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Abstract

In this thesis, I summarize my work on supergravity and supersymmetric quantum
field theories in the context of holography [1-3]. From the gravity side of the
correspondence, I present a solution of D =4, .4~ = 4 gauged supergravity, firstly
found in [1], conjectured to be a near-horizon solution of an extremal dyonically
charged, rotating, and accelerating supersymmetric black hole in AdS4. The solution
is distinguished by the presence of an orbifold geometry: the shape of the event
horizonis = WCP! [n4,n_]. Following the steps of [4], I provide an exhaustive
thermodynamic analysis of the solution, motivating the setup of the dual supersym-
metric field theory. I then consider a three-dimensional .4~ = 2 supersymmetric field
theory defined on a general complex-valued background, capable of accommodating
the spindle. Finally, I present the novel "spindle index," introduced in [2], and its
derivation by a localization computation involving an application of the equivariant
orbifold index theorem [3].
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Chapter 1

Introductions

1.1 Holographic Principle and AdS/CFT Correspon-

dence

The holographic principle posits that the physical information contained within a
volume is in perfect equivalence with the information that can be extracted from the
volume’s boundary. In the realm of quantum gravity, more specifically in the context
of string theory, this concept was first introduced in the early 1990s by 't Hooft,
Thorn, and Susskind [5-7]. Starting with Maldacena’s groundbreaking work in 1997
[8], the scientific community was able to concretely realize the holographic principle
within the frameworks of string theory, M-theory, and supergravity theories. In Mal-
dacena’s work, he presented his conjecture, now widely recognized as the AdS/CFT
correspondence (Anti-de Sitter and Conformal Field Theory). This conjecture asserts
the equivalence of two seemingly unrelated theories. In its initial application, these
theories were the type IIB string theory on an AdSs x S3 background and the .4 = 4
super Yang-Mills in d = 4 on a flat background. An in-depth understanding of
this duality relies on string theories, given their inherent association with "branes,"
extended objects of intricate nature. These branes act as intermediaries between the
two theories, with their world-volume defining the background spacetime of the dual

field theory and the configurations of string on them determining the dual fields.

This thesis primarily centers on supergravity theories in D = 4, representing con-

sistent truncations of D = 11 supergravity. This supergravity, which first appeared
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in the 1978 paper by Cremmer et al. [9], is now often presented as a classical, low-
energy limit of M-theory, implying that solutions in D = 4 have direct counterparts
as solutions involving M2-branes within the framework of M-theory. Consequently,
the associated dual field theories manifest in three dimensions. For a more compre-
hensive understanding of the process of uplifting four-dimensional gravity solutions,
we refer to Appendix B.

Within the realm of theoretical physics, the holographic principle holds a mul-
titude of potential applications. However, I will specifically focus on its relevance
in the field of black hole physics. Theoretical research in black hole physics is of
paramount importance because it provides a unique avenue for investigating the
quantum nature of gravity and potentially arriving at a coherent theory of quan-
tum gravity that aligns with our existing field theories. In D = 4, a productive
approach, initially introduced in references [10, 11], has been developed to replicate
the Bekenstein-Hawking entropy of supersymmetric asymptotically locally AdS,
black holes. This approach involves a meticulous analysis of specific supersymmet-
ric statistical ensembles within the corresponding dual d = 3 SCFT, which can be
precisely computed using localization techniques. This achievement stands as one of
the most significant results in the recent theoretical research on black hole physics.

This thesis is inserted in an ongoing and prolific research endeavor that began with
the 2020 publication [12], where the central focus is the complex weighted projective
space WCP[InNm
related to spindles have been published, bearing witness to the vitality of this research

ik commonly known as the spindle. In these four years, many works

topic. Here, we provide a partial summary [1-3, 12-27]. In this thesis the spindle will
embody both the structure of a black hole’s horizon in supergravity and the curved
geometric background where the dual SQFT is defined. A crucial characteristic of
the spindle is its role as an extension of the sphere. In essence, through a carefully
controlled limit, the spindle can be reduced to the sphere. Consequently, every paper
involving the spindle can be seen as a generalization of prior works involving spheres.
This broader perspective enables researchers to unveil essential general features that
may have eluded previous examination due to the inherent limitations of spheres.
The second, and undeniably more striking, aspect of the spindle geometry lies in its
capacity to accommodate supersymmetry in a more intricate manner when compared
to spheres, which is called anti-twist. Moreover there exist instances of spindle
solutions, as evidenced in [15], where supersymmetry can manifest through both

the conventional topological twist and the novel anti-twist. This anti-twist can be
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regarded as an extension of the concept of a no-twist, which is typically associated
with spheres. This intriguing possibility has led to the emergence of a novel index,
elegantly unifying both the topological twisted index and the superconformal index.

This unification is exemplified in [2] and is comprehensively elucidated in chapter 4.

1.2 Supergravity in Four Dimensions

AdS/CFT correspondence has proven to be a powerful tool in recent years for gaining
insights into the microscopic degrees of freedom of various classes of black holes. In
the context of D = 4 dimensions, two main classes of black holes have been discussed
using this approach. One class consists of static black holes, for which the dual
field theory is typically defined on S! x Yo, where X, is a genus g Riemann surface
equipped with a constant curvature metric, and in order to preserve supersymmetry
one performs the so-called topological twist [28]. A second class consists of rotating
Kerr-Newman-AdS black holes with spherical horizons, for which the dual field
theory is defined on a “spinning” S! x S [29].

In [13] a different class of asymptotically locally AdS4 black holes has been
considered in the context of holography. These are a family of solutions to Einstein-
Maxwell theory with a cosmological constant, or equivalently minimal D =4, 4" =2
gauged supergravity, originally constructed by Plebanski and Demianski [30, 31].
The Plebarski-Demianski solutions describe the most general dyonic, rotating and
accelerating black holes in minimal gauged supergravity, and have a number of
striking features. The term “accelerating” refers to the fact that the black hole
curvature singularity can be shown to have a uniform proper acceleration, and more
generally in a natural frame any world-line with constant space-like coordinates also
has this property — see, e.g. section III of [31]. It is well-known that the acceleration
is associated with conical deficit angles, which may be interpreted as being sourced
by strings in the black hole geometry [32]!. The conical deficits manifest themselves
as orbifold singularities on the horizon, which becomes a spindle . An important
property of these Plebanski-Demianski solutions is that, in the context of minimal

gauged supergravity, they admit a supersymmetric and extremal sub-family of dyonic

't is also well-known that such accelerating black holes emit gravitational radiation [33], but the
resulting energy loss is balanced by the force exerted by the strings, which keeps the acceleration
constant.
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accelerating and rotating black holes [34], whose near horizon geometry is a spinning
AdS, x  solution [13].

In chapter 2 of this thesis, we will discuss extensions of the above solutions to
non-minimal supergravities, focusing on an .#” = 4 supergravity model that arises
as a consistent truncation of D = 11 supergravity. Alternatively, this can be regarded
as minimal .4~ = 2 gauged supergravity coupled to one vector multiplet with a
particular prepotential. As such, solutions of this model can be uplifted to solutions
of D = 11 supergravity, and therefore interpreted holographically as dual to 4" = 4
[35] (or A" =2),d = 3 SCFTs arising on M2-branes.

Several solutions to this supergravity theory are known in the literature, and
we have summarized those relevant for holography in the diagram in Figure 1.2

below. In particular, there exist two notable classes of solutions. A solution
Electric Accelerating Dyonic Accelerating Magnetic Accelerating
[35] Conjectural = [1] ‘ 11 - 1 . ‘

Dyonic Accelerating Rotating

Conjectural = [1] ‘

Electric Rotating Dyonic Rotating Magnetic Rotating
[38] — [37] ’- [36] — [37] ‘.- Special case of [36]

Fig. 1.1 Summary of AdS,4 black holes with either spherical or spindle horizons in D = 4,
A =4 gauged supergravity. The solutions in the red frames admit a supersymmetric and
extremal limit and their near horizon AdS; x X geometries are represented pictorially. From
bottom-left to top-right: a spinning sphere, a spinning spindle, and a non-spinning spindle.
In all cases the reference on the left refers to the non-extremal black holes, and that on the
right refers to the near horizon solution in the supersymmetric limit.

describing electrically charged, non-rotating, accelerating black holes was presented
in [36]. This is a multi-charge generalization of the AdS C-metric in the Einstein-
Maxwell theory, which is a member of the solutions in [30], and does not admit
a supersymmetric limit. Reference [37] constructed a dyonic, rotating, but non-

accelerating, family of black hole solutions. Imposing supersymmetry on this
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family leads to a dyonic rotating solution, recovered in [38], that also discusses
the AdS, x §% near horizon solution. In turn, switching off the magnetic charge,
the solution reduces to a multi-electric charge version of the Kerr-Newman black
hole of Maxwell-Einstein theory, that was previously discovered in [39]. The
supersymmetric limit of this was discussed in [40], and is the multi-electric charge
counterpart of the extremal Kerr-Newman black hole of Maxwell-Einstein theory
[41]. Based on these and on the family of black hole solutions of the minimal theory
[30, 31], my colleagues and I have conjectured in [1] that there should exist a family
of multi-charge, dyonic, accelerating and rotating AdS4 black holes, from which all
the other solutions should arise as special cases. Unfortunately, the construction of
this general family of black holes has remained a challenge. Nevertheless, we have
constructed a family of supersymmetric multi-charge spinning spindle solutions,
namely rotating AdS; x  solutions. We expect this family to arise as the near
horizon limit of the corresponding family of supersymmetric and extremal black
holes conjectured above. Interestingly, the Bekenstein-Hawking entropy of the black
holes as a function of the physical charges, as well as the spindle deficit angles, can

be obtained purely from the near horizon solutions.

In AdS/CFT one identifies the holographically renormalized on-shell action in
gravity with minus the logarithm of the dual field theory partition function in a grand
canonical ensemble. The latter is a function of the associated chemical potentials,
and the two ensembles are related by a Legendre transform. While the black hole
entropy can be computed from the near horizon solution, in order to compute the
on-shell action we in principle need the full (non-extremal) black hole solutions.
Nevertheless, in [1], we have presented a conjectural formula for the euclidean on-
shell action associated to the full black hole. In the special case where the conjectural
black hole reduces to the solution of the minimal theory, in [4] it has been shown
that the entropy can be derived from a Legendre transform of the Euclidean on-shell
action, similarly to [42, 43], thus setting the stage for a direct analysis of the dual
d = 3 SCFT, defined on S' x
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1.3 Supersymmetric Field Theory in Three Dimen-

sions

In order to assess the validity of the AdS/CFT correspondence, it becomes imperative
to calculate quantities within supersymmetric quantum field theories (SQFTs) defined
on curved manifolds. Starting from the foundational work presented in [44], a
systematic framework has emerged for delineating the necessary conditions that
background fields, including the metric, must meet to enable the realization of a
supersymmetric theory on the given background. The background fields that allow
the realization of supersymmetry are identified with the rigid limit of the gravity

multiplet fields of an off-shell formulation of supergravity.

In the context of [44], the focus is directed toward four-dimensional theories.
Similar insights have been extended to three-dimensional theories, as elaborated
in [45], where the off-shell realization of supergravity pertains to new minimal
supergravity. It is in the framework of the rigid limit of new minimal supergravity
in d = 3 that, in our paper [2], we introduced a comprehensive category of rigid
supersymmetric backgrounds conducive to accommodating the spindle. This par-
ticular background preserves two distinct Killing spinors (&, Z) with R-charges +1,
respectively and it represents the most general background invariant under two real
Killing vectors. Furthermore, it exhibits a metric characterized by complex values in
order to accomodate the intrinsically complex geometry of [4], which is discussed in
Chapter 3.

Once we have an SQFT on a curved background, the computation of quantities
becomes feasible through localization techniques. The roots of these techniques
can be traced back to [46], but their modern wide application gained momentum
after [47], where the author successfully calculated the partition function of different
theories on an S* background. Localization techniques can be viewed as a stationary
phase approximation of the path integral of the theory. Thanks to supersymmetry,
it turns out that this approximation yields an exact result. In a supersymmetric
theory, there exists a fermionic symmetry generated by a supersymmetric charge
2. This 2 can either be a nilpotent operator or can square to a bosonic symmetry.
In both cases, it is possible to deform the action of the theory with a 2-exact term
without changing the path integral: quantum physical states of the theory reside on

the cohomology (or equivariant cohomology) group generated by the operator 2.
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Introducing a deformation parameter ¢ € R, we express the partition function as
Z(t) = /e—S“QX . (1.3.1)

Taking the limit # — oo and making a judicious choice of the deformation action X,
the path integral localizes to the saddle points:

_det fermions
Z(l' = OO) = Z e Oclassical __~ — © " (132)
saddle points detbosons

At this point, the computation involves two contributions: one from the values of
the field on the saddle points, termed the "classical contribution,” and a second
from small oscillations around these stable configurations, termed the "one-loop

determinant."

In the contest of three-dimensional SQFTs, the supersymmetric localization was
employed to compute the topologically twisted index in [28] and the superconformal
index [48, 49]. The topologically twisted index is defined as the partition function
of a supersymmetric theory defined on a background ¥ x S' where a topological
twist is performed on X, otherwise if there is no flux through ¥ we refer to the
partition function as superconformal index. As discussed in the previous section, the
large-N limit of these quantities provides a microscopic interpretation of the entropy
of magnetically charged supersymmetric black holes in AdS4 with an event horizon
shaped like X [10].

In [2], it was demonstrated that performing the new anti-twist through a spindle
leads to an associated index, generalizing the superconformal index. Moreover, the
unification of this index with the topologically twisted index resulted in a comprehen-
sive newly defined index termed "the spindle index." This nomenclature emphasizes
the fundamental role of the orbifold nature of the spindle in achieving this result.
Moreover, in [3], it was shown that the same procedure can be applied to other
orbifolds. In Chapter 4 of this thesis, we provide specific details regarding the
new background capable of accommodating the spindle, as well as the localization

computation that gives rise to the spindle index.



Chapter 2

Supergravity Side/Spindle Black
Holes

2.1 The supergravity model

In this chapter, we present the supersymmetric AdS, x solutions of D =4, 4 =4
gauged supergravity, firstly found in [1]. This theory can also be described, in the
language of D =4, .4 =2 supergravity [50], as a theory with no hypermultiplets and
one vector multiplet, with prepotential F = —iX°X! and electric Fayet-Iliopoulos
gauging. Yet another viewpoint is that it is a truncation of the STU model [51],
where the four Abelian gauge fields are set pairwise equal and two of the complex
scalars are identified. Introducing the axio-dilaton
e

z=30=¢ +iy, (2.1.1)

we can write the bosonic action of the theory as

1
S =
16717G(4)

1
/ {(R—gz”//)*l - Edé Axd€ —%625 dy Axdy —e 5B AxF

+xIO N — eéFl/\*FH—xezéFl/\Fl)} ,

14 x2e2% (
(2.1.2)
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where F; = dA;, i = 1,2, and the scalar potential 7 is given by
¥ = —<4+2cosh§+eéx2). (2.13)

We shall henceforth set g = 1, so that in the AdS4 vacuum of the theory there is
an effective cosmological constant A = —3. We also remark that minimal D = 4,
A =2 gauged supergravity is obtained via the consistent truncation & = 0 = g,
Al =A, =A.

Although we shall not consider the fermionic completion of the action (2.1.2),
it will be important to consider the supersymmetry variations of the gravitini and
gaugini of this theory, which must vanish for bosonic backgrounds that preserve
some amount of supersymmetry. While it is customary to formulate D =4, .4 =2
supergravity in terms of Weyl fermions, we follow [52] and combine them into
complex Dirac fermions: a gravitino Yy, a dilatino A and a supersymmetry parameter

€. In terms of these, the Killing spinor equations (KSEs) can be written as

1 i 1 B i
51[/# = |:V,LL_§(A1 +A2),U+Ze§ a#xfys_'_Z (eé/z—i—e 5/2) YM+ZXG§/ZYHYS
i /2 1 3¢)2
! © ~&/2 _ 1 xe€ _
+8<1—|—x262§F1+e F2> Yu 81+x2e2¢§FIYMYS =0,

oA =

. e_Jg eg/2 _ . _
ie 98 - 1+x2e2€F1_e PHy | —ie g(eé/z_e 5/2)

i /2
1z —&/2 _
+<a%+21+x2e2iﬁl+%e >y5]e_0.

(2.1.4)

Being a truncation of the maximal D = 4, 4" = 8§ gauged supergravity, all super-
symmetric solutions of this theory can be uplifted on 7 to supersymmetric solutions
of D = 11 supergravity. The details of the uplift for this specific truncation can be
found in [53]. We shall discuss uplifting of the metric in appendix B, where global
regularity of the D = 11 solutions will require quantization of the magnetic charges
of the D = 4 solutions.
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2.2 Local AdS, solutions

In this section we present a class of rotating, dyonically charged AdS; x  solutions
of the D = 4, .4/ = 4 supergravity model introduced in the previous section. We
conjecture these solutions to arise as the near horizon limit of accelerating, rotating

and dyonic black holes, that are also extremal and supersymmetric.

The local form of the solutions is given by

P PY L A0) 42, d0) :

dsj 2)(»())( p-dte+ )+q((y))dy +4l<y(>()dz+3pd’c) : .
_ . eg_gly _ &V

A= 2 e IPd) A0 T a0)

where all the functions that we introduced are polynomials in y, given by
A(Y) =y 43202,
q(y) = (> +3°) 401 —j2+62)y2+401 V1-32y—ci+der(c—37),
V1—3?
me) =Y (1 e)a0) 5 (e +2y/1- 32200 -3 32

2

—I—(2cz—j2)\/1—j2—|—§c1\/2cz—c%j2,
1_j2 1 ) 2.2
m() =Y (14 a)A0) - 5 (@ -2/1- 220332 ) »

2

1

+(202=3%)\ 1= 37 = Je1y 202 = 3 32,

g1(y) =Y +24/2c2— 332y +2c+ (1 -2c3) 3%,
22(y) =2c33y+234/2c2—c33%.

Note that the solution depends on the four parameters j, ¢; (i = 1,2,3), where

(2.2.2)

j has the interpretation of a rotation parameter. We can interpret the number of
independent parameters in terms of our conjecture that this arises as the near horizon
limit of a supersymmetric and extremal accelerating black hole. One can imagine
a full black hole metric with seven parameters, representing mass, acceleration,
angular momentum and two pairs of dyonic charges. We would then expect two
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constraints on the parameters to come from the supersymmetry conditions, and one
from the requirement of extremality, resulting in a four-parameter solution, as for
that described above. One can then think of the four parameters as representing the
two pairs of dyonic charges, with mass, acceleration and angular momentum related

to them by supersymmetry and extremality.

2.3 Killing spinors

Let us now justify our claim that the solution (2.2.1) is supersymmetric, by showing
explicitly the associated Killing spinors.

We choose the orthonormal frame

1 d
eoz \/ y)pdr, elz— p

( ) (2.3.1)
2 _ y qly
e” = 1/ 0) 4/1()} (dz+jpdr).

The four-dimensional gamma matrices are then taken to be

Yo = Ba® 12, a=0,1 (2.3.2)
=Bwo', p=pcc?, (2.3.3)

with the two-dimensional gamma matrices f3, are defined by
Bo=ic*, Bi=oc', Bi=Pfi =0, (2.3.4)

where o' are the Pauli matrices.

We consider the following Killing spinor equation (KSE) for AdS;:

V,0 = %nﬁa[ge, (2.3.5)

with n = 41. This is solved by Majorana spinors that can be decomposed as 0 =

91(;) + 61(;), with the Majorana-Weyl spinors GS) of chirality S5 GS) = iOS),
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given by
0
o\t = vP : o\~ — : (2.3.6)
0 in\/p
T— L 0
o\t PE=V ), o) = [ 1 (2.3.7)
0 in <\/ﬁ’c + \/—5>

We are finally ready to discuss the explicit Killing spinors, which solve both

equations in (2.1.4), and can be written as
e =0"an+6 amn, (2.3.8)
a=6"om+6 on, (2.3.9)

where 1 > are two two-dimensional spinors, given by

&)

e*%mmn(m (1)
n = . o) (y)1/4 7
; e% arctan (% q- (y)ll//4 ?
oA (2.3.10)
1 g](y)
: 2“‘:‘”(423-(1—%)’) 0. (»)'"
o i arccos j 1e A(y)1/4
ne J )
= i (4O
3 arctan 53 | g (y)l/z
—c )T
‘We have also defined
g:(y) = z(y)i(cl—z 1—j2y), @3.11)

which satisfy g(y) = ¢+ (y) g (¥)-

Finally, we conclude with some comments about the counting of supercharges.
As we have just discussed, we have a solution to D = 4 supergravity which admits
two independent Dirac Killing spinors, given by (2.3). This is equivalent to four
Majorana, or four Weyl spinors, hence the solution can be described as %—BPS from
the point of view of D =4, .4 = 2 supergravity, or %—BPS from the point of view of

D =4, ¥ = 4 supergravity. In the dual d = 1 superconformal quantum mechanics
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(SCQM), the complex spinor €; gives two real Poincaré supercharges, while &, gives
two real conformal supercharges. Thus, the SCQM has 4" = 2 supersymmetry in
one dimension, since in the field theory counting one usually includes only Poincaré

supercharges, with superalgebra su(1,1[1).

2.4 Global analysis

We would now like to determine conditions on the parameters j and ¢; (i = 1,2, 3)

such that the two-dimensional metric

ds? = A(y) dy? +

q(y)

q(y)
42(y)

obtained from (2.2.1) on slices of constant 7 and p, is a smooth orbifold metric on a

dz?, (2.4.1)

spindle. Clearly, we want A(y) > 0 and ¢g(y) > 0, which is also enough to guarantee
the correct signature of the metric (2.2.1). For (2.4.1) to be a metric on a compact
space, we also want to take y € [y,, V], With y, < yj, two roots of g(y) = 0, such that
g(y) > 0 fory € (y4,yp). Since the coefficient of y* in ¢(y) is positive, this is only
possible if there are four single' real roots, and Ya,b are taken to be the middle two

roots.

A sufficient condition for A (y) to be positive is that it has no real roots, which is

-2
the case for ¢ < 37 As for the roots of g(y), they admit a simple expression as

y = —\/1—j2—\/1—|—61+2C2—2j2,
y2 = 1= 324 /1420252,
y3 = /1= 32— /11 +20 - 252,

V4 = +\/1—j2—|—\/1—c1+2c2—2j2,

(2.4.2)

and note that for at least two of the roots to be real we need j € [—1,1]. Since the
sign of j can be reabsorbed with a change of the sign of 7, we are actually free to
set j € [0, 1]. We further note that y , are real and distinct for ¢; > —f(j,c2), while
¥3,4 are real and distinct for ¢; < f(j,c2), with f(j,c2) = 1 +2¢2 — 2j2. Thus, a

'If there is a double root, that is necessarily either y, or y;, but then (2.4.1) would not yield a
complete metric on a compact space.
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necessary condition to have four distinct real roots is that f(j,cz) > 0, which leads to
the constraint ¢y > j% — % Note that in this case we also have y; < y; < y3 < y4, SO
we must set a = 2, b =3 and take y € [y, y3]. We also note that the dilaton e5 should
be positive for & to be real. Its denominator A (y) is positive in the ranges discussed
above, while the numerator g;(y) is a polynomial in y of degree two which is always
positive since it has a negative discriminant, given by —4 (1 —c3)? j2. Finally, we
should also take ¢, such that the square root {/2¢, — c% j2 appearing in (2.2.2) is
real, which requires 2¢, > c% j2. This gives a non-empty intersection with the other
conditions (in particular ¢; < % j2) only if |e3| < 1.

To summarize, we have shown that when?

0<j<, max(jz—%,%cgjz) << %jz, 1] < 1+202—2J27 je3] <1,
(2.4.3)

we can take y € [yz,y3], with ¢(y) > 0 and A(y) > 0 in that interval. We shall from
now on assume that these conditions hold, and study the global regularity of (2.4.1)

under this assumption.

Let us then consider the behaviour of the metric (2.4.1) near the poles y, ;. For

any y; such that g(y;) = 0, setting y = é +y; we find

2 A (i) 2,2 q/(Yi)z 2)
o = o (o7 PR e?) (244

Then, (2.4.1) is a smooth metric® on WCP[lni nyl if

/ 2 / 2
q0) 5 _ 27 q0s) 5 _ 27 (24.5)

41 (y2) ny 4A(y3) n_

ZNote that from (2.4.3) it seems that taking j = 0 also forces ¢, = 0. This is, however, not the
case, since the correct way to turn off the rotation parameter is that of taking a limit ¢3 — o and
j — 0, with constant product c3 j.

3In the orbifold sense: the metric is regular everywhere except for the poles y = y, 3, where there

are conical deficit angles 27 (1 — ﬁ)
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with ny coprime positive integers. Notice here that A > 0, while ¢'(y2) > 0 and
¢’ (y3) <0, which determines the signs in (2.4.5). These equations are solved by

(n2 —n2) (1+42¢; —232) V24 /n% +n2
c| = 5 3 , Az = T. (2.4.6)
n- +n; nfn+\/1—|—2c2—2j2

Using these conditions, and using the expression

d gy)A' () =4 (»)A(y)

Vg R = — , 2.4.7)
dy 22(y)?
for the Ricci scalar of the metric (2.4.1), we can also check that the orbifold Euler
number
1 n_+ny
=— | R vol = 2.4.8
X)) =g [ Rovel =020 2438)

takes the correct value for the spindle. Note that the last condition in (2.4.3) is

trivially satisfied for all values of n due to the constraint (2.4.6).



Chapter 3
Black-Hole Thermodynamics

Since the seminal works of Bekenstein[54, 55] and Hawking[56, 57] in the early
1970s, a remarkable trajectory of research has unfolded, enriching the field of
black hole physics through the lens of thermodynamics. The laws of black hole
thermodynamics can be considered a semiclassical limit of a comprehensive quantum
gravity theory, offering fundamental insights that guide our quest for such a theory.
This becomes apparent when examining the Bekenstein-Hawking formula for black

hole entropy, once constants of nature are reinstated:

Ak]_L;C3

ich (3.0.1)

SpH =

The presence of the fundamental constants 2 and G indicates the quantum nature
of gravity. Furthermore, within this formula lie the foundations of the holographic
nature of quantum gravity, as the entropy is proportional to the area of the event
horizon rather than the volume of the black hole.

In this chapter we will work with two solution. The conjectural near horizon
solution presented in chapter 2 and the black hole solution of the minimal theory
worked out in [13]. This solution can be thought as a special case of the conjectural
full black hole of chapter 2. Looking at the solution (2.2.1) and the functions (2.2.2),
one can see that the choice ¢y = c3 = 0 sets to zero the scalars and gives A| = Aj. It
is then straightforward to see that our multi-charge spindle solution reproduces in
this limit the AdS; solutions discussed in [13], if one sets ¢; = a , with all the other

coordinates and parameters unchanged. We mention this special solution because in
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this case we have the full black hole solution and it is possible to provide a complete

thermodynamic analysis, as done in [4].

3.1 Near Horizon Analysis

It is possible to compute the conserved charges associated with the conjectural black
hole of which (2.2.1) represents the near horizon limit, as well as its entropy just from
the near-horizon solution. In the full black hole solution, these conserved charges
would usually be defined as integrals over a constant time surface o at infinity, the
integrand being constructed from an appropriately conserved current. This approach
will be followed in Chapter 4. However, at least for the electric and magnetic charges
and angular momentum, using Stokes’ Theorem we may equivalently evaluate these
quantities as integrals over the horizon , which may then be computed in the near

horizon solution, following [13].

First, we define the magnetic charges to be
1
B-z—/Ea 3.1.1)
27

Since dF; = 0, these charges will be equal to ﬁ | _F; for any solution in which the
horizon is homologous to a spacelike surface . at infinity. After a computation

we find

n_—n
P +P = " n+ = 40m,
—ny

P—P = —2\/262—C%j2%.

The first equation in (3.1.2) gives the anti-topological twist; this nomenclature was

(3.1.2)

introduced in [17], due to the relative minus sign (n— —ny)/n_n in this expression
for the total flux. This may be contrasted with the orbifoldEuler number of the
spindle x( ) given by (2.4.8). The latter would be the total magnetic flux P, + P,
if supersymmetry was realized by a topological twist, appropriately identifying the
spin connection on  with the R-symmetry gauge fields, so that the Killing spinor
is constant. However, for the anti-topological twist here the spinors are sections of

non-trivial bundles over , and so certainly not constant.
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To define the electric charges, we notice that while in general d x F; # 0, the

two-forms

QZL(*FJr e5F> Fr=e S xF—xF (3.1.3)
1_1+1262§ 1T X 1), 2 = 2— X2, -1

are closed by virtue of the equations of motion. We thus define

0 = ——/%, (3.1.4)

which by a similar comment to that above will be equal to the corresponding integrals

evaluated on .. We find

A
Q1 +0: =257 =4Q..
01— 02 = —c3(Q1+02).

(3.1.5)

The first equation provides the definition of the total electric charge Q,.
Even without knowing the full black hole metric of which (2.2.1) is the near

horizon limit, we can still compute its entropy using the Bekenstein-Hawking formula

Area lys—y
Sppy = — = ——_*%
BH 1 12 Az

V2212 (1-32) 0 s (3.1.6)

4\ n_ni/112c, 252 n-ny

In terms of the two pairs of dyonic charges of this solution, the entropy can be also

expressed as

SpH = [— +\/% 24+4(PP,+0102)] - (3.1.7)

Another physical quantity that can be computed for a rotating black hole is its angular
momentum. Since the metric of the full black hole is not known, we shall adopt (a
suitably modified version of) the prescription of [13], where the angular momentum
is defined as a sort of Page charge. To define this, we first introduce an angle ¢ = %Eﬂ Z

and a Killing vector k = dy, in terms of which the angular momentum can then be
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expressed as

J(Al,Az) = |:/ *dk+2(k-A1)£4’1+2(k-A2)ﬁ’2 . (3.1.8)

167
Although the integrand here is not a closed form, so that this doesn’t immediately
lead to a conserved quantity, one can verify that kLd applied to the integrand is
zero. Assuming that the horizon  of the near horizon black hole solution and
the corresponding copy of this surface . on the conformal boundary are the two
boundary components of a k-invariant three-manifold, as one would expect for the
black hole solution, it follows from Stokes’ Theorem that (3.1.8) takes the same
value integrated over either or . However, being a type of Page charge, this
angular momentum is not gauge invariant. We will evaluate it in the gauge given
in (2.2.1), which is natural from the point of view of a near horizon solution as it
is invariant under the isometries of AdS; [13]. We refer to the value of the angular

momentum computed in this gauge as Jy4s,, and we find

1—c2 Az\?
Jags, = 30 /1—52 (=) . 3.1.9
AdS> 13 J (2%) ( )

Note that we can also write

JAd52 = Qlszz \/}( +4 P1P2—|-Q1Q2) (3.1.10)

and thus the entropy can be rewritten as

- ”lwhd&—x( )| (3.1.11)

By 010>

3.2 First Law of Black Hole Thermodynamics

In this section, we will adopt a systematic approach to define and compute thermody-
namic quantities. As anticipated, we can follow this procedure only in the presence
of the full black hole solution. Therefore, we focus on the solution firstly appeared
in [13].
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It reads !
I ldt—asinzecw) 2 +Z g
H? Y\ Kk 0
r oo P.or ra 2, 2 2
+F de —i—ism 0 (Edt (r +a )d(p)
(3.2.1)
where
P(0) =1—2amcos 0 + (o* (a* + €* + g*) —a*) cos> 6, (3.2.2)
o(r) = (r2 —2mr+a® + € +g2) (1- Oczrz) +7? (a2 + r2) , (3.2.3)
H(r,0) =1—arcosH, (3.2.4)
X(r,0) = r* +a*cos? 6, (3.2.5)
and the gauge field is given by
A=l (Lar—asinodp ) + <20 (Sdr= (2 +a) d9)
- X \«k 87y \k

Here, a,m,a,e, and g are the five fundamental parameters associated with accelera-
tion, mass, rotation, electric and magnetic charge respectively. In the following, we
will make use of E = 1+ a?(a® + e* + g%) — a? to shorten the expressions.

The standard holographic approach to defining conserved charges of black holes
in AdS, involves first computing the boundary holographic energy-momentum tensor
and conserved currents, the latter being associated with the global U (1) symmetries
dual to the gauge fields A; in the bulk, i = 1,2. Thus, the physical quantities will be
defined as conserved charges associated with boundary conserved currents.

The first step of this analysis consists of writing the metric in a standard way, such
that its behavior at the boundary becomes manifest. Thanks to Fefferman-Graham’s
theorem [58], we know that any asymptotically locally AdS solution admits this
standard expansion. In the notation of [4], where z = % —acosf and x' = (¢,0,0)
are the coordinates, and the conformal boundary is located at z = 0, the expansion of

This solution was presented in [4]. It differs from the one in [13] for the normalization x of the
time coordinate. This normalization affects the definition of mass as discussed below.



3.2 First Law of Black Hole Thermodynamics 21

(3.2.1) reads:
ds? = N2dz? + hyj (dx’ + N'dz) (dn/ + N7dz), (3.2.7)

where N is the lapse function, N " the shift vector and A; ; the induced metric on the
conformal boundary. The outward-pointing unit vector n, normal to hypersurfaces
of constant z, provides the splitting between the boundary coordinates and the
coordinate z

|
n= (N'+a). (3.2.8)

The next essential component for the thermodynamic analysis is the total action. This
includes the bulk action, the Gibbons-Hawking boundary term, and the holographic
renormalization counter terms:

(/d4x\/_(R+— —F2> —|—/d3X\/—_h(2K—4—R(h))),
(3.2.9)

S tot —

167 G4

where K is the trace, with respect the metric £, of the extrinsic curvature K;; = %.,%n gij-
Subsequently, the boundary stress tensor, the boundary gauge field and the boundary
electric current can be computed. They are defined as

1 1 1
T = o lim - [ Kij+hijK —2h;; -+ R;j(h) — 5h,,-R(h) L (3.2.10)
ALY = [im A;|,_edx, (3.2.11)
£—0
ji= L i (L i (3.2.12)
Areso\ g3 ! o

It is possible to show that for any given Killing vector k for the boundary geome-

try, there is an associated conserved current given by
i .i 4 bdy j
(77 + /a5 ), (3.2.13)

and hence a conserved charge. The equation (3.2.13) is the aim of the whole boundary
construction above illustrated. With an appropriate choice of Killing vectors, mass,

angular momentum, electric, and magnetic charge can be defined. The definition of
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mass deserves a brief comment. It is defined as the conserved charge associated with
a time-like Killing vector k;. However, the choice of time-like Killing vector is not
unique. This ambiguity was resolved in [4] by requiring the first law of black hole

thermodynamics to hold. Their analysis leads to the choice of k; = d; + Qw%ad, as
(E+a?)(1-a?E)

1+a%o?
coordinate. For brevity, we keep k implicit in the following.

Killing vector, together with Kk = as the normalization for the time

A resume of the computations of [4] for the black hole (3.2.1) is

E+a?) (1-a?E 2
Mo (E+a) ( ) J—am(20)"
2nk E(1+ o?d?) 2n
_eAd _8A¢
Qe_ 27r7 Qm— 27r )
Ap ri+a Q' (rs)
g — 29 ’ T=—="" _ 3.2.14
BH 2 1—0621”Jr 47[K(r%r+a2) ( )

where r is the radius of the black hole. Here the entropy is computed with the
Bekenstain-Hawking formula while the temperature is defined as T = ;—;f, with
Ksg the surface gravity. This is the standard definition of temperature in the black

hole contest. The surface gravity can be computed starting from the null-vector

1

generating the black hole horizon which, in our case, is V = d, + Kﬁ. Thus we
+

have Ko = \/—%V“V\,V“VV.

Entropy, electric charge and magnetic charge computed in section 3.1 perfectly
reduces to the ones given in (3.2.14). The angular momentum J is the conserved
charge associated with the Killing vector k; = —§—j;a¢. However, as explained
in 3.1, it is not a gauge-invariant quantity. Therefore, we can introduce another
angular momentum, denoted as Jags,, computed in a gauge that is natural from the
perspective of the near horizon. The relation between the angular momenta in the
two gauges is given by

Jads, =J+ %X (3.2.15)

The angular momentum computed in 3.1 reduces to Jags, after taking the correct
limit. Although there is no counterpart of J in the near horizon solution of Chapter
2, in Section 3.4, a conjecture for the renormalized on-shell action will lead to a
generalization of (3.2.15).
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Before checking the first law of black hole thermodynamics, the chemical poten-
tials associated with the conserved charges need to be computed. The electrostatic

potential ®, and the magnetic potential &, are defined as

P, = — lim A, P, = — lim 1y *A. (3.2.16)

r—r4 r—r4

The angular velocity associated with the angular momentum J is denoted with
Q, while the angular velocity of the horizon is Q. The computations of [4] lead to

ery gr+

Pp=—— = —2t 3.2.17

TR @) "Ry O
2n a(l—o’E) o _ 2% a

=T kAP E2 (1 +d2a?)’ "7 kAg 2 +a2

Q=04 Q.. (3.2.18)

With these quantities, it is possible to check the first law of black hole thermody-

namics:

dM = TdSgy + P.dQ. + QdJ. (3.2.19)

3.3 Supersymmetric and Extremal Limit

In this section, we briefly summarize a key result from [4] due to its significant
impact on the setup chosen for the SOQF T in Chapter 4. The solution (3.2.1) has five
free parameters. An observation, initially made in [13], is that these five parameters
are subject to three constraints: two arising from the requirement of supersymmetry
and one from the requirement of extremality. Recall that a black hole is extremal if
the function defining the black hole horizon, denoted as Q(r) in (3.2.2), has a double

root at the horizon solution . The three equations are:

g=om (3.3.1)
0=a?(+g*)(E+d?) — (g —ane)? (3.3.2)
0 = ag*(aae — g)(e +aag) + o’e?(e? + g*)?, (3.3.3)
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where the extremality condition is the last one. In this section, our focus is on
studying supersymmetric yet non-extremal solutions. To elucidate this choice, we
must revisit the connection between the gravitational theory and the field theory
within the holographic framework. From the perspective of the field theory, we
have a supersymmetric gauge theory with a gauge group of U(N). This theory
is dually related to the sum of gravitational (or string) objects in AdS that share
the same boundary conditions. The supersymmetric and extremal AdS black hole
represents the leading-order solution in the expansion as N — oo. This underscores
why we attribute the extremal black hole to being dual to a field theory in the large N
expansion. To gain insights beyond the large N regime, one can relax the extremality
condition to encompass a more general boundary setup, making it relevant to the
dual field theory. The outcomes of the supersymmetric but non-extremal analysis

will, therefore, serve as the rationale for the chosen background in Chapter 4.

While implementing the first supersymmetry condition is straightforward, solving
the second equation of (3.3.1) proves to be challenging. To tackle this, the analysis

in [4] introduces a new set of parameters:

=2 c=2 s=aa, (3.3.4)
g ga
= et ro="p. (3.3.5)
ng—n— o

This parametrization is valid for ,a # 0. The essence of the last equation is to
treat the horizon radius as a new parameter p, which must satisfy Q(p) = 0 and
also Q'(p) = 0 for the extremality condition to hold. The second supersymmetry
condition can now be solved for ¢, yielding:

2(1+b%)s
= ——=U. 3.3.6
‘T 1 2bs— 2" 536
With this new parametrization, the physical charges in (3.2.14) become:
M= Qm\/(chm_xs) (ZCSQm +X) (3.3.7)

xXV's
J=cQ2 (3.3.8)

Qe =DbQy, . (3.3.9)
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By combining the last identity with (3.3.6), we obtain a highly non-trivial relation

between physical charges:

M = %J+ Q.. (3.3.10)

This formula is known as the BPS relation as it directly descends from the structure

of supersymmetry.

We can now focus on the equation for the horizon radius, Q(p) = 0. This
equation can be solved for b instead of p, yielding the solution:

. _ 2up (1—s>=£2ius) B(p,s)
b—bi— p2_1 +25(P2—1)(P2S2—1:FI,US(p2—|—1)) (3311)
where
B(p,s) = (1-p?) (1-p*s) +2u (1+p) ps. (3.3.12)

This equation plays a crucial role, indicating that, after imposing supersymmetry,
we cannot demand that p, b, s are all real parameters. Consequently, the boundary
metric assumes complex values, a factor that must be carefully considered in the
background analysis of the dual field theory made in Chapter 4.

Following the analysis of [4], we require p € R. The extremality condition
Q'(p) = 0 will set B(p,s) and hence

b, = %, (3.3.13)
2 2 2 2_1)2
, _ Hp )Vu2(1+p%) +(p2— 1) | (33.14)

p(p?—1)

where the subscript * denotes the supersymmetric and extremal values of the pa-
rameters. Next, we construct two new complexified chemical potentials, defined as

follows

1 1
0=_(Q-Q), 9 =7 (®— ). (3.3.15)

It’s noteworthy that these potentials do not trivially approach zero in the extremal

limit since the extremal temperature is also zero, i.e., T, = 0. These two chemical
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potentials are interesting as they satisfy the following relation

(p—%a):iin:. (3.3.16)
The last constraint on chemical potentials is crucial as it will be obtained in
Chapter 4 in the dual field theory setup. This serves as a highly non-trivial check of

the holographic duality.

3.4 Entropy function

As mentioned in the introduction, the black hole entropy is the logarithm of a partition
function in a microcanonical ensemble, while the renormalized on-shell action is
dual to a field theory defined in a grand canonical ensemble. A direct computation,
showing that the two quantities are related by a Legendre transform, was carried out
in [4], where the authors could directly compute the renormalized Euclidean on-shell
action. They obtained

1M = S, lon-shell = —SBH — @J — QQ, = +— >

2
1 (‘p +a)Q,%1), (3.4.1)
2i

which is valid for any of the complex supersymmetric solutions introduced at the
end of the last section. Inspired by the results of [4], we conjecture in [1] a formula
for the holographically renormalized on-shell action of the full supersymmetric,

accelerating, rotating and multi dyonically charged black holes. It reads:

1 o1 1
I =I1w =+~ (16— +-PPo 342
where we have introduced a rotational chemical potential @, and the electric chemical
potentials ¢; for the two gauge fields A;, i = 1,2., in complete anology with the last
part of section (3.3). These chemical potentials are furthermore required to satisfy

the constraint

2(¢1+¢2) — #m = +im. (3.4.3)
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More precisely, (3.4.2) should be the holographically renormalized on-shell action for
a complex locus of supersymmetric solutions, that arise as an analytic continuation

of the real black hole solutions we have conjecture.

Given the on-shell action (3.4.2), we may write down the following associated

entropy function

= —1(0,01,¢) — (g + @1 01+ ¢ 02) . (3.4.4)

Here the rotational chemical potential @ is conjugate to the black hole angular
momentum Jpy. According to the AdS/CFT conjecture, the black hole entropy
should then be obtained by extremizing (3.4.4) over the chemical potentials @, ¢;,
where the latter are subject to the constraint (3.4.3). This of course then implements

the Legendre transform. We thus write

S 01.02) = Xt(w g gua) |7~ A (2ot o) - E oin) | a4
The extremization imposes
o x() a
oo JpH — TA’ —aq)i = Qi +2A, (3.4.6)

and we find the solution
A={-0-0ig( )+in[x( - (Q1-0:)+4RP

1/2
£2i(01+)x( )+ 321]3}1] } :

4min
w: )
VI 2= (01— Q) +4PP,£2i1(01 + 02)x( ) £32iJpn
o =+ an(Qr— Qi +ix( )] LT
4/x (2= (01— Q2> +4P P, £2i(01 + 00)x( ) £R2iJgy 4

(3.4.7)

Here ¢, is determined by the constraint (3.4.3), and n = +1 arises as a choice of
sign in taking square roots when solving the equations. Imposing that the entropy is
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real, while assuming all conserved charges are real, we find

01+ 0
16

Jpu = {— )+ \/X 24+4(PP+0102)] (3.4.8)

where the sign of the square root in Jpy has been fixed by requiring Jpy > 0.
Moreover, we then obtain the extremal value of (3.4.5) to be

S(JpH,Q1,02) = FimA, (3.4.9)
which gives
4r
S(JpH,01,02) = mJBH

(3.4.10)

= — [— +\/X 2+4(PP,+Q102)

This precisely agrees with the black hole entropy Spg in (3.1.7) computed from the

near horizon solutions.

Notice that the two angular momenta (3.1.10), (3.4.8) are related via

4010> 010>

2P 4(01+ 0)

OrtoT x( ). (3.4.11)

Jads, —
Since we do not have the full black hole solutions it is not immediate to define and
compute Jpy directly. However, we note that both Js 45, and Jgy were computed for
the minimal gauged supergravity solutions with Q1 = Q» (and P = P,) in [13], and

the relation (3.4.11) reduces to the corresponding relation in this reference.

The entropy function can be expressed as the Legendre transform of

2
10,01, 92) = F o [Fss (9= 5 OP) + Fa (91 + 5 0P)] (34.12)
where Fg3 (A1, Ar) = 4A1ArF is the large N S3 free energy as a function of the trial
R-symmetry, with A; satisfying A1 + Ap = 1. Recall here that the free energy on the
three-sphere is Fs = ZZ ‘[”N . This is consistent with the general expectations
ford =3, & =4 SCFT w1th holographic duals, discussed in [59]. It is worth

mentioning that, firstly in [60] and then in [22], a highly general gravitational block
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formula for the supersymmetric action has been developed. In that context, the

authors were able to reproduce our (3.4.12) as a special case.

In the next chapter, we will compute the partition function for a supersymmetric
quantum field theory for a generic N. This result, after performing the correct
large N limit, should match the expression in (3.4.12). The partition function will
be computed using a localization technique and can be organized as the sum of
two terms arising from contributions at the two poles of the spindle. This mirrors
the same behavior shown in (3.4.12), providing a strong indication that the duality

between the two theories can be directly proven.



Chapter 4

Supersymmetric Field Theory

4.1 General Complex Backgrounds

As anticipated in the introduction 1.3, we consider a general class of rigid supersym-
metric backgrounds of Euclidean new minimal supergravity where it is possible to
accommodate the x S! coming from the boundary orbifold geometry of the black
hole. These backgrounds preserve two Killing spinors (£, E) with R-charges +1,

respectively.

The Killing spinor equations (KSEs), which the background fields must satisfy

in order to preserve supersymmetry, are

. H . 744
(Vu—iAp)C = _EY#C_IVMC:FSHVPTYI)Ca
s H s s VYo
(Vu+iAy)C = —§7u€+1VuC:F8uvp7YpCa (4.1.1)

where Ay is the R-symmetry background gauge field, V, is a globally defined co-
closed one-form and H a scalar, a priori all complex-valued. We emphasise that
(£, ) are not related by charge conjugation and, consistently with the analysis of

section 3.3, the metric g,y can be complex-valued.

Following the conventions of [45], we introduce

v=0C, K*={r¢, (4.1.2)
PE=Cy g /v, PR =Cy)y (4.1.3)
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where (P*)* % P*. The KSEs imply that K* is a complex Killing vector. Thanks to

Fierz identities (K, P,P) is a canonical complex frame generating the line element

1 ~
ds* = —K>— PP, (4.1.4)
%
with non-zero contractions being
kK =2, P =1pP=-2. (4.1.5)

Using the KSEs, it is possible to determine the background fields A, V), H in terms
of (K , P, ﬁ), as shown in [3]. In particular, we get

VuKy) =0, (4.1.6)
which ensures that K is a complex Killing vector. Thus, it can be parametrized as

K=0dy+ 0y, (4.1.7)

where o is a complex constant and ¢, y are 27-periodic angular coordinates.

The most general metric on .#3 invariant under two real Killing vectors dy, dy
can be written as

ds? = f2dx* + hydyidy; with yi =y, y =9, (4.1.8)

where the complex-valued functions f(x) and /;;(x), i, j = 1,2 depend only on the

coordinate x. In these coordinates we have

K = (h11 + @hy2)dy + (hi2 + whyy)de,

P =& (fax+i(Vh/v)(—~ody+dg)),

P=e29(— fax +i(vh/v)(—ody +dg)), (4.1.9)
V2= Iy +20h1y + 0% ha
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where h = det(h;;) and 6 = Y222 with a;, ap two real constants that we shall
discuss momentarily. Defining A = A — %V, the background fields read

1
V=- [iHK _ *dK] :
1%

T G K2 €9 K R AR

where a prime denotes derivative with respect to x. The function H satisfies ZxH =0

and is otherwise arbitrary; however, it will enter in the localization computation only

though the following combinations:

1
hREl](V—iVH:—z—*(K/\dK) s
1%

CDRELK(AC+V)—ivH:(a1+a)oc2)/2. 4.1.11)

Taking y' = 62, ¥> = 63, ¥® = 0!, with ¢’ being the Pauli matrices, in the frame
where

h h
' =—fdx, &€=\/—dp, & =Vhy(dy+ "do), (4.1.12)
11 11

the Killing spinors satisfying (4.1.1) take the form

. u ~ . u
Ca=e® [ "N, Ca=—e0 7] (4.1.13)
—up 1231
o o
where
w2 =2""2\/vF ov/h/h . (4.1.14)

4.1.1 x S! with twist and anti-twist
On x S' we adopt the line element

ds? = 24 + (1 —22) (de — Qdy)* + B2dy? (4.1.15)
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where the function f = f(x) satisfies

lim f— ——

NS R

Wet take  to parameterize S' and x € [—1,1], ¢ as coordinates on . We require

(4.1.16)

that f is regular on the complementary domain (—1,+1), but we leave arbitrary
the specific profile of f. The positive integers ny are coprime and encode the
conical singularities C/Z,,. at the poles of the spindle. The dimensionless complex
parameter  induces a refinement of the partition function by a fugacity for the
angular momentum on the spindle, as it happens on the round sphere [28]. The
parameter 3 is the ratio between the radius of S' and the radius of the equatorial
circle of

We use an orthonormal frame explicitly realizing x S' as a topologically trivial
U (1) fibration over the spindle base:

e = —fdx,

1 —x?

ezzﬁ\/ﬁ2+92(l _x2)d(p’

& =\/B+02 1 —2) (A0 pay) . A

__—e(-»)
B+ (1-22)

do, 4.1.17)

where the flux of A() through is vanishing, as it behooves a trivial circle fibration
over a spindle. Near the north pole of at x = +1 we have

nydx
el =———Z_—dp,, e%z/+:\/2(1—x)d(ng—idqo, pr =ni\/2(1—x).

2(1 —x)
(4.1.18)

Hence, an open neighbourhood of x = +1 can be parametrized by the complex
coordinate z satisfying

74 = p+ei‘p/”+ , e M WZg, wy = &2/ , (4.1.19)

where the identification involving the root of unity w, makes manifest that %/ is
isomorphic to C/Z,,, . On the other hand, near the south pole of the spindle at x = —1
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we have
eéz—%z—dm, e%zx/mdfng—:dw, p-=n_/2(1+x).
(4.1.20)
Thus, a proper coordinate in an open neighbourhood % of x = —1 is
= p,e*iq’/”* , _~wllz, w_ = 2m/n- (4.1.21)

meaning that % = C/mathbbZ, . The minus sign in the exponential of z_ =
p_e_i‘l’/ "~ takes into account the reversed orientation of %/_ with respect to that of
.. The frame (K,Py), background fields A,V,H and Killing spinors (, Z) are
then completely determined by our general formulae (4.1.9), (4.1.10), (4.1.13) in
terms of the metric functions f(x),Q, B and the parameter ®.

By using (4.1.10) we find

1 1 .
—/dA:—— =), (4.1.22)
2 2\ny  n_

where s1 denote the signs of the function v/+/hj; at the north and south poles,
respectively.

We recall that supersymmetry on is preserved by an R-symmetry background
gauge field A satisfying only one [15] of the following conditions:

dA 1/1 o© Xo
— = —+=)=Z2 4.1.23
/ 2n Z(n_+n+> 27 ( )

with 0 = +£1 being twist and anti-twist configurations, respectively. In this notation,

1 1 1
X+——+—_H/\/§R (4.1.24)

n_  ng
is the orbifold Euler characteristic of the spindle, previously defined in 2.4.8. In
the case of 0 = +1, the magnetic flux of the R-symmetry background field equals
half of the orbifold Euler characteristic of the spindle y.. This configuration is
the topological twist as it is the orbifold generalization of the analogous setup
found in spheres [28, 61] and Riemann surfaces [62]. In the special case where

ny = n_ = 1 the spindle become a smooth sphere, and the anti-twisted x S'



4.1 General Complex Backgrounds 35

configuration reduces to the generalized superconformal index background studied
in [48, 49], characterized by the absence of magnetic flux for the R-symmetry
connection. Eventually, after shrinking to zero the radius of S' in  x S! and keeping
ny = n_ = 1, the anti-twisted spindle becomes the supersymmetric sphere with no

R-symmetry twist explored in [63].

By comparing 4.1.22 and 4.1.23, it is clear that the type of supersymmetry-
preserving twist is completely encoded in the behaviour of the function v. Given
a generic metric on  x S! and a parameter ®, we regard the third equation in
(4.1.9) as a definition of the function v. From this, it follows that generically the
function v/+/h11 has the same sign at both poles, corresponding to the twist case.
Instead, the anti-twist is realized if the function v/+/h1 has opposite sign at the
poles. In this case the metric 4;; and the parameter @ need be fine-tuned. As
V2 = (1 —x?)(w — Q)% + B2, if no relation is imposed between @, 8 and Q, then
the R-symmetry background field realizes the twist. As a special case, the standard
topological twist corresponds to @ = Q, yielding v/ = —1, so that in (4.1.23) we
have 6 = +1. The Killing spinors corresponding to the twisted x S! geometry,
occurring if o = 41, are given by 4.1.13, with

1—x2
iy = —%(119\/[32+92<);_x2)) , (4.1.25)

which satisfy the conformal Killing spinor equations provided that the background
fields A®,V, A take the form

AC—do— — 2 _(dp—Qdy) .
2fm( ¢ V)
V =—ifHdy ,
A=A+ %V . (4.1.26)

Conversely, the anti-twist is realized by choosing Q = @ +if3. In this case we can
take v/f3 = x, so that in (4.1.23) we have 0 = —1.The Killing spinors associated with
the anti-twisted x S! geometry exhibit a formal similarity to the Killing spinors

corresponding to the twisted background. However, they differ in terms of their
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components i »:

Uiz = 7Y

2

— 2
x:F(Q—iﬁ)\/B2+1gz2(1_x2)] , (4.1.27)

fulfilling the conformal Killing spinor equations if the background fields A©,V, A are

1
c ;
A~ =do+ f\/ﬁ[d(p (Q+iB)dy],

V=(x"! +x)Hd(p+i{f\/%x2+x_l [B+iQ(1 —xz)]H}dw,
A=A+ %v : (4.1.28)

Requiring (&, Z) to be (anti-)periodic under ¥ ~ w427 implies that o = n € Z.
Finally, one can see that at the north and south poles of the spinors behave as

1 ~ )
N/S +
a/ ~ CN/SN

—S4 1
o o

: (4.1.29)

so that indeed they have the same 2d-chirality for the twist and the opposite 2d-
chirality for the anti-twist [15].

4.2 Localization

Let G be a semi-simple Lie group with Lie algebra g, with YR a generic representa-
tion of G and Adg its adjoint representation. For a three-dimensional ./ = 2 gauge
theory, the supersymmetry transformations of a vector multiplet (<7, 0, A,X,D) €
Adg and those of a chiral multiplet (¢, v, F) € R can be written as a cohomolog-
ical complex [47]. Solving the BPS equations 6y = Sy = 64 = A =0 yields
the localizion locus of classical configurations contributing by Z,s to the partition
function. Also, this formulation allows for recasting the computation of vector and
chiral multiplets 1-loop determinants, ZXIIYI,ZIC_IKI, as a cohomological problem. The
explicit supersymmetry variations, as well as the cohomological fields, are provided

in appendix C.
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On general grounds, if G = G4 X G, the partition function of a theory on St x
with gauge group G, and flavour group G reads

dug -~
Zg ((D,uf,ff): Z f;jﬂw—ng(ug,fg’a),uf,ff), 4.2.1)
fgel"hg 7 8

where b, is the maximal Cartan-subalgebra of gg, I'y, the corresponding co-root
lattice and W its Weyl group; while u, s€h, ¢ and f, €Iy, - denote gauge/flavour
holonomies and fluxes, respectively; Z is the product of Z;|ass, ZY}YI and Zﬂ\f and ¢
is a suitable integration-contour for u,. This expression also depends on the spindle
data (n4,0). Zgi, 1is also a Gy-flavoured Witten-index of the theory quantized on

2

Zg, =Tryp e/ -oR Lol 4.2.2)
where J, R, F; generate angular momentum, R-symmetry and flavour symmetries,
respectively; while 77| ] is the Hilbert space of states on the spindle, with either
twist or anti-twist. The partition function (4.2.1) will be further elucidated in the fol-
lowing sections, providing explicit computations for each component. We anticipate
that the fugacities w and ¢ are not independent, but are related by

X—o

o-"Cw=im, neZ. (4.2.3)

For the anti-twist (o = —1), taking n = %1 so that the spinors are anti-periodic on

S', this reproduces the relation (3.3.16) for the dual accelerating black holes.

4.2.1 BPS locus

We parametrize an Abelian gauge or flavour 1-form field on  x S! as

1 .
o = JZ{(p(X)dQD‘i‘%q/(X)dIV , fe= Z'C/ do/ = n_:r’l/l_ ) Y <1%§1 d) =0,
4.2.4)

withm € Z and h € U(1), where we removed the component .¢7;(x) along dx via a

gauge transformation.
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The 1-form in (4.2.4) is the representative of an &'(—m) orbibundle on the spindle

and of the U(1) holonomy group of S!. In particular, the component .27 (x)

evaluated at the north pole at x = 1 and at the south pole at x = —1 of the spindle
reads

Ap(+1) = ‘:j dﬂ-l):%, nem_ —nomi=m,  (42.5)

where the integers (m,.,m_) can be expressed in terms of m and two other integers
(ay,a_) satisfying

my =may , m_ =ma_, nya_—n_ap=1. (4.2.6)

Especially, given a pair (a.,a_) satisfying the constraint above, any pair (a4 +nyda,a_ +n_Ja)
with da € Z fulfils the constraint too. Physical observables are supposed to be inde-
pendent of da.

The 1-form (4.2.4) is consistent with the gauge fields used in [15] provided that
N =+ ™o =S + (p+ 25 )do = 75 + pde | 42.7)

O " py (0) ng
with p € Z modelling a gauge transformation in the overlap of the two patches (N, S),

where the connections (@7 N o S) are well defined. The dictionary between our
notation and that of [15] is

m
Jaf(lg):,;zf——ergo, ny =ny , my =my
ny
oS = o7 — 2y ng = = — (4.2.8)
(O)_ . (p, S—nf, ms—m, I’l,p. L.

In this language, the flux of .&7 reads [15]

/dd +——M— =

ny nyn_ ’

4.2.9)

in agreement with (4.2.4). If we add a flat connection (B,d¢) to < in (4.2.4) as

A = A = (Ap+ b)de + Aydy (4.2.10)
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we can make ./ vanish at the poles of at x = %1 by setting 5|9, = —m  /ny
in the northern patch % including x = +1 and ;|90 = —m_/n_ in the southern
patch 7% covering x = —1.

The vector-multiplet BPS equations are obtained by setting to zero the gauginos

(A,I) and their variations (S)L, 51), giving
o = 15/ —ivo = Qg = constant ,
D+ %P“ﬁvﬁ”v + o[V —ivH] = 0. @2.11)
%
We do not impose any reality conditions on fields, for the moment. Inserting the
gauge field (4.2.4) into the BPS equations above yields the BPS values of the scalar

o and the auxiliary scalar D. Specifically, if c© = +1, we have topologically twisted
x S! and the BPS locus

o Ay (x)
olsps =B~ [~ + 0Hp(x) + Hy(x)] ,  Dlpps = ek (4.2.12)
whereas, if © = —1, we have anti-twisted x S' and
Olpps = —i|— Qg + 0y (x) + Ay (x)] /(Bx) ,
. 2 : 2
B olsps + [[3 —|—1Q(1 —Xx )],qu’,(x) —|—1(1 —Xx )4271;,()6) | 42.13)

Dlprs = N

Such supersymmetric values of (o, D) provide a non-trivial classical contribution
to the partition function of the corresponding gauge theory thanks to the presence
of (possibly mixed) Chern-Simons and Fayet-Iliopoulos terms, for example. Fur-
thermore, the profiles (o|gps, D|gps) implicitly affect the one-loop determinant of
supersymmetric fluctuations via the gauge fugacity ¢g and the flux fg.

Analogously, the BPS locus for the chiral multiplet is found by setting to zero the
spinor fields (y, ¥) together with their supersymmetric variations (8, ). The
outcome of this procedure is the following set of BPS equations:

(Lx —ir®g —ige®c)9 =0, (L +ir®g+ige®s)¢ =0,
F+ilz¢ =0, F+ilpp=0.  (4.2.14)
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For arbitrary values of (®g,®P¢g) the unique solution to the chiral-multiplet BPS

equations is
¢|Bps = O |gps = Flgps = Flpps =0 . (4.2.15)

As a consequence, we do not expect classical contributions to the partition function
to come from F-terms or superpotentials, for instance. In this setup, matter fields

affect the theory at the quantum level only, via one-loop determinants.

4.2.2 1-loop determinants

The chiral-multiplet one-loop determinant entering the partition function can be
obtained by exploiting the cancellations between bosonic and fermionic degrees of

freedom due to supersymmetry. This procedure is implemented by the formula

CM __ detKeer 52 o detKeer (LK +g¢’c)
L detkerr; 6% detkerr; (Lx +%ag)

(4.2.16)

Indeed, the operators Lp and L pair bosonic and fermionic fields in the supersymme-
try transformations written in cohomological form. The formula above follows from
the fact that the squared supersymmetry variation 82 o< (Lg + %) commutes with
such pairing operators. Thus, the unpaired eigenvalues surviving the cancellations
and contributing to Zflid are those corresponding to the eigenfunctions spanning the

kernels of Lp and L.

The 1-loop determinant of a vector multiplet, ZX{’[, includes the contribution of
BRST-ghosts compatible with supersymmetry [47]. However, a standard argument
implies that formally Z/’M = ZM(r = 2) |, _ad, [28], so in the following we shall

focus on chiral multiplets.

One-loop determinants of supersymmetric partition functions can be obtained
from equivariant index theory [47]. For instance, in the case of a chiral multiplet on
a manifold .# and of charge r with respect to the U(1)g R-symmetry and charge g¢

with respect to a gauge or flavour group U (1), the eigenvalues contributing to Zlcll\f
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are encoded by the formula

) PR trr,g —trr, g
ind(Lp;8) = ), —2—-2 (4.2.17)
e det(1=Jp)

which is the index of the operator Lz with respect to the action of the group element
g = exp (—i852) induced by the square of the supersymmetry variation 82 and
tuned by the equivariant parameter €. The summation in (4.2.17) spans across the
fixed-point set .#% of the transformation g on the manifold .. At each fixed point
p € M , the group element g induces an action on the manifold ., thereby effecting
a mapping from the coordinate z,, to z;,. This transformation generates a non-trivial
Jacobian denoted as J, = dz},/dz,, appearing in the denominator of (4.2.17). In
addition, g acts upon both Iy and I'j, where Iy represents the space of sections of
the U(1)g x U(1)g-valued line bundle L over .#, while I'; is the image of Iy under
by L. These combined contributions yield the numerator of (4.2.17). In the case
of our interest .#Z = x S! and the neighborhoods %, covering the fixed points
pE M3 are isomorphic to C/Z,,. In order for the computation to accomodate such
new structures, the orbifold version of (4.2.17) is required. The fixed point formula
in the framework of the equivariant orbifold index theorem is expressed as follows:

AN

idow(Lyg) = ¥ — Y trr‘)(wg)_trr‘(;vg), (4.2.18)

e iz, det(1-Wyl,

where W), is the Jacobian resulting from the action of w on the coordinates z,

within %,. The elements w € Z, act on both sections and coordinates akin to the

action of g, but their action is weighted by the roots of unity wf, = 2t/ with

¢ =0,...,(n,—1), rather than by the equivariant parameter €. Specifically, on
x S! we have

8% = 2i(Lg +%a,) = —2i(Lk —iqrPr —iq6Pc) ,
Lk = (0dyp+y) , (4.2.19)
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where (®g,P) are to be evaluated on the BPS locus. The operator g factorizes as

§=2 Zs. with

g =exp[-2t(wdy —igrPr —iqcPs)]
g =exp (—2tdy) , (4.2.20)

being group actions corresponding to the spindle and to the circle S', respectively.
In particular, the fixed-point set .# 81 s empty as g acts freely on S!. Instead,
¥ is non-trivial and it contains the poles of the spindle at x = £1. The actions of

g and w upon the complex coordinates defined in (4.1.19) and (4.1.21) is

g Z+ =q+2+ q+ =exp(2iew/n) ,
gz =q_'z, q- =exp(2iew/n),
Wizp =wizy, wy = exp (27mi/ny)
Wz =wllz, w_ =exp(2mi/n_) . (4.2.21)

The form of Lz as well as the action of g and w on sections in I'y and I' exhibit
slight differences for twisted and anti-twisted spindles. Consequently, we analyze
these two cases separately. We keep the notation compact by defining the following

quantities:
P+ =d6P+ 2’ p- =qc6p- 5
—p- o
b:H_GLGp_jLJ—F{_p__J’ c:[[ p ]]n,_cﬂ P+Hn+’
ny n_ n_ n,
o ol @(P P
qg= P20 ’ y= qc/2627ri(r}'R+lJG?’G) 7 (4.2.22)

where by [e]  we indicate the reminder of the integer division of e by ¢. In partic-
ular, (b—1) is the degree of the line orbibundle O(—p) = O(—nip_+n_p;) =
O(—(r/2)(ny+n_) —qem), with p = (nyp_ —n_py). Also, @, ¥; and Y are ef-
fective fugacities for angular momentum, gauge and R-symmetry, respectively. The
objects written in (4.2.22) are valid for a theory invariant under a U (1) gauge or
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flavour group. For a general, possibly non-Abelian, Lie group G, the substitutions

mi — p(my), Y6 — P(¥G) (4.2.23)

are in order, with p being the weight of the representation R that we defined

previously.

Topological twist

In computing the contribution to the index formula (4.2.18) coming from the north
and south pole of the spindle we work with 1-form fields whose components on
vanish at the origin of the patches %/ and %_. This makes the calculation simple as
L5 becomes a pure differential operator, for instance. Especially, the component ¢
of the R-symmetry field vanishes at the origin of % and %_ if
1 1

OCz|ag/+ =—, Qly =——. 4.2.24)
ny n

Analogously, the component .27, of the flavour field (4.2.10) vanishes at x = £1 if

p pP—
Bolo, = -, Boly =—=, (4.2.25)
I’l+ n_

in the patches %/, and 7%/_ , respectively. In this setting,
Lg|y, = —2idy Lyl =2id_, (4.2.26)

where 0. is the complex conjugate of d+ = d,, . In particular, the operators Lg|.
and Lz|4_ are transversally elliptic with respect to the free action of gg1 € U(1).
Then, according to [64], the index of L3[4, on xS I'is given by the weighted sum
of the index on the quotient ( x S! ) /S' = over all irreducible representations of

—2ien with n

U(1), where the weights are the characters o, (851) = Xa(851) = e
being the label of the representative ¢, € I'g, where the latter is the space of sections

of the line orbibundle

L= 0(—p) = 0(=p) = O(—nip_+n_py) = O(~(r/2)(ns +n_) — gom) .
4.2.27)
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The operator g acts as

— + 2 —
CIGP+ (r/2) g P+¢n ,

r/2 gq_ “0n g _ eZie[(r/Z)ag—ﬁ—qG(pG} . (4.2.28)

~ —qGpP——
g lwtn=8q_ ¢
Moreover, the action of g on sections in the image I'y reads

~

8 |J/Z+a+¢n é%—m l(pnv
gl o 0.=Eq"9,. (4.2.29)

Combining all these ingredients in the fixed point formula (4.2.18) yields

indorh (L Z lndorb b8 )Xn(gsl)é )
neZ
| el b G 1,
indors (L8 ) = — % —%_—1 : (4.2.30)
ny =0 1—wiqgy n— =0 1—-w_"qg_
where we factored out the flavour fugacity . The identities
—1 —1 —JjV, H_vp]]n
np = l—wpqp ”p =0 l—Wp qp 1_(]pp np np np
(4.2.31)
imply
indyrp (L Z lndorb P8 )Xn (gsl )é
neZ
—lp+/ny) [=p-/n-] —lp+/ns] _ glHl=p-/n-]
. 9 q _ 9 q
indor (L3:8 ) = g T g 4 , (4.2.32)
withq=¢} =¢* . If
(4.2.33)

e /ni] =14+ [—p_/n_| <= b=0,
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then ind, (L3;8 ) =0, where b = (1 +degL) defined in (4.2.22) naturally appeared.
Instead, if

—|ps/ny| <1+4+|—p_/n_| <= b>1, (4.2.34)

then

indyp, (Lﬁ;g ) — q*LP+/n+J 11__(3: — q*LP+/n+J (1 +q4- +qb*1> . (4.2.35)
where the overall factor q_U’+/ n+] is the lift of the equivariant action [65] at the
north pole of the spindle. In fact, given that L; equals the Dolbeault operator d
in the vicinity of any fixed point, ind, (ng;§ ) represents the equivariant orbifold
index of d on in presence of the line bundle L. This index assigns a monomial
q‘ to each element within the basis of anti-holomorphic sections of L in the kernel
of @, where £ € N, q° = 1 corresponds to the constant section and the polynomial’s
degree is (b — 1) = degL. This generalizes what occurs in the case of the equivariant
index of the Dolbeault operator on manifolds, where, modulo a sign, the degree of
a line bundle equals the first Chern class of its representatives. Especially, in the

non-equivariant limit q — 1 the index becomes
indor (L) = indr(9) = b =1 +degL (4.2.36)

reproducing the Riemann-Roch-Kawasaki theorem for orbifolds of genus zero [66].

‘We can rewrite the index as

[—p—/n-]
indorb (Lﬁ, (/g\) |b>1 = Z e_ZigneZie[(r/z)a3+QG(pG] Z qé ,
neZ l=—|ps/n]
[=p_/n-|
— Z Z pHEl—n+(r/2)a3+q606+0!] ’ (4.2.37)
n€Zl=—p, /n ]
and then exploiting the rule
. _ie82 _i0h. —d;
lnd<9;e i€ ) =Y dieT o Za =[], (4.2.38)
j J

relating the index of a differential operator Z to the determinant Z;,q, with j being a

multi-index, A; the j-th eigenvalue of 62 and d; the degeneracy of A;. Applying the
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prescription (4.2.38) to indor, (L5:8) [6>1 provides the infinite product

—p_/n]

Zoale1 =1 I ROe—(/2)a—gepc—00)]™,
WEZ0=—[p) /n.
by /ny]

:nIETZ]— I;I/n J [2(n+00]—§063—6]0(/)c>}1 ;

[T (o (i 57) )
= 2ln+o +rR+496% 7
nEZj 0 2

~TI11 n+o(j+555) +rr+a6¥6 (—yfl)b/2
nez jeNn+ o J+1b+c) +rRt46Y (q(l_b)/zy*I;CI)b

(4.2.39)
Finally, if
—|py/ny| >1+[—p-/n_] <= b< -1, (4.2.40)
then
gt —q
indors (L8 ) =g 7"/ JTq :—qlﬂ_p*/"*J<1+q2+~--+q_b_l) :
——q ) (14 gt gt 4.2.41)
with
r—2
Pr=petl=aqcpr ———,




4.2 Localization 47

The overall factor q [P /n-] is the lift of the equivariant action at the south pole of
Indeed, by writing

—1=lpy/ny]
indorh (Lp:8) lo<—1 = — Yy  FerriReticsered - 42.43)
n€Z f=1+|—p_/n_|

and applying (4.2.38), we obtain

1 /n. ]

-
Zinalo<—1 = [ | I1 2<n— 5%~ 4696~ CO@) ;

neZ (=1+|-p_/n_|

R . 1+b+c
=11 H n+o| j+——7— | +rr+46Y%
2
neZ j=
_HH +c)"|_r’)/R_|’qGYG _ -y
nezjenn+o(j+1= S—H)“"’YR"‘QGYG (q( “0/2y-lig),
(4.2.44)

n+a)

])b/2

We then conclude that, on topologically twisted x S!, the one-loop determinant
for a chiral multiplet with weight p in a representation R of a gauge group G is

(=) (—y?)"?

ZM =
IL pgg (q1=972yp3q), pgg (g 272y=P1q),

(4.2.45)

The property (e;g), = 1 enjoyed by the finite q-Pochhammer symbol ensures that
ZCM lb=0 = 1, as anticipated. In the degenerate case n. =n_ = 1 the spindle becomes

a smooth sphere and the simplifications

b=1—gem—r=1—qgfc—rfr , c=0,
Qr=—-03€Z, y=(—1)""*Ma6% (4.2.46)

occurr. In turn, (4.2.45) becomes identical to the one-loop determinant for a chiral
multiplet on topologically twisted S x S! computed in [28], where o3 = 0 was
assumed.

The one-loop determinant (4.2.45) can also be interpreted as the partition function
of a weakly gauged chiral multiplet, namely a chiral multiplet coupled to a non-

dynamical background vector multiplet. Such a partition function is not invariant
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under large gauge transformations shifting the effective fugacity s by an integer n:
y — eXmny — ZM s (—1)ozM (4.2.47)

This multi-valuedness of ZICL is usually associated to a parity anomaly affecting
the matter sector of the theory. Such an anomaly can be cured by considering the
classical contribution Zg? of an effective Chern-Simons term with half-integer level,
whose anomaly cancels that of Zlci/[ In the case of S? x S! the counterterm needed
is ZCS = yH6/2 = yFm/2 while for Zch on xSlitis

78 = (—y)*2. (4.2.48)

€

We discuss the differences between effective and canonical Chern-Simons terms in
Section 4.2.3, where we compute the relevant classical contributions to the partition

function of a gauge theory on xS

Anti-twist

In the case of anti-twisted x S' the ¢-component of the R-symmetry background
field vanishes at the poles of the spindle if

1 1
|y, = - |y = -— (4.2.49)
+ _

while flavour field (4.2.10) behaves as in the case of the topological twist. The
pairing operator L is again transversally elliptic with respect to the free action of
gs1 € U(1), and near the poles of assumes the value

Ly, = —2i0 , Ly|y =20 . (4.2.50)

Repeating the methodology employed in the case of the topologically twisted ~ x S!

yields
lndorb Z lndorb p» Xn (gsl )6
neZ
[ =p+/n] [—p—/n-] [=p+/n4] I+[—p-/n_|
indoy (L8 ) = +4 -4 -9 . (42.50)

1—q! 1—q! 1—q! 1—q
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Expanding indor, (L5: ) in powers of q gives

indorb (L

5:8) = Y eHelontr/2)astace] y <qf/5+tfp+/n+J _q£+1+tfp7/n7J> ,

nez teN
(4.2.52)

which, according to the rule (4.2.38), corresponds to the infinite product

~TI11 —n+(r—2)(as/2) + 696+ oL+ 1+ —p-_/n_])
Zind neZ leN r/2)oc3 +4969c + (D( —+ L—p+/n+J)

-T1T11 —n+w(£+ =) — R — 46V — O
nezZ leN —”+w(5+m)+r}’1€+qm’c
(b41),,—1
_ (] z(b=1) <q2 Y ’q>oo
(=7va) (cﬂ“"”y;q)

—_
—

(4.2.53)

Finally, the identities enjoyed by q-Pochhammer symbols allows for the deriva-
tion of a unique expression for Z?L valid for both topologically twisted and anti-
twisted xS

(b+1)

—p\1(26=1+0) L(1-g)(b—1) <q2 Y ’q>oo
zid = [T (=) % _ . (4254)
pERs (qf(b‘l)y“"’;@
Once we have the 1-loop determinant for the chiral multiplet, we can exploit the
relation ZYIXI = Zlc_l\L/[(r =2)|9,=Ad, to obtain the 1-loop determinant of the vector
multiplet. The fields of the vector multiplet transform in the adjoint representation of
the gauge group. After the root decomposition, the 1-loop determinant of an adjoint
vector multiplet turns out to be manifestly independent of the R-symmetry twist and,

up to a regularization-dependent sign, it reads:

1L—I_II_I<_(X/2 2n++2" “Jza/z)m

o>01=+

x g8 H-—walf) (4.2.55)

where ot = a(my ), z% = e2miau) o ig the weight of the adjoint representation and
u =1+ LOC[/?Z[J + L—Otl/n]J.
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4.2.3 Canonical and effective classical terms

General supersymmetric gauge theories include Chern-Simons and Fayet-Iliopoulos
terms. The canonical Chern-Simons action at level k for a non-Abelian vector
multiplet in the adjoint representation of a gauge group G is

.k 2' ~
(4.2.56)

which, once evaluated on the BPS locus, contributes to the classical part of the

partition function as follows:

753 |Bps = 53 |ppg = £2MKIef6 — 2mikyGm/(nn-) (4.2.57)

The latter can be generalized to a mixed Chern-Simons term at level k;; that combines

two vector multiplets in the adjoint of different gauge groups G(;) and G;) with

i # J:

Smcs = 121(_’7; /d3xe (8#\/9%‘@3‘/%1) +iDWe) £ipW g 1204 0) 4_1(1'),1(1')) ’
(4.2.58)

yielding

S o — (k1o 40, (42.59)

The gauge symmetry can also be mixed with the R-symmetry via an R-symmetry-
gauge Chern-Simons term, whose action reads [45]

" { .
Srcs = 12—71: /d3x€ [SMM«Q@% (A/l - EVA) +iDo + %(R+2VHV“ +2H%)| ,

(4.2.60)
giving

ZRCS

RCS | gps = e?Tikr (TG +16fR) (4.2.61)
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which depends on the twist through the R-symmetry fugacity yz defined in (4.2.22)
and the flux fg = x4 /2. Finally, for any Abelian factor in a gauge group G, a classical
contribution to the partition function can also descend from Fayet-Iliopoulos terms

with parameter {gy and action
Sp1 = g—l;; / &xe(D— o, V* —oH) . (4.2.62)
In fact, thanks to the relation [45]
VE = —ighv29,%, | (4.2.63)

the Fayet-Iliopoulos term can be interpreted as a mixed Chern-Simons term coupling
fields in an Abelian vector multiplet to the background scalar H and the graviphoton
field €),. Hence,

78 |gps = €27 Sn(Yelatycfe) (4.2.64)

where ¥, and fy are the fugacity and the flux associated to €}, respectively.

In general, the classical contributions obtained from evaluating on the BPS locus
the canonical actions above are not invariant under large gauge transformations
along S!. For example, under a large gauge transformation acting as ¥ — ¥ + £,
with £ € N, the classical part of the canonical Chern-Simons partition function term
behaves as follows:

CS 2mik - ~CS 2mike —)~CS
chass‘BPS = rem/(nn-) - chass‘BPS =™ m/nn )chass’BPS :
(4.2.65)
In the case in which the spindle is a sphere, then n, = n_ = 1 and the partition func-

. g . . . . NCS __ ~CS
tion exhibits invariance under large gauge transformations as chaSS\BPs = Z s |BPS.
Conversely, for a general spindle , the parameters (n.,n_) are arbitrary coprime

integers and chlgss|BPS =+ ZCCS |gps unless either the Chern-Simons level k or m is a

lass

multiple of (nyn_).
A similar circumstance arises in supersymmetric theories on the manifold with
boundary D? x S!, where D? represents a two-dimensional disk or hemisphere. The
canonical Chern-Simons term lacks supersymmetry and gauge invariance on D? x S'.

Restoring these properties requires taking into account degrees of freedom localized
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at the boundary d (D* x S') = T2, with T2 = S' x S' being a two-dimensional torus.
A convenient method for promptly deriving the correct expression for the effective
Chern-Simons term on D? x S! was elucidated in [67], where it was demonstrated
that the partition function for a Chern-Simons term at level k = %1 equals the collec-
tive partition function of two anomaly-free chiral multiplets ((])(1) , (])(2)) coupled by a
superpotential W (¢>(1) , (l)(z)) = mo@(1)92). Where mg encodes a mass. Such a proce-
dure allowed to show that the Chern-Simons partition function on d (D2 xS 1) =72
is given by the theta function 6(x;q) = (—/a/x;q)_(—+/4x:q)_, depending on
gauge and flavour fugacities x, as well as on an equivariant parameter € appearing in
the fugacity q = e for the angular momentum on D?. In particular, gauge invariance
of such an effective Chern-Simons term is ensured by the analytic properties of the
Theta function.

We can apply the same procedure to the case of  x S!. Two chiral multiplets
(¢(1),9(2)) coupled by the aforementioned superpotential W (1), 9(2)) = mo®(1)¢(2)
have charges satisfying

SONCI g +4% =0, (4.2.66)
which, in the case of the twisted spindle!, imply
b(l) 4+ b(z) — O , c(l) —+ c(z) — _X* , y(])y(Z) =1 s (4267)

where (b(i), c(i),y(i)) are (b, c,y) evaluated at r = (V) and g = q(c? withi=1,2. In
particular, y(1)y () = 1 follows from the constraint ¥z — (wx—/4) € Z. Asin [67],
we consider anomaly-free chiral multiplets, whose partition function is obtained
from Zlcli/[ by removing the phase factors and considering the gq-Pochhammer part

only. For instance, in the case of the topologically twisted x S!, we have

7(2) _ 1 _ 1
<q(1sz)/2y(—2§;q) i (q(l+bl)/2y(l);q)_bl
b - - b
= (—ym) 1(qf“ b‘)/zy(ﬁ;q)bl = (—ya) /2, (4.2.68)

ISimilar relations hold in the case of the anti-twisted spindle .



4.2 Localization 53

yielding
72072 = (—yy))™ . (4.2.69)

Then, according to [67] the partition function of the effective Chern-Simons term
at level k = 41 has the form Zg? = y**. Since we have fixed only the sum of
the R-charges <qg),r(i)> but not their specific values, Z&? contains information

on all global and gauge symmetries affecting the chirals ((])(1),(/)(2)). Indeed, if
ny =n_ =1, the spindle  boils down to a two-sphere and

Z& |ny=n_=1 = e*T016(1mrmdam) 4.2.70)
At arbitrary level k we have
Z5 =y, (4.2.71)

More generally, an effective Chern-Simons term mixing two gauge groups (G;, G )
reads

kiib; k;;b;
ZMes =yi v (4.2.72)

The partition function (4.2.71) is manifestly invariant under large gauge transforma-
tions:
CS ~CS 2miklb~CS CS
Zet IBps = Zgrlees =€ Zgy Bps = Zegr |BPS - (4.2.73)
In presence of matter, the Chern-Simons level k is affected by non-trivial corrections:

for instance, a chiral multiplet causes an half-integer shift k — k' =k + (1/2), as we
see from 4.2.54.

In [3], drawing an analogy from the case of D? x S', we have conjectured that the
modifications to the canonical Chern-Simons theory’s stem from degrees of freedom

localized at the conical singularities of the spindle
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4.3 Examples and dualities

The results presented in the previous sections can find some direct applications. In
[3], they were used to calculate the vacua of an effective Chern-Simons theory and
also to verify the validity of a well-known duality between two different SQFTs.

4.3.1 Effective U(1) Chern-Simons theory at level k

As a first example let us calculate the effective partition function of an Abelian
Chern-Simons theory with gauge group U (1) at level k. The corresponding contour

integral reads

Z / dy kb n b (43 1)
27r1y o

me”Z

where y is the gauge fugacity, m the label of the gauge flux f¢ = m/(n4n_), while z

and n are background flux and fugacity, respectively. The integer b is given by

b=b(m)=1+ V—*J + {—p—J 1+ {maﬁ + {—%J nea_—n_ay=1.
ng n_ ny n_

(4.3.2)
We write m € Z as
m=nn_m +t, t=0,...,(nan_—1), (4.3.3)
with m’ € Z. The integral then becomes
) / dy JKbtnb
meZ 27T1y
-1
'MZ y kKb (5 ()
=0 meZ Zﬂly
nyn_—1
__ +n y / Ykt (4.3.4)
= o m'ez 2y’
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The latter is non-vanishing only if the contour ¢ surrounding y = 0 and if
km"4+n=0, (4.3.5)
which is a Diophantine equation that can be solved by conveniently splitting n as
n=kn'+ [n] . (4.3.6)
Indeed, plugging the expression above into the Diophantine equation gives
m”=-n", [n],=0, (4.3.7)
which yields the final result
Z=nn_z " 8y o =nsn_z My o, (4.3.8)

meaning that Z # 0 only if [n], = 0. Especially, if n =0, we find Z = (nyn_), sug-
gesting that the effective Chern-Simons theory on  has (n4n_) vacua. Technically,
this degeneracy stems from the fact that for any b € Z there are (n n_) values of
m € Z such that b(m) = b.

4.3.2 Effective U(1) Chern-Simons theory coupled to a chiral
multiplet

As another example we compute the partition function of a chiral multiplet coupled
to an effective Chern-Simons term with gauge group U (1) at level k = 1. We also
add a mixed Chern-Simons term with flavour fugacity (—z) and effective flux b. We
again consider a countour % such that all contributions to the integral comes from

the pole at y = 0. The collective partition function is

dy (—z)"yPy"!

Z= -
mez /€ 27171y (yq(l_b)/z;q)b

, (4.3.9)

where the finite g-Pochhammer symbol corresponds to a chiral multiplet on topologi-

b—1

cally twisted x S!, while y*~! is the spindle counterpart of ¢>*%™  which is the
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Chern-Simons term on % x S'. It is convenient to expand the integrand as

b b+b 1 ( )
2" b+b 1+¢\959) ¢ _o(1-0)/2
Z Z /2751}7 yql b/2 Z Z/27r1y q )

meZ meZ (eN (4:9),
(4.3.10)
where we employed the g-binomial theorem
1 14" °;
_1459) _ 5 (059), 0 @3.11)

69)y B9. & (@)

valid for both finite and infinite g-Pochhammer symbols. The contour integral

providing Z is non-vanishing if
b+b—1+£=0, (4.3.12)
which is an integer-valued equation that can be solved by writing m as
m=n,n_m +rt, mezZ t=0,...,(non_—1), (4.3.13)
yielding
b—m' 4+b(t)—1+£=0. (4.3.14)

Inserting the latter in the expression for Z gives

non 1 N (ql bt q)
7 — ( Z)l—b—f qu(n-ﬁ-f)/ 7
ZZ) %:\1 (4:9),
b.
1—b—¢ (q q)z (b+0)/2 1—5-¢\" ((—1)/

= —n n_ -z q q q ’

" éeN( ) (q;CI)ﬁ ( )

(_Z)lffl
= —nin s
(q(1 b)/2,-1. q>

(4.3.15)
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where in the second, fourth and fifth equalities we exploited the identity

(t:q), = (thw;qL(—zq(“)/Z)E . (4.3.16)

Therefore, we find that on  x S the partition function of a chiral multiplet coupled
to an effective Chern-Simons theory is dual to a free chiral multiplet, interpreted as
describing a monopole operator. The overall factor (n;n_) originates from a sum
over t in the integer range going from O to (nyn_ — 1), spanning degenerate sectors
of the original theory.



Chapter 5
Conclusions

In this thesis, I have synthesized the key findings from my research. The incorpo-
ration of orbifold geometry has yielded intriguing outcomes in both supergravity
and supersymmetric field theory. While these results were achieved within a holo-
graphic research framework, their significance extends beyond holography and holds

relevance in both of the aforementioned research scopes.

In Chapter 2, I presented the solution found in [1], which generalizes the analysis
of [13] to non-minimal D = 4 gauged supergravity, particularly in theories with
multiple gauge fields and, consequently, multiple conserved electric and magnetic
charges. However, beyond these solutions, relatively little is known about super-
symmetric accelerating black holes in other theories or supersymmetric accelerating
black objects more generally. Nevertheless, it is clear that such solutions exhibit
interesting properties and extended thermodynamics, as shown in [4] and explained
in Chapter 3. For instance, the solution presented in Chapter 2, has also been used as

a proving example for the validity of very general formulas in [60, 22].

In Chapter 4, I have summarized the results of [2, 3], where we demonstrated that
three-dimensional . #” = 2 SQFTs can be defined on  x S', endowed with both types
of supersymmetry-preserving twists and that the corresponding partition functions
give rise to the novel spindle index, generalizing and unifying the superconformal
and topologically twisted indices. We have also shown that the generalization of
the index theorem for orbifolds can find a direct application in physics, just as
its more famous version for manifolds does. For instance, in [3], we have shown
that the formalism of Chapter 4 can be apply to other orbifold as the branched
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lens space Ly, pyn,n_ (n,1). This is a three-dimensional orbifold encompassing
the squashed three-sphere, the branched sphere and the squashed lens space. The
branched lens space is a &' (—nn.n_) circle fibration over the spindle or, equivalently,
/Z, acting upon the S' fiber of the
branched, squashed three-sphere. One more interesting point is the investigation of

. . 3
can be viewed as the free quotient S by by
supersymmetric dualities, aiming to gain a deeper understanding of the quantum
moduli space pertaining to supersymmetric quantum field theories on orbifolds. For
instance, in the study of gauge theories on manifolds, the phenomenon of partition

functions factorizing into holomorphic blocks is well-known [68, 67, 69, 70]

Regarding holography and the aim of reproducing 3.4.4, much work has been
done, and much remains to be accomplished. In order to extract the microscopic
entropy of the accelerating black holes in four-dimensional Anti-de Sitter spacetime,
we need to compute the large-N limit of the spindle index of .4 = 2 theories
with AdS4 duals. More generally, the large-N limit of the spindle index should
reproduce the entropy functions presented in [60], valid for an extensive class of

three-dimensional .4~ = 2 theories with gravity duals.



Appendix A

Spindle Geometry

In this appendix we will introduce the geometrical features of the so called "spindle".
A mathematical introduction to orbifolds can be found in [71]. The main reference
for orbi-bundle over spindle in the physical literature is [15]. Other useful material
can be found, for example in [66, 72].

A.1 Weighted Projective Space

The term ’spindle’ refers to the weighted projective space in complex dimension
one, denoted as = WCP[ln+7 0] Topologically, it is a 2-sphere S, while its orbifold
structure can be obtained by taking a suitable quotient of S by U (1). Let z; and
2 be the standard complex coordinates of the embedding of S inside C? as the
unit sphere §3 = {|zl |2 + |z2|2 = 1} C C2. The quotient is achieved by applying a
weighted circle action given by

(z1,22) = (A" z1,A" 22) (A.1.1)

where A = e'® € U(1),n. € N. This action is effective since hcf (ny,n_) = 1. All
powers of the primitive n, —th root of unity A = e>™/"+ act trivially on (z,0), while

the primitive n_ —th root of unity A = e2™/"~ act trivially on (0,z,).

We recall the definition of orbifold charts [73] (%,T’,¢) for a 2-dimensional
orbifold . The underlying Hausdorff topological space is indicated by | |. We
require:
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9% to form a basis of open sets in R,
» T to be a finite group acting on % by linear transformations,

* ¢:% —| |tobe acontinuous I'-invariant map inducing a homeomorphism
from % /T to % := ¢(% ) C| | such that:
— the % form a basis of open sets in | |;

— both charts satisfy the following compatibility condition: If % C %>,
then there is an injection & : (%4,T1,¢1) — (%.,T2,¢2) which, by
definition, amounts to:

% a diffeomorphism £ : U — k (%}) C U
x and a group isomorphism K : I'y — K (I'}) C I'; such that ¢; =
¢ ok and k is K-equivariant kog = K(g) ok, forallgel.

We cover the spindle with two charts in complete analogy with the sphere. The north
and sud patch charts are given by (C,Z,, ,¢. ) and (C,Z,_,¢_) respectively, where

Z,, are cyclic groups. The action of these group on coordinates z4 € C is:

Z4+ —> 047+ (A.1.2)

. .. . - omi-l .
where w1 € Z,.. In future we will use the explicit notation a)i — ™t with

J=0,1,..,ny — 1. The Z,, -invariant map ¢ is given by
Oz — 7y (A.1.3)
while the Z,,_-invariant map ¢_ is given by
07—z (A.1.4)
On the intersection of the two charts, the transition function ¢+ : C — C is given by:
Orizy o7 =z, (A.1.5)

Note that this presentation is a weighted’ version of the well-known stereographic
projection. Similar to manifolds, we can define orbifold coverings [71]. A covering
of a smooth orbifold O is a pair (5, p), where O is another orbifold, and pisa
surjective smooth map 0—0 satisfying the following conditions:
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« For each x € |0, there is a chart (U,H, ) over x such that |p|~'(U) is a

disjoint union of open subsets V;,

* Each V; admits an orbifold chart of the type <l7 JH;, (p,-), where H; < H, such
that p lifts to the identity p; : U — U, with p; : H; < H.

Notice that, in general, |p| is not a covering between the underlying topological
spaces. When an orbifold can be covered by a manifold, it is referred to as a *good-
orbifold.” Conversely, if a manifold cover is not possible, it is termed a "bad-orbifold’.
Good-orbifold are global quotients of manifold by a finite group while bad-orbifold
are generic quotient by Lie groups. The spindle is an example of a bad-orbifold,
and it is one of the simplest instances to study in this category since it only has two
orbifold points.

A.2 U(1)-Orbibundles

To specify a principal U(1)-orbibundle, we need to choose, in each chart, a ho-
momorphism /4 from the local orbifold group into the fibre group U(1). For the
spindle, we will have two of these homomorphisms characterized by the choice of

two integers m4 and m_.

hy:Z, —U(1), where hi(0)=ow"" (A.2.1)
h_:Z, —U(1), where h_(0)=0o0"". (A2.2)

Note that, since a)ii = 1, we have my € Z,,,. The homomorphisms 4 encode the
action of the finite groups on fibers, completely determining the quotient on each

local trivialization:
(CxS')/Z,,, where s (z4,E) = (021,017 EL). (A.2.3)

Over the intersection of the charts, the two fiber coordinates are related by

min_—m_ny d

b Eo=E T =ERT (A24)
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where we have defined d = mn_ —m_n_. It is customary to refer to the orbibundle
as 0(d), as the integer d specifies the orbibundle and determines the local modes
near the orbifold points.
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Upliftto D = 11

As already commented at the end of section 2.1, the solutions (2.2.1) can automati-
cally be locally uplifted on S’ to supersymmetric solutions of D = 11 supergravity.
The relevant uplifting formulas are given in [53]. In this appendix we briefly com-
ment on the conditions required for global regularity of these D = 11 solutions.

The uplifted D = 11 metric is given by

2
L7245}, = (UV)'Pds+4wv) P {dn+ % [d62 + sin’ 6, d¢?

sin®n

Jp 1465 +sin’ g3 BOD

+ (dy; +cos B1dgy —A)?] +

—+ (dl//z + cos 6L,d¢r —Az)z} } .

Here we have introduced an overall constant length scale L > 0, and have defined

the functions
U= (e_g + %2 e‘g) sin’ n+ cos? n, V = e cos? n+ sin’ n. (B.0.2)

Here the metric in curly brackets is a metric on S7. where one views S’ C C2 @ C?
as unit sphere, with the metrics in square brackets being metrics on the two copies
of $*  C2. It follows that ; € [0,7], n € [0, %], while ¢; have period 27 and ;
have period 47, i = 1,2. The gauge fields A; then fibre the two three-spheres over
the D = 4 spacetime, effectively gauging the Hopf U (1) isometry of each S°. The
formula for the D = 11 four-form flux G is rather more involved, and can be found
in [53].
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For the spinning spindle solutions (2.2.1) the gauge fields are not in general
globally defined one-forms on AdS; x X, as must be the case since the magnetic
fluxes in (3.1.1) are generically non-zero. On the other hand, these gauge fields
fibre the internal S’ over this spacetime via (B.0.1), and this will lead to a globally
well-defined D = 11 spacetime only if the P; satisfy certain quantization conditions.
Specifically, this requires

2pi
n_ny’

P = (B.0.3)
where p; € Z are integers coprime to n4. Imposing (B.0.3) the D = 11 spacetime is
then the total space of an S7 fibration over AdS, x X, with this total space being free
from orbifold singularities.

The D = 11 solution can be understood as the near horizon limit of N M2-branes
wrapped on the spindle X, where the flux number N is defined by

| 1
N:W/S7*11G+§C/\G. (B.0.4)

Here the S7 is a copy of the fibre, at any point in the D = 4 spacetime. We find that
in turn this fixes the constant L via

LO N
— B.0.5
(2me,)6 12874 ( )
while the D = 4 Newton constant is
1 242
— = —\/_N3/ 2, (B.0.6)
G(4) 3



Appendix C

Supersymmetry and cohomology

C.1 Vector multiplet

C.1.1 Supersymmetry transformations.

Given a gauge group G, a non-Abelian .4~ = 2 vector multiplet in three dimensions
contains a gauge field %7, a scalar field o, the two-component spinors A4, ia and
an auxiliary field D, all transforming in the adjoint representation of G. The fields
(MN,G,A,X,D) respectively have R-charges (0,0,1,—1,0). The corresponding

supersymmetry transformations are
Sety = ik —ilpA
So=—CL+CA,
54— —%sﬂw’ypc%v +iC(D+6H) — 1L (iDuo —V,0)
SA = —%SMVPYP Eﬁuv — ig(DnL oH)+ }/“E(iD”G +Vy0o),
5D =D, (gyﬂi _ Zym) —iV, (CM v Zyﬂx) - {o, Ex+ ZA} —H(gi _ Z/l) :
(C.1.1)

where Zyy = 0y — oy, — [, o], while the gauge-covariant derivative Dy,

acts on a field ¥ of R-charge gg, central charge gz and in the representation % of
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the gauge group G as follows:

1
DY = [v“ —igR (A” — EVu) —igzCu — 1oz | ¥ , (C.12)

with, for instance,

4 Oadjointh = [427/ 7111] ) % Ofundamental ¥ = oV, % Oanti—fundamental ¥ = =¥ .
(C.1.3)

The fields belonging to the vector multiplet have vanishing central charge, hence ¢},

appears in (C.1.1) only implicitly, via V),.

C.1.2 Cohomological complex.

The supersymmetry variation & = &y + 55 is an equivariant differential. Indeed,

the supersymmetry transformations for the vector multiplet can be rewritten as a

cohomological complex containing the gauge field <7, the scalar o, the Grassmann-
odd O-form xy = i(§A + {A)/(2v) and their §-differentials:

8ot = A SA = —2i(Lg + Y, ) |
662—(i/v>l1(/\, 5(DG:0,
ox=A, OA = =2i(Lx +%a,)X (C.1.4)

with Lk being the covariant Lie derivative

) 1 )
Ly = %k — 19R (lKA — EIKV) — 1qZ(lKC€> + v(qz — qRH) ,

=% —igrPgr —iqZ(lKCg—i—iV> . (C.1.5)

In fact, Ly = %k in (C.1.4) as all fields in (C.1.4) have vanishing central charge gz
and R-charge gr. The cohomological complex of the vector multiplet is independent
of the U(1)g bundle. In (C.1.4) also appears ¥, which is a gauge transforma-
tion with parameter @, respectively acting on ./ and on a field X # & in the

representation & of the gauge group as

gq)G,Qf = —dy P = —dCI)G—l—i[ﬂ,q)G] , %DGX = —iPgoy X . (C.1.6)
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Explicitly, the Grassmann-odd 1-form A, the Grassmann-odd O-form x and the

Grassmann-even O-forms ®¢, A are defined by

Ay = —i(C?’ui + CYM7L> ;
i ~ ~
=5 (Er+¢n).
S =15 —ivo
A= D+ Ly (x )+ LoV —ivH] = D+ SPHPY Pyt S0l —ivH],
1% 1% 1%
(C.1.7)

with the map from (A, x) to (A,I) being

(1 i = = (1 =i
;L=1<2—v21KA+x)g—2iv(lpA)g, A:1<2—v21,(/\—x>g—2iv(l§/\)g.
(C.1.8)

C.2 Chiral multiplet

C.2.1 Supersymmetry transformations.

A three-dimensional .#” = 2 chiral multiplet of R-charge r, central charge z and in
a representation Z of a gauge group G contains a complex scalar field ¢, a two-
component spinor Y, and an auxiliary field F. The fields (¢, v, F) respectively have
R-charges (r,r — 1,r — 2) and central charge z. The corresponding supersymmetry

transformations are

50 =V2Ly,
Sy =V2LF +ivV2(o+rH —2) 0 —iV2p* (D¢ |
OF =iv2lz— 0 (r=2)H]Cw V2D, ({4 ) +2i(CA)p . (€2.)

Analogously, a three-dimensional .4~ = 2 anti-chiral multiplet of R-charge —r,
central charge —z and in the conjugate representation Z of a gauge group G contains
a complex scalar field (5 , @ two-component spinor Wy, and an auxiliary field F. The
fields (¢, ¥, F) respectively have R-charges (—r, —r + 1, —r+2) and central charge
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—z. In this case, the supersymmetry transformations read

66 = _\/EZIIA} ’
8% = V2LF —ivV20 (0 +rH —2){ +ivV2/*{Dy¢
SF =iV2({W)z— 06— (r—2)H] —iV2D, (Y W) +2i0(CA) . (C.2.2)

C.2.2 Cohomological complex.

Similarly to the case of the vector multiplet, the supersymmetry variation 6 = &y + 55
acts on the fields of the chiral multiplet as an equivariant differential, which induces
the following cohomological complex:

o090 =0C, 0C =—2i(Lx +%,)0 ,
0B=0, 00 =—2i(Lx +%,)B , (C.2.3)

where the Grassmann-odd O-forms B,C and the Grassmann-even O-form ® are
defined by

__tv
B= Nk
C=V2(ly),
. . 1 : .
0= F+1|:$’15—1r(l’15A— zlﬁV) —iz(€) —i(p) | ¢ . (C2.4)

The inverse map from the Grassmann-odd scalars (B,C) to the spinor y is

v =V2B, + %5 . (C2.5)
\%
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For completeness, we report the intermediate form of the supersymmetry transfor-

mations, the one obtained before introducing ®:

69 =C,
0C =-2i |:$K —ir(lKA — %IKV) +V(Z— I”H) —iZ(lK%) —iq)G:| (P s

OB =F +i [.,2% —ir (lI;A - %l§V) —iz(%) — i(lﬁﬂ)} o,
OF =—2i {,?K —i(r—2) (lKA - %lKV) — iz € +v[z— (r—2)H| — i(I)G] B
iy [gf, _ ir(lf,A - %lf,v) (%) — i(lf)&f)] C—(BAY.  (C26)

Analogously, the cohomological complex of the anti-chiral multiplet reads

56— 6, 5C:—2i(LK+gq>G>(P ,

SB=0, 80 = —2i(Lx + %a,)B , (C.2.7)

where the Grassmann-odd O-forms E,CV and the Grassmann-even O-form © are

defined by

G LV
B= vl
©=F+i [gp +ir(lpA - %zpv) +iZ(lp(€):| 0—(1pt) (C.2.8)

with the inverse map from the Grassmann-odd scalars (E, C ) to the spinor Y being

¥ =2BC + %C . (C.2.9)
\%
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The intermediate step in the derivation of the cohomological complex of the anti-
chiral multiplet is given by the transformations

8¢ =C,

8C =—2i {XK + ir(lKA - %lKV) +v(—z+rH) +iz(1K<5)] ¢ +20D¢ ,

8B =F +i {gp + ir(lpA - %lpv) + iz(lp%)] 0 —o(1p)

SF =—2i {,?K%—i(r— 2) (lKA — %l,{v) +iz(1k€) +v[—z— (—r—|—2)H]}§+ 2Bdg

—i [zp +ir <1pA - %zpv> + iZ(lpﬁaﬂ)l C+C(tp?)+0(1pA) . (C.2.10)



List of Figures

1.1 Summary of AdS4 black holes with either spherical or spindle hori-
zons in D =4, 4 = 4 gauged supergravity. The solutions in the
red frames admit a supersymmetric and extremal limit and their
near horizon AdS, x X geometries are represented pictorially. From
bottom-left to top-right: a spinning sphere, a spinning spindle, and a
non-spinning spindle. In all cases the reference on the left refers to
the non-extremal black holes, and that on the right refers to the near

horizon solution in the supersymmetric limit. . . . . . .. ... ..
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