,Z#0. (H.4)
We do not discuss the cases when Z = 0 # Z or Z # 0 = = because they do not possess BPS

states, and we also omit the Z-neutral solution (5.69) with =,Z = 0 because it is a pure
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gauge. In addition, the matrices (H.1) and (H.2) do not have mixed bosonic-fermionic terms
so that the purely fermionic sub-matrix decouples from the bosonic one, and because at
the end we take all fermions equal to zero, the fermionic degrees of freedom vanish. This is
why we will consider only the bosonic submatrices of (H.1) and (H.2), corresponding to the
gauge group SO(2,4) xSU(2)p xU(1).x U(1), whose dimension is O = 15+3+1+1 = 20.

Let us evaluate first the bosonic components of the 2-form (H.1). In the pure AdS
sector, it corresponds to the symmetric 15 x 15 Jacobian matrix,

1 . r i 1 i
Japjiop) = 5 C€ i (E €ABCDi5 — f6A30D1i> eet + 7 CABCDEEE. (H.5)

Decomposing the group indices as A = (0, 1,4,5), its non-vanishing components are
Cr _
Joufij) = Jnnajlog) = 5~ € »
Jiislos) = ~Jjijlios) = Cf €é;,

—_
i
—

Jowyiis) = Jnijos) = —Jis)j0i] = 7 Cisk ek, (H.6)

plus their symmetric counterparts. Next, the Jacobian matrix with SU(4) indices identi-
cally vanishes because this group is broken to SU(2)p x U(1), which, according to (C.13),
does not have a rank-3 symmetric invariant tensor and the U(1), field strength is zero. As
regards the U(1), interaction, using (2.12) and (C.13), we find the components

rC s =
Tiiig) =~ k@, Jg) = 7 @5

cf o 5 (H.7)
Ty = = @ Ty =~ 4G

where we denoted the internal symmetry indices by %, 7 in the Jacobian, not to be confused
with the AdS ones, 1, j.
Zero modes of the Jacobian are determined from the algebraic equation

0=Tun V", (H.8)

where ®g = 20 is the maximal rank of the 20 x 20 Jacobian matrix Jy/n, and each
non-vanishing component of the vector field V™ = (VAB V¥4, Ve V1) decreases this rank
for one. It is straightforward to show that, because J.,y = 0 and U(1), field is the pure
gauge, the component V¢ € R remains arbitrary, presenting one zero mode of the Jacobian.
Keeping this in mind, the above equations can equivalently be written as

1
0= 3 Tiaen)VEP + TappV*,
0= Jiag VP + Jipy V7, (H.9)
0= TnV'.

Due to Jj;1 # 0, the last equation yields V1 =0, and the SU(2)p components V¥ can be
solved in terms of V4B from the second equation, so that they do not correspond to the
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VAB

zero modes of the matrix. As a result, the system reduces in equations in components,

JiAB|cD] VED = 0, which can also be written as

C -
OZTTeZeJV —|—§e L v
0= —Cf éiéjVij + geijk éjé’kV”7

—_

= ~j sky,0i
0= Zeijke]e Vv y

0=2C (2 VUi 4 fvj5) Gij+ = eijp PV (H.10)
C ) .
0= 77‘ ézéjVOJ + Z eijk éjékVOE’ s
0= Cf éiéjVOj + z Ez'jk éjé’“Vm ,
0=2C (2 Vot — fV05> €i€; .
The solution in VAZ is
VO =0 Vo =0 Vil =0
. 0f . . =0 (H.11)
V15 =0 Vlz — 77‘/25 Vi = — 1) Vk:5
’ r ’ 20k ’

where the component V% € R remains arbitrary representing three independent zero
modes. Together with V¢, there are 4 zero modes in total and the rank of the bosonic
part of the Jacobian is

rank(J) =20—-4=16, (H.12)

where the result is also valid in the extremal limit f —

I

Let us focus now on the symplectic matrix Qf;/, with non-zero components easily
deduced from the known Jacobian matrix,

rm m 2Cr ~mk
o1)fis) = o) = V¥~ €k €
sliog] = ~igos) = VY207 €igi émkv
otyus) = Liios) = ~Lisog = VIEE" (H.13)
as well as
o =~ e, = A et
[é5] — ¢ 1[ij] 2&3 (H.14)
Uy =—VACfer,  Upy = -5 ape™
Its rank is determined by the following bosonic equations on I,
Qrm N _
VN~ = {Q%X“;N _ 8? (H.15)

— 67 —



There are 4 x 20 components of the bosonic vector field V" = (V,, V,7") and the antisym-

metric symplectic form Q4 is 80 x 80 matrix. Since M € {c, [ij], [AB], 1}, we find

0= [%J}lvl

0 = QfhVin,

0= Q%D]‘/ + MV

0 == [ ]V + QlMV” (H16)
1

0= S Ogen Vi + Qg Vi
1

0= ien Vi " + QlamVin -

Because Q T # 0, first two equations lead to V;!, VL = 0, and the third and fourth
equations g1ve

23 1 ij ~k orm C
‘/7“] = ‘_‘\/7 6 ke Q [ D]‘/’F D,
€ijk VI E = 7f QI[CD]VO (H.17)

where we observe that only one component of V% (the completely antisymmetric one) has

been solved, while 8 others remain arbitrary. As a result, we get a decoupled system of
equations for the AdS components,

0= Qi cm Vi
0= Qmien Vs (H.18)

The VAP components (15 of them) satisfy

- %éjk ij V;}Bv
0=-Cfey V" +EV",
0=2VY,
= 20¢ ), (2 vk 4 f‘/,,k5) +ESVE, (H.19)
2Cr 0k | = 5iy/05
0= TEjkV; +E0;V.7,

0=2Cfe, V" +E6V,

0=V —fV,

and the solution determines 12 components only,

VOi:O V05=0, V01:07 V15 — ,

T s

V;M — Ef V1,5 V*rij — _QECET EZJkaE, (HQO)
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leaving three zero modes V> € R among the radial components. As regards the 3 x 15
transversal components Vnﬁ‘B, using the notation VAB = VTfB ", they satisfy equations

Cr y 4
0 = TGIJIC V”k + EVZ5Z‘,

0= —Cfey VIk 2V

0=2V"%,
20 , ,

0= 757” €ijk Vljk + QCf €ijk Vﬁ)k + = Vl‘;’ , (H.Ql)
20 ,

0= TT eij VO 4 ZV03

0 =20Ff e VIF 12V

_ gvou e

with the solution for 12 components only,

) . E_
Vo =0, €iju VI = —— e Vi,
VO% — ff VO[ij] _ 4‘:‘ zykvOS (H22)
Vl'é _ gf st Vll;) — :861,]]6 (E Vl[jk] _ fv5[j]€]> .

There are 3+54+3+ 549+ 8 = 33 unsolved components VO‘;’, VA COL IR VA LI VATl V53~,
vk _ vkl ¢ R where VAT denotes a traceless symmetric part of the tensor VA% in
the indices ij. This means that, in total, there are 4. + 8gy(2) + 36ads = 48 zero modes,
meaning that the rank of the 80 x 80 symplectic matrix is

rank(2) = 80 — 48 = 32 = 2rank(J). (H.23)

A number of degrees of freedom in the phase space with the background (H.4) is given by
the Dirac’s formula [59, 60]

dof. = %rank(Q) — rank(J) =0, (H.24)

showing that the Z-charged solution belongs to the topological sector of the CS gravity.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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