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ABSTRACT

In this dissertation, I summarize my work on supergravity solutions involving the spindle

= WCIP’[lm_mH and its generalizations, which give rise to My, four-dimensional orbifolds.
These solutions are relevant to holography, as they are supersymmetric and explicitly
contain an Anti-de Sitter factor or are asymptotically locally AdS,. The first part of the
thesis focuses on compact four-dimensional orbifolds, which can be described by compact
labeled polytopes, referred to as quadrilaterals. These take the form of MS) =g X goOr
Mf) = 1 X o, representing a non-trivial fibration of a spindle 5 over either a smooth

Riemann surface ¥, of genus g > 1 or another spindle 1, respectively. Both classes can

be thought of as orbifold generalizations of Hirzebruch surfaces, and we describe Mf)
in terms of toric geometry. A more sophisticated generalization, where each facet of the
polytope corresponds to a different spindle, is presented later. I demonstrate how the
entropies of AdSy x My solutions and the gravitational central charges of AdS; x M, are
reproduced by extremizing an off-shell free energy, constructed by gluing simple factors
known as gravitational blocks. The second part of the thesis deals with non-compact
four-dimensional solutions, arising as the total space of complex line bundles over the
spindle. The on-shell action, computed via holographic renormalization, reveals a rich
structure linked to the twist or anti-twist realization of supersymmetry on the spindle
bolt. This structure is then compared to general predictions derived from the equivariant
localization of the action, finding perfect agreement.
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Chapter 1

Introduction

1.1 The AdS/CFT correspondence

The holographic principle Since Hawking’s 1974 confirmation of Bekenstein’s con-
jecture—that a black hole’s entropy is proportional to the area of its horizon rather than
the volume it encloses—the idea of the holographic principle has taken shape. First pro-
posed by 't Hooft and later refined by Susskind, this principle found its first concrete
realization in 1997 with Maldacena’s groundbreaking work [4]. The modern holographic
principle, now famously known as the AdS/CFT correspondence, establishes a deep rela-
tionship between a theory of (super)gravity in an AdS, > (Anti-de Sitter) spacetime and a
strongly coupled quantum model defined on its boundary, 9AdS, > ~ RFF!. Specifically,
the boundary theory is a (p + 1)-dimensional Conformal Field Theory (CET), typically
enhanced by supersymmetry. Due to the weak-strong nature of the duality, the corre-
spondence cannot be rigorously proven from first principles and remains, for this reason,
a conjecture. Its most well-known formulation concerns type IIB superstring theory in
the AdSs x S° background, with N units of Ramond-Ramond Fs flux threading S°. The
proposed dual theory is N' = 4, d = 4 supersymmetric Yang-Mills (SYM) with gauge
group SU(N), R-symmetry group SU(4)g, and a squared coupling proportional to the
string coupling, g2yy; < gs. A key insight leading to the formulation of the correspon-
dence is the realization that Dp-branes—extended objects in superstring theory where
open strings can end—are the same as (extremal) p-branes in supergravity, its low-energy
limit. On the other hand, string oscillations generate fields, suggesting the existence of
a field theory on the branes. This connection can be explicitly seen by computing gluon
scattering amplitudes on N Dp-branes in string theory and identifying the effective low-
energy field theory that reproduces them. For a stack of D3-branes, whose near-horizon
geometry is AdSs x S°, the resulting field theory is precisely four-dimensional SYM.

The AdS/CFT conjecture Beyond the foundational example of D3-branes, the cata-
logue of dualities has expanded by following similar reasoning, incorporating other Ricci-
flat cones as well. For instance, one can probe D3-branes at the singularity of a Calabi-Yau
cone, replacing the S® with a more general five-dimensional Sasaki-Einstein (SE) space.
In this case, since a general SEjs has fewer symmetries than S°, the resulting dual field
theory exhibits only N' = 1 supersymmetry [5]. For a general p-brane, viewed as a solu-
tion of a D-dimensional supergravity theory (which can be either type IIA, type IIB, or



M-theory), the line element in the Einstein frame (for D = 10) is given by

—D=p=3 P+l I\ P-P3
dsf, = H, "7 (—dt® +...da2) + Hy 7 (dr® +r°dsip_,) , Hy(r) =c+ (;) :

where SP=P=2 is a (D — p — 2)-dimensional sphere, and the brane is located at r = 0,
which corresponds to the tip of the cone over the sphere. In the near-horizon limit, the
geometry generically takes the form AdS,» x SP~P72. For example, when p = 3 and
D = 10, this describes the well-known case of D3-branes. Beyond just matching (su-
per)symmetries—where ISO(AdS,12) = SO(2,p + 1) coincides with the conformal group
in (p,1) dimensions, and the isometry group of S° is SO(6) ~ SU(4)p—the AdS/CFT
correspondence encapsulates deep dynamical insights.Indeed, a more precise formulation
of the AdS/CFT conjecture is as follows. Given an effective string-theoretic action in
AdS,+2 (meaning that the vacuum solution is AdS,;2),

A

eff, string
SAdSp+2 [9/1197 (I)] )

which depends on a set of bulk fields (g5, ®) and bulk coordinates z#* = (z,z#), where
w=1,...,p+ 1, we can define the so-called "quantum gravity" path integral:

~ eff, string

Z:gsi;li [i)((l))] - /b( )= D e Saddyy Wartl

P(0,2#)

This quantity depends on the values of the fields at the boundary of AdS,:» (z — 0),
denoted as ®(z*). On the field theory side, we can consider the generating functional for
correlation functions,

Zﬂ%ELTl [fm = /D@e_SCFTp+1+fde“"e(z”)q)(x“).

According to the AdS/CFT conjecture, these two partition functions are equal, implying
that the presence of bulk fields ®(2/) modifies the boundary theory in a way such that
their boundary values ®(z*) act as sources for the dual operators O(z#) in the CFT.
This equivalence is conjectured to hold for any number of coincident branes N, though
in practice, computing the string-theoretic path integral is highly non-trivial due to high-
energy (“stringy”) corrections. To make progress, one typically considers the large-N
approximation, where supergravity becomes a reliable effective description. In this limit,
the string partition function simplifies to a sum over on-shell supergravity actions with
fixed boundary conditions,

on-shell, supergravity

string —S a8
a8y E : e e

Microstates counting It is striking that AdS/CFT, according to the previous discus-
sion, gives access to the microscopic counting of microstates of a certain black hole. In
particular, for a black hole with electric charges ¢, and angular momenta J;, the partition
function (in the grand canonical ensemble) of the dual field theory may be written as

ZSI?T(Aaa wi;pa) = Z C<Qa7 Ji)ei(Aaqa+wiJi) s (111)

Ga>Ji
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where (A,,w;) are chemical potentials associated to (qq, J;), respectively, and c(qq, J;) is
the number of microstates which preserve the same supersymmetry of the dual black hole
in the CFT twisted by the fluxes p, (magnetic charges). Then, by definition, the entropy
of the black hole should be counted as a measure of the disorder, namely

e BH(¢a,i) — C(Qaa (]Z.) — / dAa%

2 2w
In the large charges limit, we can use again saddle point approximation to get

Z&Epe  (Batatwidi) (1.1.2)

_
a,Wi

SBH(ch Ji) = S(Aaawi;Qaa Ji) A

= [log Z & (Aa, wi; pa) — 1(Adda +wiJ¢)} ]

a,Wi

where we have introduced the entropy function S(Aq,w;; G, J;), and (Aa,@i) are its ex-
tremizing values. Finally, by the AdS/CFT correspondence, log Zcpr =~ —S;’é‘l;seﬁ‘g;vity, SO
that the black hole entropy can be obtained by extremizing the (Legendre transform of
the) (renormalized) on-shell action on the gravity side. This is where both opportuni-
ties and challenges arise. On the one hand, computing the on-shell action is not always
possible—for example, when the full black hole solution is unknown. On the other hand,
evaluating the partition function of the dual CFT is generally a difficult task. Here it
comes the sun, and the keywords are rigid supersymmetry and supersymmetric localiza-
tion. Localization, introduced by Pestun [6], allows the reduction of a complicated path
integral to a simpler, often finite-dimensional integral using supersymmetry. Specifically,
one can deform the path integral by adding a supersymmetry-exact term; this defor-
mation ensures that the integral collapses to a saddle-point approximation around the
supersymmetric locus. Meanwhile, rigid supersymmetry provides a framework in which
a (flat-space) field theory can be placed on a curved background while preserving a cer-
tain amount of supersymmetry. This is achieved by solving a generalized Killing spinor
equation, as discussed firstly in [7].

More AdS/CFT dualities Before the advent of |7], it was only known how to preserve
supersymmetry by using the topological twist trick for Riemann surfaces ¥, of genus g (or
the no-twist for two-spheres, taking the standard Killing spinors solving 2D,e = ,¢) [8],
leading to the topological-twisted index [9] (or the superconformal index [10]). Schemat-
ically, supersymmetry on RP™! x ¥, is preserved by adding a R-symmetry background
gauge field aff equal to the local spin connection w,. This changes the equations for the
parallel spinor, so that the variation of the gravitino reduces to (D, — iaf)e =0 = 0Oy,
namely the spinor is constant and the theory is said to be topologically twisted. As a
consequence, the R-symmetry gauge line bundle is identified with the tangent bundle to
2, and aff is identified as a connection on the tangent bundle, so that by definition

1 1
— | dap=— | d° R= =2(1—g). 1.1.3
o s, R = - 5 2GR = xs, = 2(1 — g) (1.1.3)

Due to this trick, new examples of AdS/CFT dualities have been proposed, starting with
the the seminal paper of Maldacena-Nunez [11], followed by many others (see e.g. [12, 13,
14, 15, 16]). The idea, summarized in figure 1.1, is to start with a (flat) (p+1)-dimensional
SCFT with a known dual in terms of branes, which can be then put on RP~!x 3, preserving



supersymmetry with the topological twist trick. We can then compactify on the compact
factor ¥,, performing an RG flow across dimensions, reaching another (different!) flat
SCFT on RP~'. The dual description of this flow is a black brane in AdS, s, which
interpolates between a conformal boundary RP™! x 3., and a near horizon geometry
AdS, xE,. The interpretation is in terms of a stack of p-branes, with two directions among
the p wrapped on the Riemann surface with a topological twist to preserve supersymmetry,
and the low-energy theory—which is a (p +1 — 2 = p — 1)-dimensional field theory
living on the brane world-volume, the non-compactified dimensions—is then a natural
candidate to be dual to AdS, x X,. The first successful matching has been accomplished
considering statical, magnetically charged AdS, black holes [17], the topologically-twisted
index [9] and its large N limit [18]. In the latter reference, it has also been shown that the
extremization of the large N limit of the index with respect to the fugacities is necessary
to match the entropy of the dual four-dimensional black holes, according to our previous
discussion. The extremization procedure has been dubbed as Z-extremization [18, 19],
interpreted as necessary to select the exact R-symmetry among all the possible trial R-
symmetries in the dual d = 1 quantum mechanics. Similar extremization process have
been proven to be useful in other dimensions, as the d = 2, c-extremization [20, 15], the
d = 3, F-maximization [21, 22| and the d = 4, a-maximization [23]. For the very essence
of the AdS/CFT conjecture, everything that happens on a side should have a counterpart
on the other one, and this phenomena are not an exception. Since the field theory has an
R-symmetry, it is better that the dual geometry realizes the same symmetry. Indeed, dual
to these various extremization principles, there is a similar extremization of the Sasakian
volume with respect to the trial Killing vectors (Reeb vectors) and of the volume of the
Gauntlett-Kim (GK) geometry [24, 25, 26|, the master volume |27, 28, 29, 30, 31, 32, 33,
34, 35, 36]. The power of these tools lies in the fact that the explicit knowledge of the
metrics is no needed, and they are purely geometrical tools. Following this stream of ideas,
and the factorization in blocks of the sphere partition functions [37], it has been proposed
that all the gravitational relevant objects (as entropies or gravitational central charges)
can be written in terms of some gravitational blocks [38|; an “experimental” result (for
that time!) was that all the relevant functions come as sum over fixed points. Moreover
the relevant objects (or, extremal functions), should be topological in nature, as for the
volumes of SE and GK. These (supposedly true) features are particularly useful when the
dual field theory computation is not available, as happens usually for the spindle (or more
complicated orbifolds), which we shall now review.

1.2 Spindles and other orbifolds

The solution presented in [39] changed drastically the perspective on the AdS/CFT corre-

spondence, enriching the landscape of known dualities. In [39], a supersymmetric solution

in minimal D = 5 gauged supergravity of the form AdSzx (;,_ ,,,,) was constructed, where
im_,m] is informally known as a spindle.

Spindle geometry The spindle, which more properly is the weighted complex projec-

tive line WCIP’[lm_ my] = [memy] for some co-prime positive integers m., is an orbifold

and can be described in various ways. From a point of view, the spindle can be obtained



Flat p—branes AdS. ., /CFT
on D—p—1 ALl e [ (flat) SCFT,41 on RP+! }
Ricci-flat cones ..
Rigid susy
(ADAAS,42, | (curved) SCFT, |
M}’;H:Rp_lxﬁg ) on M}’))H:Rp_lxﬁg
Boundary uv
[ Black brane solution ) ) .
in (A)AAS, Compactification
Horizon IR

3 AdS,/CFT,_4 (
J L
Figure 1.1: A schematic summary for holography involving p-branes wrapped on a Rie-
mann surface (or a sphere).

[ AdS,x %, (flat) SCFT”_,—SCFT),, /%, on Rp—lj

as the weighted quotient of U(1) on the three-sphere embedded in C*!

S3 cC?

[m_my] = W, (z21,22) ~ (A™ 2, A\ 29), AeU(l), gedim_,my)=1.
m4

This description relies on the fact that the quotient M /G, with G a Lie group acting on
M, is naturally an orbifold and then M is a principal G-orbibundle over M /G. In this
case the action is not free at z; = 0, resulting in two orbifold points at the poles of the
sphere. For M = S* and® G = U(1),,., this results in U(1),,, — S® = [_m,). From
this point of view, this is completely analogous to the very well-known Hopf fibration
which realizes the three-sphere as a (smooth) bundle over S? as U(1) — S% — 5% ~
CP!, a fact that will be useful during this thesis. Similarly, as we can also construct
U(1) < (S®/Z; ~ L(t,1)) —; CP' (where —, is a short-hand for the Chern number of
the fibration being t), it is possible to construct an orbibundle over the spindle with the
lens space L(t, 1) as total space. A perhaps more accurate interpretation is obtained by
using the usual description in term of patches, covering spaces and gluing. Indeed, the
spindle is a “bad orbifold” [40], in the sense that it is not possible to move to a covering
space which is a manifold®. The very fact that the spindle is an orbifold, implies that
near the orbifold points it can be modelled (locally) on open subsets of R?/T", with T" a
discrete group (I' = Z,,, for the spindle). It follows that there exist always an adapted
coordinate system (6, ¢), with 6 € [6_,0,] and ¢ € [0,27), for which the metric on the

!The requirement that m4 have to be mutually prime is not strictly necessary. If instead
ged(m_, my) = my, there is a sub-action for which the resulting space is  [1_ /mg,m. /mo]/Zmao-

2The notation G = U(1),, should be intended as the group being G' = U(1), but with the weighted
action on S3.

3More precisely, a “good orbifold” can be realized as a global quotient of a discrete group, whilst the
spindle is obtained as a quotient with G = U(1),,,,.. The spindle is the only (and hence, the more general!),
bad orbifold in two real dimensions. The adjective “bad” comes from mathematical literature and should
not be interpreted as having a negative connotation, except that it makes things more challenging (but
also interesting!).



spindle takes the form

ds? _a + 00 He) ~ om0
S (m_my] f<9)2 ) O—Tei m4 )
1 / 2 ]. 1 m_ + my
X =— d*z\/gR = + = ,
w), VIR T e T o,

such that near the poles . there is a conical deficit 2m(1 —mz'). The above discussion,
together with the fact that the spindle has conical singularities, implies that  does not
admit any metric with constant scalar curvature. This is also evident from its character-
istic, also called “orbifold Euler characteristic” or “orbifold Gauss-Bonnet theorem” [41].
More generally one could consider ™, a two sphere with 2n orbifold points of order m;,
and in that case the orbifold characteristic can be obtained from the characteristic of the
underlying smooth S% as y » = xg2 + >.."(1 — m;)/m,. For n = 1, we have indeed x .
The spindle is special in the sense that it posses a U(1)4 azimuthal symmetry, since we
have factored out only one U(1) among U(1)* C SO(4) = ISO(S?), which is the symmetry
of the original S®. This U(1) symmetry will be fundamental in many ways; one among
all, it makes the spindle a toric orbifold.

Supersymmetry on the spindle Apart from being a mathematical object interesting
by itself, it has introduced some novelties in the game. First of all, [39] shows that it
makes sense to wrap the brane world-volumes also on a (compact) orbifold, which has in
turn a non-constant curvature’. The consequence is that it is not possible anymore to
choose a background R-symmetry gauge field identified with the local connection on the
tangent (orbi) bundle; it follows that the spinors are not simply constant on the spindle.
Indeed, supersymmetry on the is realized in a novel way, which naturally generalizes
both the topological twist and the no-twist condition. Compactly, we can write
nREi dAR:w, o==1.
2 - m_my

Later, it has been demonstrated that these are the only possible ways to preserve su-
persymmetry on the spindle [42]. The case 0 = —1, dubbed anti-twist, reproduces for-
mally the no-twist condition in the limit for which the spindle becomes a smooth S?, i.e.
my — 1. Similarly, 0 = +1 is naturally referred to as topologically topological twist, since
the R-symmetry gauge field is again identified as a connection on the tangent bundle,
but the corresponding local curvatures are different. By uplifting the solution on a five-
dimensional (regular) SE; manifold to type IIB supergravity, [39] shows that it is possible
to constrain the parameters to obtain a smooth ten-dimensional solution. Then, since the
central charge computed from the gravity solution and the anomaly polynomial computa-
tion [43, 44] of the dual d = 2, N = (0,2) SCFTs (understood as in figure 1.1) have been
shown to match perfectly, one can conclude that it is possible to wrap branes also on orb-
ifolds. Interestingly, in performing the c-extremization procedure, one should let the trial
R-symmetry to be a mixing of the two-dimensional one and the angular momentum on

41t is interesting to notice that the local solutions containing spindles can give, in some degenerate
limits, to solution globally describing branes wrapped on disks or Riemann surfaces with non-constant
scalar curvature.



the spindle, with an “equivariant” parameter €, for the above-mentioned U(1), azimuthal
symmetry. Thus, every time there is a spindle in the game, one should introduce also a
rotational fugacity €, and the extremal function will be extremized also over it. It is also
worth pointing out that, as in other many cases, the local gravity solution was known
before the advent of the spindle [45], but the dual d = 2 field theory remained obscure.
The interpretation in terms of D3-branes, allows to identify the dual theory as obtained
from the parent d = 4, N' = 1 theory (dual to AdS; x SEj5) compactified on the spindle,
along with a background field Ay to preserve supersymmetry (the anti-twist, in this case).

The “spindly” black hole From a physical perspective and the above considerations,
it is reasonable that it should exist a more general solution, which looks like AdS; x
near the horizon (in the IR), and asymptotically locally AdSs in the UV. Unfortunately,
such a black string solution has not been found (yet). However, there is (at least) a case in
which the full solution is known. Indeed, in the second paper concerning spindles [46], it is
showed that a solution AdS; x arises from the horizon of an accelerating four dimensional
Plebarniski-Demianski black hole in minimal d = 4, N' = 2 gauged supergravity. In this
case it is the acceleration itself responsible for the conical singularities of the horizon,
in that it turns out that it is proportional to m_ — m,. Again, the uplift to M-theory
can be made smooth and allows to conjecture that the solution arises from a stack of
N M2-branes wrapped on the spindle. The general lesson is: lower-dimensional singular
solutions can have regular uplifts. Since in odd dimensions (of field theory) there are no
anomalies, one has to perform the full localization (and large N limit) computation to
verify carefully this statement. This program took four years to complete, starting from
the computation of the on-shell action, which is more subtle than one can expect [47], to
the field theory side [48, 49, 50].

Branes wrapped on spindles From this moment on, a plethora of solutions containing
spindles have been constructed in various spacetime dimensions and in various supergrav-
ity theories, starting with [51, 52|, where M5- and D4-branes wrapped on the spindle
have been considered, completing the “minimal” scenario of wrapped branes. A (hope-
fully) complete list is [39, 46, 53, 54, 51, 55, 56, 57, 52, 58, 42, 59, 60, 61, 62, 63, 64, 65, 1,
66, 67, 68, 69, 2, 70, 71, 72|. The on-shell action for the accelerating Plebaniski-Demianski
solution of [46] has been computed in [47|, by considering the supersymmetric black hole
first, and taking the extremal limit after (as put forward in [73|). This procedure effec-
tively defines the on-shell action for the extremal black hole, which otherwise is divergent
as a consequence of the temperature being zero at the extremality. In all the other cases,
when the full black string solution is not known, the on-shell action can only be conjec-
tured. Indeed this has been done for example for the multi-charge spindle solution [56],
which generalizes [46]. Then, it is striking that there exist again a gravitational block
formula which allows to reproduce the relevant gravitational quantity from an extrem-
ization procedure. For all the branes wrapped on spindles, it has been conjectured in
[52] a spindly gravitational block decomposition for a U(1)" gauged supergravity theory
in D = d+ 1 dimensions, where r is for the rank of the (Cartan subgroup of the) gauge
group. Namely, it has been proposed that the exact superconformal R-symmetry of the
(d—2) SCFT obtained compactifying the d dimensional one on the spindle is determined



by extremizing an® off-shell free energy with a constraint:
1
F (i, 6 ni,my, 0) = — [fd(% +ne) + K Falpi — 111‘6)} 5

d m++0m, +—om_
n=——— i — ————€=2, Kk==1.
Z m_my ZSO 2m my

In this formula, as usual, the R-symmetry flux ng = >, n; sums up to the twist or the
anti-twist through the spindle, € is the equivariant parameter (or rotational fugacity)
associated to the U(1), of the spindle, and ¢, are the fugacities associated to the other
(continuous) global symmetries of the theory. The power of this formula is that it is
valid for all the solutions involving p-branes wrapped on the spindle (with near horizon
geometries AdS, x ) with minor modifications. In particular, what changes across the
dimensions is the form of the gravitational block F4(A;) and the choice of the sign k—see
table 1.1. The blocks are proportional to the objects which are expected to count the
degrees of freedom of the d dimensional theory. For d = 3, F3 is proportional to the (large
N limit of the) S® off-shell free-energy (Fof-*"!', as computed in [74]) of the d = 3, N' =6
ABJM theory [75] with gauge group U(1)x x U(1)_x and SO(6)r ~ SU(4) R-symmetry,
enhanced to N' = 8 and SO(8)y for k = 1,2. In d = 4, it is proportional to the ¢rial central
charge a1l of the d = 4, N' = 4 SYM theory with gauge group U(N) and R-symmetry
group S O( )k Similarly, they are proportional to Fgi='!! computed in [76] of the d = 5,
N = 1 Seiberg theory [77] with gauge group USp(2N) with SU(2)g of R-symmetry.
Finally, Fs is proportional to aii*! of the d = 6, N' = (0,2) theory [78]. The extremal
functions F'* are expected to be reproduced by the large N limit of the (logarithm of the)
corresponding localized partition functions (depending on the fugacities). These off-shell
free energies contains all the previous conjectures for D3- and M2-branes wrapped on the
spindle [53, 47, 56|, and generalize all the existing conjectures for entropy functions (or
off-shell central charges) regarding branes wrapped on two-spheres (or Riemann surfaces)
[38, 79, 80, 53]. Later, some of these block decompositions have been demonstrated. From
the gravity point of view, using the GK geometry master volume (for M2- and D3-branes)
[81, 82], or the equivariant volume [83], or the (equivariant) localization of the action (for
Mb5-branes) [84]. From the field theory side, the only available complete computation has
been done for M2-branes wrapped on the spindle of the accelerating black hole [48, 49, 50].

d=3 d=4 d=15 d=2©6
]:d C3(A1A2A3A4)1/2 C4(A1A2A3> C5(A1A2)3/2 Cﬁ(AlA )2
cy —21/;7r\/EN3/2 = —Fgs _73]\72 — —Gayy 72155% ]Z: jvf Fss ;T%Ng _ 26536a6d
K —0 -1 —0 -1

Table 1.1: In this table are summarized the gravitational blocks F4(A;) for various space-
time dimensions d. Adapted from [52].

®Conceptually, an off-shell free energy (or extremal function) is the same as an entropy function, but
we will deserve this name for black holes, with d = 3.



Branes wrapped on orbifolds Once it has been established that valuable insights
on holography can be gained by wrapping various branes on spindles, it seems natural
to investigate if it is also possible to consider higher dimensional orbifolds in the game
[54, 52, 58, 61, 64, 65, 1, 2, 72|. A first attempt in this direction involves a simple four-
dimensional orbifold My = ¥, x in D = 5 gauged supergravity, arising from Mb5-branes
wrapped on a Riemann surface first, and then further wrapped on the spindle [54]. A
similar solution in D = 6, of the form AdS; x ¥, x , has later been found in [52]
(and generalized in [58]), and both have been generalized in [64]. As before, an extremal
function has been proposed in [1], which should reproduce the entropy of the hypothetical
black hole with My = ¥, x in the horizon. Employing the same building blocks of table
1.1, it has been considered

S(pi, €31, 8;) = Fs(pi +nier + si62) + F5(0 — nyer + 55€2)

46162
— Fs(pi + nier — 5560) — Fs(i — nier — 5462 |
my — m_ m_+m
n1+n2:+—, 1 +85,=2(1-g), §01+802——+€1=2'
m_m. m_m,

Extremizing this with respect to (;, €;) reproduces indeed the entropy of the system. In a
sense, the extremal function is now “doubled”: there are two couple of fluxes, through the
spindle (n;) and through the Riemann surface (s;), the number of blocks has expanded
two times, and crucially there are two rotational fugacities ¢; associated to the U(1)?
rotational symmetry® of ¥, X . A much more complicated solution in D = 7 comprising
four-dimensional orbifolds has been constructed in [61], by constructing a new consistent
truncation of maximal D = 7 gauged to minimal D = 5 gauged supergravity, reducing
on the spindle. Then, it has been possible to uplift the known AdS; x ¥, and AdS; x

solutions [85, 39| of minimal D = 5 supergravity to D = 7. Summarizing, the seven-
(1)

dimensional solutions contain M’ = 3, x 5 (where X means a non-trivial fibration of
the second factor over the first one) and even the more complicated Mf) = | X o

Following this, a similar solution in D = 6, of the form AdS,; X Mff’z) has later been
constructed again from a truncation point of view [65]. Building on [61, 65|, we studied
in detail the toric properties of the Mfll’m orbifolds and we conjectured again an off-
shell free energy, now called orbifold entropy function, for D4- (and D8-) and M5-branes
wrapped over generic (toric) My. Since a toric orbifold can be described in terms of a
labelled polytope [86], the extremal function turns out to be written only in terms of
the geometrical data characterizing the topology of the solution. It will be matter of the
chapter 2 to review all the relevant toric geometry needed to understand and formulate
the extremal problem from the conjectural off-shell free energy, which will be applied
then in chapters 3 and 4. The way in which the conjecture is formulated is very general
and it should be (in principle) applicable also to more generic toric orbifolds then the
solutions of [61, 65, 1], with a different number of fixed points, or also to toric manifolds,
for which explicit solutions are not known (but in D = 7 there is the anomaly polynomial

6Clearly, the Riemann surface does not possesses an U(1) symmetry, but we can think to extend the
rotational symmetry of S? formally to ¥,. In the same sense, with a slightly abuse of notation, we will
say (several times) also that ¥, x  is toric.



computation of [44], to which our formula boils down). We tested it over all known
solutions [61, 65, 52, 1]. As a further precision check of the validity of our conjecture in
[1], we applied it also to a more complicated four-dimensional orbifold M, which arises
as a solution of both D = 6 and D = 7 gauged supergravities in the form AdSs s x M.
We dubbed these solutions as quadrilaterals [87], since the polytope describing My is a
quadrilateral (as also for the simpler solutions |61, 65, 52, 1]). We will review in detail this
type of solution and its toric properties in chapter 4. Later, the validity of our proposal
has been (partially) demonstrated using the idea of equivariant integration of the anomaly
polynomial in (for M5-branes on a generic toric My) [83], the equivariant volume with
higher times (for D4- and M5-branes on 1 X 5) [88], or from the equivariant localization
of the action (for M5-branes on a generic toric M) [89]. In general equivariant localization
of the volume [83, 88] and of the action [90, 83, 84, 89, 91, 88, 92, 93, 94, 95| seems a
promising way to better understand extremization problems.

“Euclidean” spindles The solutions described up to this point contain, in almost all
cases, a spindle appearing as a factor AdSp_s X in some D-dimensional gauged su-
pergravity. More generally, it is also possible to find solutions with one or more spindle
appearing together, as AdS;3 x 1 X 2. In these cases, the standard interpretation is
that there exist a black brane wrapping the spindle (or M), which near-horizon geom-
etry takes the above forms. This expectation has been confirmed in various cases, with
anomaly polynomial computations or using rigid supersymmetry and localization. How-
ever, it is interesting to notice that it is possible to find spindles also in other forms. As
there exist both AdS, x S? and its counterpart AdS, x  as solutions of minimal d = 4,
N = 2 gauged supergravity, one can wonder if it exists a generalization of the known
(supersymmetric) Euclidean solution C < O(—t) — S? [96] involving the spindle. In this
situation, the two-sphere appears as a zero section of the (complex) line bundle O(—t),
and as a consequence it takes the name bolt [97]. Usually, the line element of Bolt so-
lutions is the same as for the Taub-NUT ones [98, 99, 100], and the different topology
(R* or quotient thereof for Taub-NUT spaces) comes from the value of the parameters
in the metric functions. The initial interest in Taub-NUT solutions relies on the fact
that they were the first example of a gravitational instanton [101] in pure gravity, the
analogue of a Yang-Mills instanton, with an (anti) self-dual field strength (xF),, = £F),,).
They are defined as spaces with (anti) self-dual Riemann tensor Ry, ,c = £1/2¢,505 R,
and consequently they are Ricci flat, R,, = 0, giving a leading contribution to the path
integral. The Taub-NUT solution, and also its multi-NUT generalization [101], is asymp-
totically locally flat (ALF), contrarily to the self-dual (bolt) Eguchi-Hanson (EH) solution
with topology of a disk fibration over S? [102, 103], which is asymptotically flat (AF).
There is also a generalization of the EH to more than one center, which is still self-
dual but only ALF [104]. More generally, one can define nuts and bolts as sub-manifold
fixed by some Killing vectors, with dimension zero (¥g) or two (33) [97]. Employing
this definition, a new search for gravitational instantons with a cosmological constant has
started [105, 106, 107], perhaps with also a graviphoton [108] and with supersymmetry
[109, 110, 111, 96]. It is notable that in [3] we constructed a supersymmetric solution with
topology of a spindle bolt (My = C/Z, — O(=t) = (m_m,]) in Einstein-Maxwell-A su-
pergravity. For this solution, the boundary M3 = L(t, 1) is generically a squashed (and
possibly branched [49]) lens space. Differently from the spindly accelerating black hole,

10



for which M3 = S' x  and which realizes only the anti-twist for the spindle, we find
that both the types of supersymmetry realizations are admitted, according to the values
of the parameters. As in the context of supersymmetric black holes |73, 112, 47|, and as
is natural from the holographic point of view, we shall allow the solution to take complex
values, finding that only in the case of the twist is the metric always real. Moreover, there
exists a number of limits for which our spindle bolt comes back to the old known NUTs
and Bolts solutions. It is matter of chapter 5 the study of this solution, with a particular
focus on the on-shell action, which neatly characterizes the twist or the anti-twist. It
should be also clear that generically our regular Euclidean solutions do not give rise to
regular Lorentzian spacetimes [3]; it follows that in general the spindle bolt is not the
Euclidean counterpart of a four-dimensional black hole.

11



1.3 Structure of the thesis

The rest of the thesis contains approximately one chapter (3, 4 and 5) for each paper
[1, 2, 3]. Moreover, there is an introductory chapter (2) which collects useful facts about
toric geometry, and a summary of each chapter at its end. The following is a preview of
the content of the thesis, whilst a more comprehensive introduction to each chapter can
be found at its beginning:

e Chapter 2. This chapter presents the notion of toric orbifolds in section 2.1, with
a particular focus on four-dimensional orbifolds (section 2.1.5), which are relevant
for this thesis. The main result of this chapter is the construction of the entropy
functions for four-dimensional toric orbifolds in section 2.2, which heavily uses the
description in terms of polytopes and Chern classes (sections 2.1.1 and 2.1.4, re-
spectively);

e Chapter 3. After having presented the relevant supergravity theories in D = 6,7
(section 3.1) and their uplift to massive type I[IA and M-theory respectively (section
3.2), we start analysing the solution of [1]. The local solution, its supersymmetry
and the global analysis (sections 3.3 and 3.4) are complemented with a detailed
study of the toric properties of the solution in section 3.5.1. With this, the entropy
function conjecture of section 2.2 is applied to the system, in section 3.6;

e Chapter 4 follows, to a large extent, the structure of the previous chapter, presenting
the results of [2]. The main difference lies in a greater difficulty in the global study of
the solution (section 4.2), which relies heavily on the toric geometry tools presented
in chapter 2, in particular on the adjunction formula introduced in section 2.1.4. As
a consequence, also the solution of the quantization conditions is more complicated,
and is tackled in section 4.3. Finally, the successful application of the off-shell
free energy extremization is reported in section 4.5, with a perfect match with the
entropy and central charge computed in section 4.4;

e Chapter 5. Here we start considering the Maxwell-Einstein-A theory and its uplift
to M-theory in section 5.1, on which [3] is based. This chapter is mainly divided into
two: 5.3 and 5.4. The main result of the first part is the computation of the more
general on-shell action for the Plebanski-Demianski solution, in section 5.3.3. In
the second one, which deals with the Carter-Plebanski solution, there is a detailed
study of the local and global properties of the solution, both in the bulk and in
the boundary. The main findings are contained in section 5.4.4 and 5.4.6, where
it is showed that there are two families, clearly distinguished by the value of the
parameters, for which the on-shell action behaves differently. Finally, a comparison
with the results of equivariant localization (section 5.2) is presented in section 5.4.6;

e Chapter 6 discusses our findings and open problems, whilst appendix A contains
some conventions and equation of motions for the D = 6,7 theories and appendix
B describes in more details the limits which bring the spindle bolt to the older nuts
and bolts solutions.
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Chapter 2

Toric geometry and entropy functions

In this chapter, we briefly review (some) key aspects of toric geometry related to orbifolds
(or manifolds), which will be utilized throughout this thesis. Our primary focus is on four-
dimensional toric orbifolds My, as all the solutions we examine exhibit a U(1)? symmetry
and are in complex dimension m = 2. We find that the metrics of the solutions in
chapters 3 and 4 are compatible with an integrable complex structure, making them
complex (or Hermitian). However, they lack a closed symplectic two-form, w9, and are
therefore not Kéhler. Moreover, they are not even conformally Kéahler, meaning that it
does not exist a one form 71y such that dwie) = 1) A w). Similarly, the metric on the
toric orbifold that we will present in chapter 5 is complex but not Kéhler, but diversely
they will be conformally closed. Furthermore, we will show in detail that there exist
two integrable commuting complex structures and symplectic forms w-. This means that
(9,w+) define two ambiHermitian structures, whilst the rescaled metric and symplectic
form (¢, W) define two ambiKdihler structures. Possessing also the same U(1)? symmetry
of the non-rescaled metric, they are ambitoric. Another important difference is that the
toric orbifolds M, of chapters 3 and 4 are compact and arise as the internal space of
solutions of the form AdS;3 x My in some gauged supergravities in dimension D = 6, 7.
The simplest example in this class is < S?, where the fibre is the spindle, which is
compact. Differently, the orbifolds of the chapter 5 describe the complex line bundle over
the spindle, namely My = C — O(—t) — , and as such they are non-compact. It is
interesting to notice that in turn (¢/.,w’.) describe a (non-toric) compact orbifold, with
an “artificial” boundary introduced by the “conformal compactification”!.

Even if our metrics will not be Kéhler, as highlighted in [83, 88], since our interest
lies in topological quantities independent of the metric, we can confidently apply various
results from standard symplectic toric geometry. The ultimate objective of this chapter
is to formulate an extremal problem that enables us to compute relevant gravitational
objects (such as entropies or gravitational central charges) using only the topological
data of the solutions, referred to as “toric data”. These data include a standard Delzant
polytope [113], accompanied by specific labels assigned to each facet of the polytope.
This generalization, as studied by Lerman and Tolman [86], will be essential for properly
understanding the toric properties of our solutions.

1 As a simple example, consider S? ~ CU {oo} = C* U {0} U {oo}, which is clearly toric. However, its
conformal compactification, the compact disk has a boundary and it is not toric.
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2.1 Toric orbifolds

Let us start with a 2m-dimensional symplectic orbifold (MS3,,, w(2)), which is an orbifold
equipped with a non-degenerate (wy, o volM3,, # 0) and closed (dw() = 0) two-form
way. If there is an effective Hamiltonian action of the torus T™ = U(1)™ on (M3, w)),
the symplectic orbifold is said to be toric: (Ms,,w()). In particular, for a generic Lie
group G' we consider its action on M3, , which is a map 7 : G x M5, — M3, . The action
is effective if all the elements g € G (except the identity) move at least a point in M, . To
each element &; in the algebra g of G, I = 1,...,dim(g), we associate a vector V(&;) = V7
such that dn : g x M3, — T, M3, acts as dn(&7,p) = V(&7)|,. In this way the vector field
corresponds to the orbit of the action 77. The action is said to be a symplectomorphism if

it preserves the symplectic form for each element of the group G, or
LV(EI)CU(Q) =0 = d(iv(fj)w(g)) =0, I=1,... ,dim(g) , (2.1.1)

from which it follows that, at least locally, it exists a function v; such that iy (¢, w2 =
—d(vy(e,) + cr), with ¢; a constant. The action is said to be Hamiltonian if the previous
statement can be extended globally on all the orbifold, i.e. for each point we can find a
function p; = py e,y : M3, — g* such that

ivenwe = —d(pye) + o). (2.1.2)

The function /i defined in this way is called a moment map (or momentum map). A
symplectic toric orbifold is thus a pair (M3,,,we)) with an effective Hamiltonian action
of the torus G = T™ represented by the moment map (2.1.2). From now on, we will use
(M,,,, w(2)) to indicate such an orbifold.

A convenient set of coordinates on (My,,,, we)) are the symplectic (or Darboux, or
action-angle) coordinates (yr, ¢7), where ¢; are angular coordinates on the torus, with
standard periodicity A¢; = 27. In terms of these coordinates the symplectic form is
given by

wey = _dyr Adey, (2.1.3)

I=1

and it is clear that y; play the role of the moment map. Indeed V; = 0y, and

ia¢IW(2) = —dy[. (2.1.4)

2.1.1 Polytopes

According to a generalization of the Delzant’s theorem [113]| by Lerman and Tolman [86],
compact symplectic toric orbifolds are completely characterized by the associated labelled
polytope P, and the total space M, arises as a torus fibration over P. In particular,
from a labelled polytope it is always possible to reconstruct the toric orbifold, up to
symplectomorphisms. The presence of a label m, € Z associated to a facet F, of the
polytope, signals the presence of a local normal orbifold singularity Z,,, to the associated
divisor D, = p~(F,). We will need such a generalization, since the orbifolds M, consid-
ered in this thesis does not fit in the standard picture of symplectic toric geometry due
to the presence of labels. Indeed the normal vectors 9, of P will not be primitive (i.e.
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det(U,, U,41) # 1). Moreover, in the context of toric varieties, the fan of My, generated
by ¥, is normal and therefore all the (orbifold) singularities are in complex co-dimension
higher than one. For m = 2 this means that, for standard fans, orbifold singularities
can happen only on points, but not on toric divisors D,, which have co-dimension equal
to one. As a consequence, we are dealing with more general objects than toric varieties,
known as a “stacks” [114, 115, 116]. The fan of a stack is called stacky fan [117] and is
dual to the labelled polytope that we now introduce.

A labelled polytope is a rational simple convex polytope P in R™, obtained as the
image of M, under the moment maps y;, equipped with a label attached to each of its
facets. This object can be described concisely as the subset

P=(WTER™: lu(§) = §- Tu— Ao = yrv) — Ao <0}, (2.1.5)

a=1

with 7, € Z™ and )\, € R constants. The linear equations [,(y) = 0 define the facets F, =
{l.(y) = 0} of the polytope and we denote with n their total number. In our conventions,
U, are the outward-pointing normal vectors to the facets F,. A standard Delzant’s poly-
tope is simple (exactly m facets intersect at a vertex® p,), rational (the vectors of the
polytope can be chosen to form a Z-basis of the lattice Z™) and smooth (det(¥,, Upy1) = 1).
The situation here changes, in that the vectors ¢, entering in (2.1.5) are not primitive
due to the labels m,. The labels m, enter in the above construction as a common factor
in the entries of the vectors v,,, which can be written as

Ty = Mgy (2.1.6)

where ©, are primitive vectors and therefore they define an ordinary fan. The vertices
pa correspond to fixed points of the T™ action. Assuming that a given fixed point is
obtained as the intersection of the facets F,,, with [ = 1,...,m, the order of the orbifold
singularity at this point is given by

dy = |det(T,, ..., 70 )| . (2.1.7)

The toric orbifold M, viewed as a torus fibration over the polytope P is non-degenerate
in the interior of P. Differently, at each facet F, a particular one-cycle S* C T™ collapses,
thus determining a symplectic subspace of My, of (real) codimension two, which is the
preimage of F, under the moment maps and is called a toric divisor D, = u~'(F,). The
toric divisor D, is thus a 2(m — 1)-cycle in Ml,,, and the intersection of ¢ of them is a toric
sub-orbifold of codimension 2¢g. The fixed points p, correspond then to the intersection of
exactly ¢ = m distinct divisors, where all the cycles of T™ collapse. We will denote with
s the number of fixed points in P.

2.1.2 Toric orbifolds from Kahler quotients

Toric orbifolds can be reconstructed from the polytopes via symplectic reduction [86, 118],
generalizing familiar results for toric manifolds. We now review the procedure, showing

2Notice that, with a standard abuse of notation, we will use p, for the fixed points and for the vertices
of the polytope, which are the image of the fixed points under the moment map p.
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also that the symplectic two-form wp) is also Kahler, i.e. there exist a complex structure
compatible with ws).

We start by considering the standard T™ action on C™ (with coordinates z, = r,e*™#s)
and its subgroup K € T" defined as

K ={(e’™9 . ™) eT"/> Q,i, € Z"}. (2.1.8)
a=1

where ¥, are the same vectors as in (2.1.5). The subgroup K can be written as the sum
of a discrete part I' and a continuous T"~"™ one

K=T @ {(79ce M%)y e T/ Y Qi =0}, Qu=)» Qica, ca€R,
a=1 a=1

(2.1.9)
where Q% is called, in a physics context, the “GLSM charge” of the quotient and consists
of a matrix with @ = 1,...,n columns and o = 1,...,n — m rows. They generate the

continuous part and define a map Q% : T"™™ — T" such that Q%(e?™%) = e?mW@ica =
e?™<  One now constructs My, as the symplectic reduction

My, = C"//K = (ug'(0) C C")/K = {2, € C"/uli (z,2) =0, a=1,...,n —m} /K,
(2.1.10)
where pX is the moment map associated with the action of K on C". To find its expression
we can start from the standard Kihler form w(C") and moment map p! for the T™ action
of C™. In particular we have

w_ Y v dlwl N L
w(C") = §Zdza/\dza = ZlT Ndp, = u, (2,2) = 5 + Aoy (2.1.11)
where, as usual, we used the freedom in the definition of the moment map to add a
constant A\,. These \, are called Kdahler moduli for reasons that will be clear momentarily
and are the same appearing in (2.1.5). From (2.1.11) we can deduce the moment map

pk C" — (LieK)* = R"™™ by composition

n

W (22 = S Qens (2,2 (2.1.12)

a=1

It is easy to verify that this is the correct expression. Since ()¢, are the infinitesimal
generators of K, we compute

igaa,,w(C") = —dul (2, 2), (2.1.13)

which agrees with (2.1.2). Then it is possible to show that the Hamiltonian effective
action of T™ on C" induces an Hamiltonian effective action of T™ on M,,, which is then
toric, and the image under the moment map u; = y; is exactly the polytope (2.1.5)
with vectors given in (2.1.9) and Kéhler parameters as in (2.1.11). Moreover the two-
form wz) of My, is inherited from w(C") as p*w(e) = i*w(C"), where p : ux (0) = Moy,
and i : ' (0) — C™ are the projection and the inclusion map, respectively. Finally, it
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(a) Polytope of CP! ~ S2 (b) Polytope of CP?. (c) Polytope of Fy ~ CP' x CP'.

Figure 2.1: Examples of polytopes regarding the complex projective space.

is possible to show that the compatible complex structure of C™ furnishes a compatible
complex structure also for the quotient, which acquires a natural Kahler structure. From
the above discussion, one sees that given a certain polytope defined by ,, the charges
which construct it as a quotient have the vectors in their kernel, i.e. Y 1" Q%0, = 0. A
final comment is that a non-compact polytope represents a Calabi-Yau (CY) space if and
only if all the vectors ¥, lie on a hyperplane [119], or equivalently if it exists a vector k
such that k-, =1 for each a = 1,...,n. It follows that there must be an I for which all
vl are equal. Then, an equivalent condition is > »_" Q% = 0.

For completeness we now present some basic examples of polytopes and GLSM charges
that will be useful (or generalized) throughout this thesis. Since C* ~ R, x S and
C = C* U {0}, we have that C is toric and its polytope is simply an half-line (C*) with
the point at the origin. Similarly, the polytope of C? can be taken to be the union of two
half-lines, joining at the origin. It is easy to construct now the polytope of S? ~ CP! ~
CU{+o0} = C*U {0,400}, which is depicted in figure 2.1a. To construct the polytope
of CP?, we recall the definition of the (complex) projective space

m—+1 2m+41 m+1
(CIP’m:C + \O:S tccmt 7
Cx U(1)

(z17~--72m+1)N()\ZI;---7)\Zm+1>; )\EU(l)

(2.1.14)
In the notation of (2.1.9), we haven =m+1,a=1,...,m and o = 1. The GLSM charge
and a choice of vectors for CP? satisfying Q,7, = 0 (see figure 2.1b) are then given by

CP*: Q'=(1,1,1) = v, =(1,1), #h=(-1,0), @=(0,-1). (2.1.15)

In general, a polytope with n facets in R™="~! represents CP"=""!. Then, the polytope
of CP? is a tetrahedron and the one of CP™ is sometimes called an m-simplex. Finally,
the polytope for CP! x CP! is simply the product of two segments representing CP!, as in
figure 2.1c. From CP? one can generate other interesting manifolds, known as del Pezzo
surfaces dP;, by replacing a vertex of the polytope CP? with a CP! (or, by “blowing-up”
[-times® CP?). So for example dP; = CP? is a trapezoid (see figure 2.2a), with vectors
and charge given by

771:(170>7 172:(_171>7 a_(O 1 -1 1)
— Q% = 10 1 0o (2.1.16)

dP; :
VoG =(=1,0), @ =(0,-1), @

3In mathematical literature, dP; is defined as the blow-up of CP? (9 — [)-times.
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and dP, = dP, = CP! x CPL. The manifold CP! x CP! ~ S? x S? is also the simplest
example of a Hirzebruch surface, which in general is defined as F; = CP! —, CP! with
Chern number t. As anticipated, Fy = CP' x CP'. A method for constructing F}, which
is a m = 2-dimensional complex space, is by the Kéahler quotient

_ rn=4 n—m=2 a _ 01 —t 1> U = (17 0)7 Uy = (—t, 1) )
Ft =C //U(l) ’ Qa B (1 0 1 0 — 773 = (_170) ) 174 = (O; _1) :
(2.1.17)

The resulting polytope is depicted in figure 2.2b. In chapter 3 (see section 3.5.1) we will
find the orbifold version of these surfaces, also called orbifold Hirzebruch surfaces [120],
with a label Mg attached to each facet. In particular, each facet will be a spindle. We
also see that CPP? = dP; ~ Fi, whilst more generally F; extends dP;. Finally, we want to
discuss C/Z; (which is a simple orbifold) and its blow-up. The action of the quotient is
C"=%/Z . (21,2) ~ (eQTkzl,e%quzz) , z€C, k=0,...;,t—1, ged(t,q])=1.
(2.1.18)
For q € Z, this is the most general Z; action one can consider. In this case there is not
any continuous part in the quotient, with K = I' = Z;, hence we introduce r4 such that
r_+qry =t and

C*/Zi: Q.= <§ ?) = 0 =(r_,—q), U= (ry,1), det(t),v)=1t. (2.1.19)
Notice that when |z]? = 1, so that we are considering S® C C? this is the definition of
the lens space’ L(p,q) which is a smooth manifold since this time the action is free (the
quotient does not act on the origin of C2, which is a fixed point). At this stage the blow-
up can be made by simply replacing the vertex of the polytope of C?/Z; with a vertical
segment, which is the polytope for CP!. In this way we obtain again a non-compact

polytope with two fixed points (see figure 2.2¢)

CZi: Ti=(r—q), B=(10), ¥=(,1). (2.1.20)

—

It is also interesting to notice that C?/Z; ~ C — O(—t) — CP' = C*//U(1), with action

an?;//U(l)nfm:l ’ Q(lz = (17 _t7 Q) = 171 = (7”,, _Q) ) 772 = (17 O) ’ 173 = (T+7 1) :
(2.1.21)
Again, we will find a generalization of this space in chapter 5 (see section 5.4.3), where
the compact face of the polytope will be a spindle. In general, we can use W(CIP’%m_,m“ to
perform the blow-ups. It is now easy to see that, for example, both C?/Z; and its blow-
up can be CY spaces. From the charges in (2.1.21), we have the condition ¢ = ¢+ 1 (or
r+ = 1 from the vectors, which implies again the same condition). The same conclusion

is deduced from (2.1.19).

4Sometimes the action is given with ¢ — —q. However such definitions are equivalent, since one has
the following chain of diffeomorphisms: L(t, q) ~ L(—t,q) ~ L(t,—q) ~ L(t,q + kt).
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7| ) 2
(a) dP, = CP2 ~ F. (b) F,. (¢) C2/Zy =~ O(—t) — CP.

Figure 2.2: Examples of polytopes of more involved manifolds.

2.1.3 Kahler structure

The most general Kéhler T™-invariant metric, in action-angle coordinates (yr, ¢r), is given
by [121]

d82 = G[J(:lj)dy[dy]+Glj(g)d¢[d¢J, GIJ = <G71>[J, GIJGJK = (g{ (2122)

and the almost complex structure J compatible with ws) is

0 -GV
J = (GU 0 ) (2.1.23)

The condition that J is integrable is equivalent to require that G;; is an Hessian matrix
Gy = 0,,0,,G(Y), (2.1.24)

where the function G(y) is called symplectic potential. It is also important to impose
that Gp; is positive definite and the correct behaviour on the facets F, of the polytope.
The result is that [118]

n

det Gry=f) [[ i)™, G Zl )1og la(i7 ) + (i) (2.1.25)

a=1

where f(y) > 0 and h(y) are smooth function on the whole polytope, facets included.
The canonical choice h(f) = 0 gives a canonical form of the metric
1 < vlivd
en _ ~§" ala (2.1.26)
1J 2 ( )

The fact that the metric GG;; can be expressed as derivatives of a potential reminds
the theory of complex (Kéahler) orbifolds. Indeed, defining holomorphic coordinates

Zr :l’[+i¢[, Ty = 8yIG(§), (2127)
the symplectic two-form acquires a standard form

w(e) = 2100F (Z), F(Z) = [y:9,,G(¥) — G(gj)”yF%Fm, (2.1.28)

19



and F(Z) = F(zy, zr) is identified with a Legendre transform of G(%). In these coordinates
the metric reads

ds* = Fr;(2)(do'da’ + d¢'d¢”) = Fr;(2)(dz'dz’ + dz'dz”), (2.1.29)
where, similarly as before
Fry=0,,0,,F(&) =G"(y; = 0,,F(%)). (2.1.30)

and F'(Z) is the Kahler potential. In the complex coordinates z; we can easily compute
the (real) Ricci two-form®

p(2) = —1001og det Fy (%) = —1001og det G'/ (i) , (2.1.31)

which is also defined as the derivative of the (real) “Ricci potential” Py, namely a con-
nection one-form on the anti-canonical bundle

pe) = diy) - (2.1.32)

Moreover, for complex orbifolds (or manifolds), the integrability of the almost complex
structure is equivalent to the non-closedness of the holomorphic (m,0) form®

dQm0 =Py A QO (2.1.33)

Similarly to (2.1.31), we can deduce from (2.1.33) a general expression for the holomorphic
form [35] .
QUm0 — eleCA[det Fy (2, 2)]Y2d2t AL Ad2™, (2.1.34)

for a complex function a(z, 2) such that d0a(z, z) = 0, d.e. it is harmonic. In general,
equations (2.1.33) and (2.1.31) are valid for all the complex orbifolds M, that we will
construct.

2.1.4 Chern classes

To each facet of the polytope P is associated a toric divisor D, = p~'(F,) and a line
bundle L,. Its first Chern class has been computed in [122, 118§]

c1(Ly) = —ﬁ [0010g |1[] , (2.1.35)

where [a] denotes the cohomology class of a given differential form a. An explicit repre-
sentative can be taken to be

cr(Lo) = dpl Adoy, = __—?;7 (2.1.36)

where 1! can be considered basically moment map for the torus T™ on D,, indeed

i, c1(La) = —dpl, . (2.1.37)

5The following identity on torus invariant functions 89f () = —1d(G*79,, f(i7)d¢,) holds.
SWith “holomorphic volume form” we mean a top-form on the holomorphic tangent bundle; in general
Q0m0) is not an holomorphic form, in the sense that 9Q(™0) = (.
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The relation between these moment map and the ones for My, (u; = y;) is obtained by
expressing the coordinates

=y = —2m Z Aapt? + = Z GH (), (2.1.38)

which can be verified contracting both sides with Gy;(y). Then

Wiz = Zm: dyr A der = —2r Zn: A1 (La % [Z Gl dé; ] (2.1.39)
I=1 a

Since the last term is a well defined one-form, we have that in co-homology

= — i A1 (La) (2.1.40)

where we see that A\, are indeed the Kéhler moduli. Moreover, using

~ 5IJ
GGk (]) =6t = Z“ (2.1.41)

and (2.1.36) it can be easily verified

n

> vfer(La) = 0. (2.1.42)

a

These are m constraints and imply that there are only n — m independent line bundles
L,. Similarly, in homology, we can write

> 1iD, =0, (2.1.43)

where we have used that ¢;(L,) are Poincaré dual to D:

/ C1 (La) A Odg(mfl) = / Oég(mfl) s (2144)
Moy, a

where ag(,—1) is any 2(m — 1)-form on the orbifold My,,. Again, this implies that the are
only n — m independent 2(m — 1)-cycles in homology.

Recall that we have introduced two types of vectors, the v, which enters in the poly-
tope (2.1.5) and in the above discussion, and the hatted primitive Dy = T, /mg. Associated
to this distinction, we can consider hatted line bundles ﬁa and first Chern classes cl(ﬁa)
defined as

¢1(La) = maci(Ly) - (2.1.45)

Notice that this definition is consistent with (2.1.36), supplemented with (2.1.26) and (2.1.6).
Correspondingly, we can introduce hatted divisors D,, called branch divisors, associated
to U, as

~

Dy =mgD,, (2.1.46)
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where from this point of view the D, are ramification divisors (see e.g. [123]). More
precisely, the last equation can be re-written as D, = D, x pt/Zn,, where this means
that at each point on D, the structure group Z,,,6 is acting on the transverse complex
direction C normal to D,. In other terms, we can see the action of Z,,, on the divisor
D, from the metric by zooming in near to the locus in which a specific U(1) degenerates.
It should be clear, instead, that moving exactly on this locus we are able to study only
D,. This also means that if we restrict to some loci £, in the metric defined by a specific
radial coordinate r set to 0, we will end up with £, = D,. We will see an explicit example
of this phenomenon in section 3.5.1. Finally, due to the action of the structure group, we

have
/ Q2(m—1) = ma/ Q2(m—1) - (2.1.47)

It will also be useful to notice that given a toric ramification divisor D, of the total
space My,,, the first Chern class of the tangent bundle TM,,, can be decomposed by
means of the adjunction formula as

1(TMam)| = 1(TDy) + (L) | (2.1.48)

Do
In this formula the first Chern class of the line bundles L, is given by (2.1.36), while
¢1(TMy,,,) follows from

n

¢1(TMa) = Y _e1(Le) = =K, , (2.1.49)

a=1
where K is the canonical bundle of M,,. These two equations can be combined into

n

a(TDa) = ar(La)|,, - (2.1.50)
b#a

We will use the adjunction formula (2.1.48) in an integrated form. Indeed in this way we
will be able to connect the informations extracted from the metrics (i.e. the Ricci forms
of My and of D,) and the ones coming from the topology of the solutions, encoded in the
polytopes.In the next section we review this idea in details.

2.1.5 Four dimensional toric orbifolds

We now focus to four-dimensional (m = 2) toric orbifolds, which are central for this thesis.
Notice that for m = 2, the simplicity condition for the polytope is automatically satisfied,
in that each fixed point is at the intersection of exactly two facets F,. Moreover, for
compact polytopes the number of facets n and f, the number of fixed points’, coincide.
Differently, for non-compact polytopes we have f = n — 1—See figure 2.3. We now define,

"For clarity, we summarize here the notation

I=1,...,m=dim¢M, a=1,...,n=number of facets F,

a=1 n—m, A=1,...,f = number of fixed points f .

yeeey
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U3
o
Us 7,
U1 S
Ug u1
(a) Compact polytope. (b) Non-compact polytope.

Figure 2.3: Examples of four-dimensional polytopes, The vectors are ordered counter-
clockwise and defined to be outward-pointing. On the left it is shown a compact polytope
with n = f = 6 fixed points; on the right a non-compact polytope with n = 3 facets and

f = 2 fixed points. The vectors v, are not primitive.

for compact toric orbifolds, the intersection matrix of two toric divisors, which is computed

to be®
(1
- ifb=a-1,
1
ifb=a+1,
Dy = D, - Dy — / e1(La) A ex(Ly) = 4 daarn
M
4 . da—l,a—i—l if b =a
da—l,a da,a—H
0 otherwise ,

and we have defined
dab = det(ﬁ’a, Ub) .

Some useful identities are then given by

D,. = /Da Cl(La> = _d a La+l ZDab = / C1 TM4) /\Cl(TM4>

a—1,a aa—|—1

where we have employed (2.1.44), and using also (2.1.49) we get

Da = Cl(La) VAN Cl(L ) = Cl(La) N Cl(TM4)
Pu= [ ot n et = |

da— a + da a - da— a
[ o= fote s,
D, a—1,a Qa,a+1

Notice that 1
Dy, .

dab = Mgy dab — Dab =
MeTMy

where, as always, the hatted quantities are referred to the # defined in (2.1.6).

(2.1.51)

(2.1.52)

(2.1.53)

(2.1.54)

(2.1.55)

8Obviously we can compute also the intersection of an higher number of divisors, see e.g. [83].
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We note that Dy, is invariant under SL(2,Z) transformations of the basis and more
generally for any transformation in SL(2,R). This follows immediately from the fact that
given any two vectors ¥y, Uy € R?, det(d}, ) is invariant under SL(2,R) transformations
of the two vectors. In particular, taking a generic matrix S € SL(2,R) and transforming
the vectors as ¢/, = SU,, we have that S acts on the matrix (v7,v,) simply by matrix

e A d

multiplication, i.e. (v, v%) = S (U1, ), and therefore
det(ﬁ’l, ?7/2) = det(S) det(Ul, 172) = det(ﬁl, UQ) . (2156)

The importance of this property will become clear momentarily, since it allows us to
compute the matrix D,, from a generic set of vectors.

Using the adjunction formula (2.1.48), we can relate the toric data, encoded in the
intersection matrix Dy, and the complex formalism, embodied by ¢;(TMy) and ¢1(T'D,).
We start noticing that the adjunction formula (2.1.48) can be integrated to give

D= [ ats)= [ [ -a(rD,)]. (2.157)
Moreover,

Dyo-1+ Daatr :/ c1(La) A [01([«1—1) + Cl(-[/a—i-l)} = / [Cl(La—l) + Cl(La—i-l)]

My o
:Z/ Cl(Lb>:ZDab:ZDab_Daa:/ Cl<TDa)7
bta ¥ Da bZa b be

(2.1.58)
where we have used (2.1.44) in the first line, (2.1.51) from the first to the second line,
and (2.1.54), (2.1.57) to get the result. From the point of view of complex geometry we
can rewrite (2.1.57) and (2.1.58) as

S T SN
“T laradaan 21 Jp, " TP T 2y [, P D T PTD (2.1.59)
D +D _ ot tdaasr 1 _ 1. N
aa—1 aa+l — da_l,a da7a+1 - o D, PTD, = 27rmaXa7

where we have used (2.1.47). Moreover we have introduced the Euler characteristic of a
divisor D,

. 1
Xa = % [a pTDa s (2160)

and identified p;p = prp,, since they are local quantities and do not know anything
about the global action of the structure group Z,,,.

We now specialize to the case of four fixed points n = s = 4, that we refer to as
quadrilaterals, as in figure 2.4. Their basis-independent information is encoded in the
following 4 x 4 intersection matrix (2.1.51)

da,a 1 0 1
dg,1d12 di,2 d4,1
1 __*3 1 0
_ di2 di2d23 da 3
Dy = : : 2, X , (2.1.61)
da.3 da,3d3, 4 dsz,a
1 0 1 di,3
ds dsz,4 d3,adan
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Figure 2.4: Outward-pointing fan and polytope of a generic quadrilateral.

where a vector identity implies that the d,; € Z are actually not independent, but satisfy
the relation

diodzs—dyzdyr = dyzday, 621,2 623,4 - Ci2,3 624,1 = dA1,3 622,4- (2.1.62)

Thus, a generic quadrilateral is characterized by five independent integer parameters da,b
(subject to (2.1.62)) and four integer labels m,, which we refer to as the toric data of the
orbifold.

2.2 Entropy functions for quadrilaterals

In this section we use part of the toric geometry reviewed up to this point to write an
off-shell free energy for compactifications of five- and six-dimensional SCF'Ts on a four-
dimensional toric orbifold M. This, in particular, is completely characterized by the toric
data of the polytope P, which are the non-necessarily primitive vectors v,. On the other
hand, the twisted compactification is realized by coupling the SCFTs to two background
gauge fields A; for the U(1)? symmetry, with field strengths F; = dA;. We conjecture
that the solutions that we will present, which take the form AdSp_4, x My with D = 6,7,
are holographically dual to d = 1,2 SCFTs obtained compactifying on My the d = 5,
N = 1 Seiberg theory [77] dual to [124] and the six-dimensional N' = (0,2) dual to a
stack of M5-branes. The underlying idea is based on the idea of gluing “gravitational
blocks”, introduced in [38]. This recipe extends the results of [52] to four-dimensional
toric orbifolds with an arbitrary number of fixed points n = s > 3. Starting from first
principles, for D = 6, this function should be derived from the large N limit of ZgTEI\%SFT,
the localized partition function of the d = 5 SCFT placed on the background of S! x Mj.
Similarly, for D = 7, one should integrate on M, the anomaly polynomial of the six-
dimensional SCF'Ts associated with Mb5-branes. Whilst for d = 5 a solid proof is still
lacking, in d = 6 the (equivariant) integration of the anomaly polynomial on Ml has been
performed in [83], finding agreement with the equivariant integration of the action results
[89]. Instead, in d = 5, the gravitational blocks for My, = | x 5 has been retrieved
in [88] through the integration of the equivariant volume of the associated geometry, with
the addition of higher times. Throughout this thesis we will provide supporting evidences
of these statements by comparing the explicit results from the solutions (i.e. entropies
or gravitational central charges) and the extremization of our (conjectural) off-shell free
energies.
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2.2.1 Twisting data

We start by considering two background gauge fields —A;, which can be thought of as
connections over two line orbibundles F;. Since the ¢;(L,) form a basis for H*(My, Q)
(see (2.1.40)), we can decompose the first Chern class of E; as

d4; ~ . o
a(li)=-5—-=- > plei(La), pfEQ. (2.2.1)
a=1

Then we define the “physical fluxes” as’

1 1 e
qi = E = / Fi=—. (2.2.2)
o 2tm, Jp, Mg

Notice that, as a consequence of (2.1.44) and the homological relation (2.1.43), we have

:pr/ cr(Ly) = ZDabp“ quva =0, (2.2.3)
b=1

(l

where D, is the intersection matrix defined in (2.1.51). The latter equation is a constraint
on the physical fluxes and implies that, for fixed ¢, only n — 2 of the g are independent.
On the other hand, H?(My, Q) has dimension n — 2, thus, for fixed i, only n — 2 of the
p? are linearly independent. Therefore, the first equation in (2.2.3) can be inverted to
obtain p¢ in terms of qf once the redundant equations are eliminated. The two additional
degrees of freedom are the signal of a “shift symmetry”

pi =pi + det(xi, Ua) = qf = Z Doy p? = Z Day b7, (2.2.4)
b=1

for any two-dimensional constant vector XZ A similar condition applies also to the R-
symmetry fluxes

% =qi+d5 = Y _qkil. =0. (2.2.5)

A possible choice to solve this constraint is
4% =Y _ Dao’, (2.2.6)
b=1

where 0% are, a priori, arbitrary coefficients. Comparing (2.2.6) and the first equation
in (2.2.3) we get
pi +p5 =0 +det(W, 7, (2.2.7)

for a generic vector W. It is easy to see that we can fix W to a suitable value

I/f/ = W + Xl + XQ 5 (228)

9Here and in the following we shall rename the background gauge fields as g.A4; — A;, which is more
natural from the field theory point of view. The nomenclature “physical fluxes” should not be confused
with the fact that the natural fluxes in supergravity are computed on the branch divisors D,.
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by using the gauge symmetry (2.2.4). In particular, we conjectured that c® are n arbitrary
signs, 7.e. 0® = 1. This assumption is supported by all the example we will provide in
the thesis. Later, in [89], and recently in [94] (in a purely four-dimensional context), it
has been explicitly demonstrated, within the equivariant localization approach, that these
0% must be signs in general. Indeed, given a spinor 1 on a (compact) toric'® S* — My,
with U(1)? x U(1)? symmetry, a supersymmetric Killing vector £ obtained as a bilinear
in ¢, and a fixed point ps—, = D, N D, 1 under the toric action, it is easy to show that
the spinor charge under ¢ is related to the weights of the toric action. More precisely,
L]y, = 5(PF+PG+s{e] +55€5) 0], , with (DF,, €] ,) toric weights that we shall introduce
momentarily, and s{, = +1 signs. Consistency with (2.2.6),(2.2.7) implies immediately
s¢ = 0% and s§ = 0°™! showing indeed that 0* = 41 in general. Further, it can be shown
that T4, = s{s5|,, = 0%, with T, the chirality matrix in eight-dimensions, so
that the chirality of the spinor (at a fixed point p,) is determined by the very same signs.
Denoting as Er the R-symmetry line bundle, equation (2.2.6) can be rewritten as

ci(Er) ==Y _o%i(La), (2.2.9)

Notice that the standard topological twist corresponds to identifying Fr with the orbifold
canonical line bundle K{i* = — > D, and hence of, e = (+,...,+). See e.g. [125]
for a related discussion of orbifold line bundles. In other words, we expect that it should
be possible to compactify a SCFT on a toric orbifold My, turning on a background R-
symmetry gauge field with magnetic fluxes given in (2.2.6), with ¢ = £1 parameterizing
the different supersymmetry-preserving twists. Of course, we have not proven that all
these different twists preserve supersymmetry, nor that there cannot exist more gen-
eral twists. It would be interesting to carry out such an analysis extending the results
of [42], where it was demonstrated that, in whole generality, on a spindle the only two
supersymmetry-preserving twists are the twist and the anti-twist.

2.2.2 The recipe

We conjecture that given a general class of SCFTs in d = 5,6 compactified on a four-
dimensional (compact) toric orbifold My, with an arbitrary twist parameterized by a
set of signs ¢ as in (2.2.6), the corresponding entropy/central charge, respectively, is
determined by the constrained extremization of the following off-shell free energy

o ~ i Fa(®f
F(pi,€i;af) = kdzd—dﬂ% (2.2.10)
a=1 @Ha 1+-2

where the sum is over the number n = s of fixed points (or facets). Here, F; are the usual
gravitational blocks (cf. table 2 of [52] or table 1.1)

421 No/2 N3
.F5<A@) = —\/_W—(A1A2)3/2, f6<Al> - —9—(A1A2)2 y (2211)

15,/8 — N; 256

10This will be the internal space for the uplift of our solutions to massive type IIA supergravity and
M-theory, see section 3.2.
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the variables ®¢ are defined as

Of = p; —piel —piles, (2.2.12)

7

and the auxiliary quantities €f , read

B det(ﬁa+1, g)

da,a+1

a

det (v, €)
5 62 —_ .

2.2.13
da,a—i—l ( )

61:

with!!' €= (e1,€6). Here, €; and e may be interpreted as the fugacities associated with
the two U(1) rotational symmetries and parameterize their mixing with the R-symmetry.
As anticipated, 6{‘2 can be seen as the toric weights for the U(1)? action existing on My,
whilst ®¢ are the analogous for the S* in S* < My. The relation (2.2.12) can also be
obtained instead of being postulated as a definition; see [89]. nj = + are signs that at
this stage must be tuned by hand: we speculate that in d = 5 they are related to the type
of twist as n2 = o%c**! while for d = 6 we take all of them with the same value, which
is, ultimately, related to the chirality of the SCFT in question. In particular, n§ = &,
with x = 41 so that the extremization of the off-shell free energy reproduces the central
charge of the d = 2 SCFTs with /' = (0,2) or N' = (2,0), respectively, extracted from
the anomaly polynomial of the d = 6 theory. We recall that d,;, = det(t,, 7,), whereas kq
are numerical constants which assume, a posteriori, the values
hs = —1, g % (2.2.14)
In this construction ¢; and ¢; are variables with respect to which one has to extrem-
ize F(p;,¢€;), U, (and subsequently m,) are data describing the toric orbifold My and p¢
are related to the physical fluxes q¢ through (2.2.3). The variables of the off-shell free
energy, namely ¢; and ¢;, are subject to the constraint

1+ g2 — det(W, &) =2, (2.2.15)

where W is a two-dimensional constant vector parameterizing the “gauge invariance” of
the problem, discussed above in (2.2.4). This condition is inherited from the R-symmetry
constraint Ay + Ay = 2, where A; are the fugacities parameterizing the R-symmetry
within the Cartan subgroup of the global symmetries of the d-dimensional parent theory.
The whole construction enjoys two symmetries

1. “shift symmetry™ if under the redefinitions (2.2.4) and (2.2.8) we require also ¢; =
©; + det(\;, €), we have
U3, B) = P, p), F1+ Fo—det(W, &) = o1 + o — det(W, &) =2. (2.2.16)
It follows that (2.2.10) remains unchanged;

2. As we already mentioned around (2.1.56), the quantity det(v;, ¢3) is invariant under
SL(2,R) transformations of the two vectors @y, % € R?. This property is fundamen-
tal for the consistency of our construction. A given toric orbifold can be described

"The two variables € o are different from the ones adopted in [52]. Specifically, ehere = 2¢there,
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by an infinite number of polytopes equivalent under SL(2,Z) transformations of the
vectors U,. These transformations are generated by rotations of the basis vectors
(e1,e2) that give rise to effective torus actions. On the other hand, we expect the
free energy not to be affected by these transformations and, indeed, this is the case.
If we perform an SL(2,Z) rotation of the vectors v, the expression of the intersec-
tion matrix Dy, is retained, and the explicit form of the off-shell free energy is not
modified provided we apply exactly the same transformation to € and w.

The last step of the procedure is the constrained extremization of F(y;, €;), which can
be performed defining the function

S(pi, €, A ai) = Fpi, €5 97) + A(@l + Y2 — det(W, €) — 2) (2.2.17)

and extremizing it with respect to ¢;, €¢; and the Lagrangian multiplier A. As a conse-
quence of Euler’s theorem, F(¢}, ¢f) = —2A*, with h =1 for d =5, h = 2 for d = 6.

Notice that an important simplification comes in the sub-case with A; = A,, which
implies q = q§ and, in turn, p = p%. Indeed the off-shell free energy (2.2.17) becomes
symmetric under ¢, <+ ¢, and the necessary condition (0p, — 0y, )S (s, €, A;q7 = q5) =0
requires that the value at the extremum are equal: ¢] = ¢35. Moreover, employing the
“shift symmetry” one can always fix X; such that W = 0, and (2.2.7) implies p? = 0%/2.
Finally, the constraint (2.2.15) now gives ¢ = @5 = 1. Summarizing these facts, for
A = A, one can always take

- o

W =0, p?:?, pi=p5=1, A=0, (2.2.18)
and extremize S(1,¢;,0;q7 = q3) only with respect to the remaining variables, i.e. the
fugacities ;.

2.3 Summary of the chapter

In this chapter we have reviewed some important properties of toric orbifolds, with a
particular focus on four dimensions (m = 2). With the tools developed and discussed
here, we can extract all the toric data that characterize the underlying topology of a
certain supergravity solution. These toric data consist of a set of primitive, Z2-valued
and counter-clockwise ordered vectors 5;, along with a label m, attached to each facet
F, of the polytope, whose normal vectors are given by 1:;:1. All these informations can
then be systematically organized into an off-shell free energy, which, upon extremization,
reproduces the relevant gravitational quantities.
In particular, equations (2.1.59), that in synthesis read

do_1.a 1
_ La+1 / [PTM4’1§G _ pr)a] : (2.3.1)
Da

dafl,a da,a+1 27Tma

are the “master formulas” to study the U(1); x U(1)y -invariant (complex) quadrilateral
orbifolds of the next chapters. We now summarize the strategy for clarity
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e left hand side of (2.1.59): by studying the loci £, = D, on which the Killing vectors
£u = bL0y, + b20,, (normalized to have unitary surface gravity) degenerate, we will
be able to extract a “fake” set of normal vectors V, through the relation'

o=V (e1,6), (2.3.2)

where {e1, ey} is a “fake” basis for the torus action. “Fake” means that the vec-
tors V, can be R%valued and the basis can be non-effective. For the purposes of
computing the left hand of (2.1.59), this fact does not represent a problem. In-
deed, as explained around (2.1.56), Dy—and in turn also d,,—are invariant under
S € SL(2,R) rotations of the polytope. Since an effective basis {E;, Ey} will be
obtained as E; = S}Ile 7 and the respective Z2-valued vectors as Ué =5 JVaJ , We
can continue with the “generic” V, to compute the S L(2,R)-invariant determinants
d,p. Notice that, being in general V! € R, we can not extract the labels simply by
the definition as m, = ged(V,}, V:?). However, we can obtain it using (2.1.59);

e right hand side of (2.1.59): we can consider the metrics on (My, £, = D,) and use
ng?’O) = iPX/\Q()?’O) for X = TMy, T D, to obtain px = dP,. We can then integrate
them on D,, so that the master formulas (2.1.59) tell us the labels m,.

In the next chapter we start presenting the supergravity solutions to which we will apply
this extremization procedure. Locally, the metrics will take the form AdSp_4 x My where,
after a suitable constraining of the parameters, My will be a U(1)? toric four-dimensional
orbifold with four fixed-points. After having extracted all the relevant toric data from
the solutions, we will be able to reproduce the relevant gravitational quantities from the
extremization of (2.2.17).

12This relation and its use will be extensively explained in section 3.5.1. See also [126]
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Chapter 3

Supergravity solutions with special
quadrilaterals

In this section we review the first type of solution we will analyse, which takes the form
of AdSp_4 x My with D = 6,7. There are then two classes, where' MS) =3 X o
is the non-trivial fibration of a spindle over a smooth Riemann surface ¥, = H/I' with
I' ¢ PSL(2,R) (and with genus g > 1) or Mf) = 1 X o, the fibration of a spindle
over another (different) spindle. These solutions are a generalization of previous ones
containing simpler four-dimensional toric orbifolds of the form My = Y, x , found in
D = 6,7 and in various supergravity theories [54, 52, 58|. Strictly speaking, MS) is not
toric in any sense. However, taking an analytic continuation, we will obtain S?x 5, which
is toric. The metric AdSp_4 x S? X 5 is still a solution, although non supersymmetric,
of the supergravity theories we will consider. Thus we will extract the relevant toric data
from this solution and use it to extremize (2.2.17). As we shall see, even if using a slightly
inaccurate method, the result will match perfectly the gravitational computation. In this
sense we will often say that Mg) is toric. For Mf) the situation is more complicated,
since we will not be able to construct a symplectic closed two form w(). Consequently we
can not use the standard procedure for extracting the toric data, i.e. we do not rely on a
moment map. However the toric data will follow from the co-dimension two loci where one
U(1) C U(1)? degenerates, as explained at the end of the previous chapter. In particular,
these can be determined by studying the Killing vectors of the explicit metrics on Mfll’Q).
We can then associate a compact polytope defined using these data as normal vectors v, to
the facets F, and identify the vertices as fixed points of the torus action, as in standard
symplectic toric geometry. We will focus on the supergravity constructions mainly in
D = 6 [1], but an analogous story similarly holds for D = 7 [61]. Here AdS; x M{"?
have been constructed from consistent truncation of maximal D = 7 gauged supergravity
on o down to minimal D = 5 gauged supergravity. A similar truncation from D = 6 to
D = 4 is presented in [65].

IThe symbol x means a non-trivial fibration, so that for example Mil) can be equivalently written
as o > Xg.
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3.1 U(1)? gauged supergravity models in D = 6,7

In this section we discuss solutions of specific D = 6, 7 matter-coupled gauged supergravity
theories with gauge group U(1)%. Both of them comprise two gauge fields A;, A,, a
(D — 4)-form B and two real scalar fields J = (¢1, p2).

The N = (1,1), D = 6 model can be obtained as a sub-sector of an extension of
Romans F'(4) gauged supergravity [127], coupled to three vector multiplets [128, 129].
The bosonic part of the action reads?

2
1 1 1 1
Sep = d®z /=g [R—V——d”—— X 2|F) — < (X1 X)) H|?
= o LV ST = 5 DX = G
m2 —1 2 1 UVPOTA m2
— (0 Xa) B = e B (P Fars + 5 BB )|
(3.1.1)

where F; = dA;, H = dB and the scalar fields ¢ are parameterized as
Xi=e % g = (27122737 G =(-271%27%?). (3.1.2)
The scalar potential is
Vs = m* X5 — 492X, X — 4mge Xo(X; + Xo), (3.1.3)

with g. the gauge coupling and m the mass parameter, and where for later convenience we
defined Xy = (X1X5)™%2. In appendix A we present the equations of motion stemming
from this action. Moreover, for D = 6, we will construct explicitly the Killing spinor.
Indeed, a solution to the equations of motion of the model is supersymmetric if and only
if it satisfies also the following set of Killing spinor equations [128]:

1
Dyue’ + = [9.(X1 + X3) + mXo|T e

8
1 e _ v v
+35 [m(X1X2) " Bal70p + (X7 F+ X5 B (0%)4] (T, — 664 1) €?
1
~ 55 (XX Hp U7 (0, = 36, V) e = 0,
(3.1.4)
1 1
Z—l(X;laﬂXl + X510, X)) He — 3 [9:(X1 + X5) — 3mXo]e?
1 P _ v
t25 m(X1X,) 2B, Drog — (X, P+ X, '), (0°) g TP
1
+%(X1X2)HWP7FWEA =0,
(3.1.5)
1
§(X1—10MX1 — X510, X5) T (0°) e = ge(X1 — Xo) (o) 5e”

1 - - v
_Z<X1 - Xy R) et =0,
(3.1.6)

2Here and in what follows we define, for any p-form w, |w|? = iwmmﬂpw‘““'“fd.
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where

D,e* = 0,e" + 411 w““bFabeA - %gc(Al + A2)(0%)5eP  (0%)eP = (=) et (3.1.7)
These follow from setting to zero the supersymmetry variations of the fermionic fields
of the theory with three vector multiplets [128], that do not vanish automatically in the
sub-truncation that we are considering. Here (03)#; is the usual third Pauli matrix,
{T4, T4} = 214 and Ty = TOTIT2I3TT°. The SU(2) indices A, B are raised and lowered
as € = e2Bep and €4 = €Pepy, where 45 = —epa and its inverse matrix €48 is
defined such that e4Pe 4o = 65. The supersymmetry parameter € is an eight-component

symplectic-Majorana spinor, hence it satisfies the condition

eABet = Bgea, (3.1.8)
where B is related to the six-dimensional charge conjugation matrix Cg by Bg = —iCsI™°.
The seven-dimensional theory can be constructed as a consistent truncation [130] of

the D = 7, maximal SO(5) gauged supergravity [131]. The bosonic part of the action
is [132]

B 1
N 167TG(7)

1
2

(X1X,)*|H|?
(3.1.9)

ST

2
1 1
A’z /—g [R—V——d”—— X2\ Fyf* -
J@ev=a|r i g - 53
L ywpor 9e
- ﬂeﬂ P AUBMV’D (Fl JTFQ)\n - EHUT/\U>:| :

Again, the field strengths are given by F; = dA; and H = dB, while now the scalar
fields ¢ take the parameterization

Xi=e @, a=(27%10""7), a=(-27"%10""7). (3.1.10)
The scalar potential is

_ o

=5

[X§ — 8X1Xo — 4Xo(X1 + X2)], (3.1.11)

with g, the gauge coupling and, in this context, X, = (X;X5)"2 Additionally, the
following self-duality condition must hold

1 1
(X1X2)2 *H = —ch -+ 5141 AN FQ -+ §A2 VAN Fl + d)\(2) y (3112)

for some two-form A). In appendix A the equations of motion are presented.

3.2 Uplift to massive IIA and M-theory

Any (supersymmetric) local solution of the D = 6,7 theories presented in the previous
section can be uplifted (locally) to a solution of massive type IIA [1, 65] and 11d su-
pergravity [61], respectively. In the next section we will describe solutions of the form
AdS(p_4y x My, with My a four-dimensional toric orbifold. Thus, in the uplifted solution,
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it makes sense to compute the entropy (for D = 6) and the gravitational central charge
(for D = 7) of the (putative) black string which has My in the horizon.

The higher-dimensional theories we consider are described by the equations of motion
stemming from the massive type ITA action, written in the string frame,?

1 1 1
S :—{ d"zy/=g|e 2 (R + 4140 — ~|H|?) — - (F3) + [Fo) + [Fu) |
" 167G ) / oV/=g|e P (R+4|dP]° — S|H[*) — 5 (Fo + [Fo)l* + [Fiwl)
1
b /(B(Q) A dC(g) A dC(g) + 2F(0)B€’2) A dC(g) + GF(%)B(SQ))} ,

(3.2.1)
and from the 11d supergravity action

1 11 1 2 1/ }
_ —5lR—= - . 2.2
Sid = G {/d v/ g[R 51wl ] +5 | (Fy A Fiay A Cig)) (322)

In these conventions, the ten-dimensional field strengths are

H@ =dBw), F=dCu+FobBwe, Fa=d0s—HeACy+ %Fm)B(m A By,
(3.2.3)
while the eleven-dimensional four-form flux is simply F4) = dC/s).
The uplifted metrics, written in the string frame for massive type IIA, read

R U AR
g AT X o X (A o+ pdod) + X (A pged)] o (3:24)
A =Xopd + Xopd + Xopd, 05 =do; — gAY Agy = 2r,

where ds%D) is the line element of the lower-dimensional solution, the one-forms o; are
built up from the D-dimensional gauge fields and A € R, is a constant which realizes the
scaling symmetry of the supergravity theories (see section 3 of [1] and 3.2 of [61]) and
plays a crucial role for the correct quantization of the ten-dimensional solutions, as we
shall see momentarily. The coordinates pi,, with @ = 0,1,2, such that Y pu? = 1 can be
taken as

ge(o,g], d=10,

T m

56[—5,5], d= 117

(3.2.5)

In d = 10 the line element (3.2.4) describes, at each point of Mg, a four-dimensional

hemisphere, that we denote as S*. On the contrary, in d = 11 the dimensional reduction
is performed on a (squashed) four-sphere, that we continue to denote as S*.

The four-form flux, common to both higher-dimensional supergravities, can be written

po =siné, p =cos{sinny, pg=cos{cosn, n€0,7/2],

3Here we use the shortcut B&) to denote the wedge product of B(y) with itself n times, divided by n!.
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as

— I 1 U
= —dpy Adus A op A
\(2D-11) 2gg’Aué { oA N1 ,UQ 01 N\ 09
X1 Xorpa X2 X, X,
B IA : B?lXQ( zdfo Adps — d /\ dlh) s 5 log — X, A d,uo} Aoy A oy

+ ge [Fl A (Xo,ugd,u% — Xl/ﬁdug) Aoy + Fy N\ (Xo,ugd,ug — Xgugdug) A 01] }

4% [<X1X2)2 o HAdp2 4 22 B]
dgepy” " ’ T
o
+ 2(+4)/ [<X1X2)2 *r H A dpg + 29&“0}4
Jelo
(3.2.6)
where, for convenience, we defined the function
D
—9 Z)@ - [T)Xo X, + X2)} A (3.2.7)

Finally, the dilaton, Romans mass F{p) and the other ten-dimensional fields read

2 2/3

d _ \2 —5/6A1/4 —5/8 o m 29, gc 2/3 Ao
=A AYH XX Fo=—=—, Fp B, B —B.
e Ho (X1 X)), Fo =y =33 Fo=g3m B, Bey=—7F
(3.2.8)
Often, it will be useful to define the reduced functions
_ U _mUx
Ay = (X1 X)) DA Uy = (X1 X,)7U = Vin (X1 X,) D>A—§(. (3.2.9)

Entropy, central charge and flux quantization

In order to compute the entropy and the central charge of the uplifted solutions, we first
need to write the higher-dimensional metric in the form

dS%D+4) = e (dsidSD_4 + dS?wg) 5 (3.2.10)

where ds?w8 is the line element of the internal fibred space S* < Mg — M. The entropy
and the central charge can then be read from the (D — 4)-dimensional effective Newton
constant G(p_y as’

1 872 3 4872
S = = 8AZ2P ol M, = = / M yolMg.  (3.2.11
TP (2765)8/6 volMyg, ¢ G 2Rl e volMg.  ( )
Moreover, in order to ensure that the uplifted solution is globally well-defined, we will
need to impose the quantization of fluxes. In particular, the four-form flux yields the

following constraints

1 1
| Fy=NeN, — | Fy=KeN, 3.2.12
(270, )? /S @ " (2nl,)? /M @ (3:2.12)
4We are using conventions in which Ga1) = (27l5)G(10), that is the same to say that the eleven-

dimensional Planck length is equal to £;.
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where N can be interpreted as the number of D4 and Mb-branes wrapped over My, in ten
and eleven dimensions respectively. In massive type ITA supergravity one has to impose
the additional condition

(QFES)F(O) =ng €N, (3.2.13)

closely related to the presence of D8-branes. Indeed, our background has a boundary at
¢ = 0, where pp = 0 and the warp factor is singular, which corresponds to the location
of an O8-plane and N; = 8 — ng coincident D8-branes. The integration over S* can be
performed in generality, since only the first line of (3.2.6) contributes. Using the identity

U
/4 F% dpy Adpig Ady Adgy = —(D — 3)(D — 5)7%, (3.2.14)
S Ho

the condition (3.2.12), together with (3.2.13) (in the case of massive type IIA), can be
solved to give g. and X in terms of N (and ny)

1 18x° 8 8r?

D=6: gf:mm, = oNml (3.2.15)
D=7 i—z—m%ﬂ? (3.2.16)

Collectively, we can write
N ATD = 3)(D - 5) (3.2.17)

(27T£S)3g§ ,

These are very general since do not depend on the details of the lower-dimensional solu-
tions. Indeed, they are the same as for other known six- and seven-dimensional solutions
(cf. [52] and [51, 61]). Diversely, the integration along a representative of My, which we
take to be at the pole of the hemisphere S* (i.e. at £ = 7/2), takes contributions from the
last two lines and as such it depends explicitly on the form of the field B and H = dB
in D = 6,7. It is worth noticing that, being N and ng integers, the second equation
for D = 6 would be inconsistent with A = 1. Such a problem arises from the fact that,
without introducing A, the constraints (3.2.12) and (3.2.13) would have to be imposed
on an unique dimensionless parameter, namely (g¢,;). This makes the scaling symmetry
crucial to establish the regularity of the ten-dimensional uplifted solution.

3.3 Local form of the solutions and supersymmetry

We start analysing the local form of the solutions in D = 6, whilst global issue will be
addressed later on.

3.3.1 AdS; x Xy x o

The first local solutions to the supergravity action (3.1.1) that we consider are of the
type AdS; x ¥z X 9, X, Riemann surface of genus g > 1. As anticipated, for g = 0,
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AdS, x S? x5 is still a solution to the equations of motion, but it is not supersymmetric.
Specifically, we consider®

ds® = (y2hihy)"/* F dsigg, + 1 dsy, + dy +— (dz L w )2}
P g A g TR F hihs om %) ]
y? 1 2 3/87 -1 y -
Ai = —h—z<d2 — %wgg> + OéidZ, X,L = (y hlhg) h‘z R B = _2m VOI(AdS2) 5

(3.3.1)
where ds3 s, denotes the unit radius metric on AdSy, ds$; the unit radius metric on ¥,

and wy, is normalized such that dws, = VAol(Eg). Explicitly, we can take
d32Eg = dz? +sinh’z dy?*,  ws, = cosha dy, (3.3.2)

but all the following computations can be performed without adopting an explicit metric
on ¥, nor an explicit expression for wy,. In these normalization vol(3;) = 4m(g — 1) and
Xz, = 2(1 — g). The functions h;(y) and F'(y) are given by

29.
hily) = 5= 9" + 0, Fly) = m’ha(y)ha(y) =y, (3.3.3)
with ¢1, ¢o two real parameters. A curvature singularity lies at y = 0, hence without loss
of generality, in what follows we will restrict to y > 0.
We now solve (3.1.4)-(3.1.6), showing that the solution is indeed supersymmetric. We
employ the following orthonormal frame

y' 4 (haho)'® L y'/*(haho)'®

a

e = "——"""¢", ' ="————¢",
2 V2 (3.3.4)
_ y?/4(hyhy) Y/ . o y1/4F1/2< 1 y )
F1/2 ' (hihy)3/8 9 Yg )

where é%, a = 0, 1, is the zweibein on AdS,, whose coordinates are denoted as z#, and &%,
a = 2,3, is the zweibein on ., whose coordinates are denoted as 2#. Equation (3.1.4)
then splits into the following system

1, - i
(3 +4wﬂ bF )EA—i-eﬂ[—ZFa (o) A5e? + = F2345€A}

1 1

8,26’4 — 5 [(Wzg) \/§ FM45:| (FQSEA + 1 ABGB) =
' 17 (3.3.5)

D€t — 16y [(2+yh’) iFl/2 (4 — ABEB} =

2
8Z€A—i%(041+062 ng>(O_3)AB B O,
where h = log(h1hs) and we may take
2

ar+ap =1 (3.3.6)

C

5Here we have inserted a gauge transformation «;dz for reasons that will be clear momentarily.
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so that the Killing spinors are independent of z. Equations (3.1.5) and (3.1.6) yield the
same constraint

FY2T4A 1 m(hyho) e +i19y° TP (03)A5e% = 0. (3.3.7)

We note that the equations along y and z in (3.3.5) and equation (3.3.7) are the same
as in the AdSy x  system (cf. equations (3.3) and (3.4) of [52]), a fact that will play an
important role later on. We consider the following decomposition of the gamma matrices

M=~"®p, IM=Ip"2, (3.3.8)
where ¥4, @ = 0,...,3, are the (Lorentzian) gamma matrices in D = 4, p', i = 1,2, are
the (Euclidean) gamma matrices in D = 2 and p, = —ip'p? is the related chiral matrix.

For p' we choose the following representation

pl=0c', p.=0>, (3.3.9)
and we take By = —o?. For consistency, the six-dimensional matrix Bs decomposes as
Bs = (Buys) ® (Bips) (3.3.10)

where 75 = i7%y1v243 is the four-dimensional chiral matrix. Moreover, we decompose the

four-dimensional gamma matrices v as
V=pen, YP=LeT?, (3.3.11)

where 3% are the (Lorentzian) gamma matrices in D = 2, 7¢, 7 = 1,2, are the (Euclidean)
gamma matrices in D = 2 and 7, = —i7!7? is the related chiral matrix. Explicitly, we
adopt the same representation as in (3.3.9)

=o', m=0", (3.3.12)
and we take B = o'. The four-dimensional matrices B, and 75 decompose as

where 8, = —°8! is the (Lorentzian) chiral matrix in D = 2. Adopting these decompo-
sitions, the Killing spinor takes the form of a tensor product

et = Vaas, ® X3, @17, (3.3.14)

where 9 = ¥(2#") is a Majorana Killing spinor on AdS,, hence @,ﬂ? = %Bﬂﬁ and ¥ = 15’519,
A = x*(z") are two two-component spinors defined on the Riemann surface %,

0 e . .
=) = (5. =i (33.15)
with &, € C a constant and n'? are given by
1 1/8 ae [ f17 2 1/8 s 27 2 10,1
=&y (hihs) ™ (_}1/2> =iy P (hhe) Y (_‘1/2> , P =iat (')
- +
(3.3.16)
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Here, &, € C is another complex constant and we have defined

fe(y) =m(ha) 2 £y*, F(y) = fr(y) f-(y). (3.3.17)

We can now count the number of supersymmetries preserved by our AdS; x ¥, X
solution. ¥ is a Majorana spinor, hence it has two real degrees of freedom, while the
tensor product x* ® n is fully determined by the product (£,&,), which has two real
degrees of freedom. Therefore, there are four real independent Killing spinors, that is one

quarter of the number of supersymmetries of the six-dimensional A' = (1, 1) theory, hence
the solution is 1/4-BPS.

3.3.2 AdSQ X 1 X 9

A second class of solutions to the model described by action (3.1.1) is the AdSs x 1 X o
background, where a two-dimensional spindle , is non-trivially fibred over a different
two-dimensional spindle ;. Remarkably, there exists a specific limit of the coordinates
and the parameters in which the AdS; x 3, X 9 solutions are retrieved, both their bosonic
content and the Killing spinors (see appendix B of [1]). The solution takes the form

2
2 — 2 1/4 I'_ 9 F B i _a :|
ds (y Ll ) { dsAd82 * q da” d¢ + de it hihsg (dZ 2m (1 :L’)dw>
3
Ai= =4 (az — (1 )dw) tadz, Xi= (b B = 2L volAdS,
(3.3.18)

where «; are again gauge parameters and a € R,. The metric functions are given by

29,
hi(y) = Sim v4a, Fy)=m?hi(y)he(y)—y*, q(x)=2"—42° +4az—a?. (3.3.19)
Notice that formally taking a = 0 we retrieve the AdS; x  background studied in [52].
In order to construct the local form of the Killing spinors and to demonstrate that this
solution is supersymmetric, we must first specialise the Killing spinor equations (3.1.4)-
(3.1.6) to our system employing the orthonormal frame

. 1/4 hih 1/8 1/4 hih 1/8 1/2,1/4 hih 1/8
ea:xy (21 2) et ezzxy (1/12 2) dz, 63:q Y 2( 1hs) &,
51 . ! (3.3.20)
Y (h1h2)1/8 4 - yl/ F1/2 & 1 . 4
- iz Y 6= (h1h2)3/8< 2m< __> 1/})

where €%, a = 0, 1, is the zweibein on AdS,, whose coordinates are denoted as x*. Equa-
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tion (3.1.4) then splits into the following system

L4 > o' 2,4 L 145, 3\A B a 9345 A
av, a —T, T. —T. =
<8 —i—4wu i €7+ € P 14 s (0°)ge —1—43; Qe 0,
@ 345 A . 245/ 3\A B __
Dy Sy € 12q1/2f (0*)5e® =0,
. 2 o / 1/2
8¢6A—l(l—E)(Ug)ABeB—i—uFQ?’eA—i—iFME’GA
2 T 83 43
4$ F ( ) B€ = 07

1 a4
0t = 1o |2 ! i 2 (4= g e | o,

) 9
0,et — i%(al + g — m)(ag)ABeB =0,

where h = log(hyhs) is defined as before and we fix the same gauge as in (3.3.6). Equa-
tions (3.1.5) and (3.1.6) yield, again, the same constraint (3.3.7).

The explicit construction of the Killing spinors proceeds in a way similar to the AdSs x
Yg X o case. First of all, we employ the following decomposition of the six-dimensional
gamma matrices (cf. equations (3.3.8) and (3.3.11)):

=30 n®pn, =L, TY=LeL®p"?, (3.3.22)

which implies,

Bs = B, ® (Bir.) @ (B5p.) , (3.3.23)

where 3% are the (Lorentzian) gamma matrices in D = 2, p! and 7¢, 7 = 1,2, are the
(Euclidean) gamma matrices in D = 2 and p, and 7, are the related chiral matrices. In
the Euclidean sectors we adopt the representation (3.3.9)

and we take B) = —o? and B} = o'. The six-dimensional Killing spinors consist again in
a tensor product, namely
et = Vaas, ® x4, ® nA2 , (3.3.25)

with ¢ = J(2#) Majorana Killing spinor on AdS,, x4 = x?(x,1) two two-component
spinors defined on the spindle ;| and n“ given in (3 3.16). The symplectic-Majorana
condition (3.1.8) and the Killing spinor equations (3.3.21)-(3.3.7) are satisfied given that

QY !
where &, € C is a constant and
Qi(z)=2"+(a—21), q(z)=Q:(2)Q_(z). (3.3.27)

The count of the real degrees of freedom is identical to the AdS; x ¥z X 5 case and shows
that the solution is 1/4-BPS, since it preserves four real supercharges.
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3.4 Global analysis

We now proceed to the global analysis of the local solutions presented in sections 3.3.1
and 3.3.2, for which we set m = 2¢./3 without loss of generality®. First we study the

bl

conditions for which the (y, z) part of the metric describe a spindle y, z) and then,

analogously, the conditions for having a well-defined base [lm,,er} (z,1). Subsequently,
we will take into account the fibration of the second spindle on the base B = X, ;.

Finally, we study the regularity of the uplifted solution by computing the fluxes of F{y)

over Mfll’Q), computing also the entropy of the putative black-hole with horizon Mfll’Q).

We will find a number of regularity conditions, which must be studied within the domain
of integers. All details are reported in appendix A of [1], whilst here we focus on the
structure of the analysis.

3.4.1 Regularity in D =6

5"y, 2)
Fixed a generic point on the base B, that can be B = ¥,, 1, the metric , reads
2
Y 2 F(y) 2
ds® = dy” + ————d=z". 3.4.1
= )Y k) 341

In order to have a well-defined metric and positive scalars X;, we need to take F(y) > 0
and h;(y) > 0 in a closed interval not containing the curvature singularity in y = 0, thus
without loss of generality we restrict to y > 0. Moreover, denoting [y_, y| the range of
the coordinate y (so that F'(y+) =0), 2 is a proper spindle given that [52]

gF,<y*) AZ — 2_’/T gF,(er) A

27
3y n_ 3y ny’

(3.4.2)

where n4 are two co-prime integers and Az is the periodicity of the z coordinate. The signs
+ in these conditions are due to sign(F”(y+)) = F due to F(y) > 0. These two relations
ensure that at the poles y = y1 there are C/Z,, orbifold singularities, respectively. An
additional constraint comes from the quantization of the magnetic fluxes across o, which
arises from the requirement that gA; be well-defined connection one-forms on U (1) bundles
over . Given any point of ¥,, we must have [42]

t=2 | p=""L_ ez (3.4.3)

1 pm—
2m n_n,

2

It can be shown that [52]

n_+n
prtp2=ny+n. — t1+f2:—+, (344)

n_ny
meaning that the R-symmetry gauge field Agr = g.(A; + As) is a connection one-form on
the line bundle O(n_ + ny) over o, and therefore the integers p; can be conveniently

6Taking g > 0 and m > 0, we can apply the rescaling (2.4) of [52], together with B — (m/lg.)~/?B,
in order to absorb m in the coupling constant.
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parameterized as
n_ +ngy n_+ngy
2 2

where z is an appropriate rational number. The value of the sum p; + p, implies that Agr
realizes on the bundle the type of twist that was dubbed “twist”, as for the D4 [52] and
Mb5-branes [51] wrapped on a spindle. All these conditions (3.4.2)-(3.4.5) were studied
in [52], to which we refer for a detailed analysis, and it was proven that they can be
satisfied if n_ < ny, p1 <0, ps > 0 and if’

3(1 —x?%)
92(x2 +3)*(n — %)

p1 = (1+2), p= (1—2), (3.4.5)

@ (z) =w [3u(1 +x%) —2x —x(x* + 3)2} = q2(—2),

1+ Ou(x?+1) — 3x(x2+5 3m(x? +3)(u —
(b - LEX D G2 S8y
ge(x2 + 3) 2(p — x) 8g.x2

(3.4.6)
Here, the Euler characteristic of 5 y2 and p are defined as
ny +n_ ny —nN_

= — = - 3.4.7

o= S s BE (3.4.7)

and x is the only solution of the quartic equation
x' + (82" — 3 — 9p”)x” + 12ux — 9p” = 0, (3.4.8)
lying inside the range 0 < x < 1.

)
The base spindle [1m"m+}(:c, 1), described by the metric
a? q(z)
ds? = ——da? + == dy? 3.4.9
i Q(fv)x+4w2w’ (3-4.9)

was thoroughly studied in [46], thus we will take advantage of the results presented therein,
setting j = 0. 1 is indeed a spindle, characterized by the two co-prime integers m..,
with® m_ < m., if the parameter a, the periodicity of the coordinate 1) and the range of
x € [x_,x] (so that ¢(x1) = 0) are given by

m2 —m? Aw:«/mi—i—m% V2ms
\/§m_m+ \/mi+m2_

At the north and south poles of 1|, namely z = x+, are present C/Zy,. orbifold singu-
larities, respectively. Moreover, defined the vector field

o, xp=41F (3.4.10)

1 a
A :—<1——)d , 3.4.11
=g ) dv ( )
its magnetic flux through the spindle ; is
1 my — me_
— Frg=—"—. 3.4.12
2w J 4 2m_my ( )

In the four-dimensional theory [46] this implies that 2444 is a connection one-form on the
line bundle O(m, —m_) over ; and, as a consequence, that we have the anti-twist.

"Notice that, with respect to [52], zthere — xhere,
8Notice that we exchanged m_ and m with respect to [46], so that nihere — mliere.
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B(z,¢) x 5" (y,2)

As we already mentioned, the internal space has the structure of a spindle o fibred
over B = 3,, . This fibration is well-defined in the orbifold sense if the one-form 7
describing the fibration is globally defined, i.e.

1 1 t
Yo — d =t D — d = teZ 3.4.13
g 27_(_ Eg T]Zg 9 1 27_[_ X 77 1 m_m+ 9 G Pl ( )

where ng is the one-form representing the fibration

5, nggz%<dz_ 3%), L nlzg@z—:;c(l—%)dw). (3.4.14)

This requirement yields a quantization condition relating the second spindle data (n, z)
and the genus g > 1 or the integers m4 of the base, namely

8x%(g — 1) o 4x%(my —m_)
o(x2+3)(u—x)" Xo(x2+3) (1 —x)

Se: t=— teZ, (3.4.15)

where we have used (3.4.6). The analysis of this constraint is reported in appendix A
of [1]. The last conditions follow from the quantization of the fluxes F; through two-
cycles in B x 5. Their integration through o were computed in (3.4.3), hence they
are already appropriately quantized. Next, we define the two two-cycles Sy = {y = y+}
which correspond to two copies of the base B at the two poles of 5, and compute

ss=% [ g, (3.4.16)
2w St
obtaining, e.g.,
3y 3 — (24 2z + 3p)x* + (3 — 2z)x — 3u
g = - —1)=t
— 3 y2 my—m- oty x¥*—(242z+3p)x*+ (3 -2z)x—3p
! Yodh(yl) mem- myam_ 8x? ‘

(3.4.17)
where we substituted ¢ as in (3.4.15). Notice that the right hand sides of these equations
formally coincide for m, = m_ = 1. The fluxes of F; can be obtained from the previous

formulas by exchanging A; — A,, which is equal to exchange g1 — ¢» or p;1 — po and,
in turn, z — —z. As a consequence, the quantization of its fluxes automatically holds.
The quantization through S can be addressed easily since an explicit computation shows

that
g 5?25;4—75 Pi , 1! 5?25;—1- bi ,
n_ny m-_my n_ny

(3.4.18)

which agrees with the homology relation S, —S_ =t 5or S —S_ = (t/m_my) o.
Similarly to what happened in (3.4.13), the quantization condition requires (3.4.17) to
be an integer, modulo m_m_ if the base is ;. Again, some examples for which this
constraint is satisfied are reported in appendix A of [1].
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Focussing on the R-symmetry gauge field Ar = g.(A1 + Ay), its fluxes read

Se: o [ Fa=2w-n+, . L[ ppemerme, T
21 Js. Ny 21 Js, m_m. mMm_myny
(3.4.19)
and, as expected, they are correctly quantized if all the previous conditions are satisfied.
Notice that in both cases, the first term is the Euler characteristic of the base B (or
its generalization due to the anti-twist on ;). Moreover the second term reflects the
presence of a fibration, and n.. is present since the normal bundle to S. contains orbifold

singularities Z, , as we shall see momentarily.

3.4.2 Massive type IIA and entropy
For the system at hand, the reduced functions (3.2.9) reads

4
Ap(y) = hiho iy + y*ho 3 + vPha iy, Un(y) = 2[(y° — ha) (¥ — ho)ug — y°] — 38 (y).-

(3.4.20)
It follows that
29. P 2, —5/6, —3/2 A1/4
F(()) = ﬁ’ e’ = A Ho Yy Ah . (3421)
The other fields depend explicitly on B = 3,, ;. In particular, for ¥, we have
AN { F 1 2
d a5t o +dst 4 L dy? (d . )
Sor. = "7, g e, A HE hihy \©7 T 2m
Y y®dpd + ha(d ha (d 22 B 0 o1ads
2A, [y dpig + ha (it + pi07) + ho(dii3 + p303) ] Broy = — ——volAdS,,
Auo/ hihs { Un piapia
Fypy=—-——- dpg Adps A N
W g A, AL o pr A Cliz a1 R o
h — 3y=thi)h; B
-y [gcﬂ Ade; — v An ) Lpd dy Aoy A a]} A (popt dpy — y* s i3 duo)}
i#] !
A 4/3 A2 1/3 . 2/3
+ y/;o volXg Ady Adz — id 50 volX, Adz Adpg, Fa) = 963/)\/;0” volAdS, .
Instead, when the base of the fibration is ; we have
)\2A1/2 x? q y? F 1
ds?, = { A2 4o + Sda? + -Lag? + L ay? (d ——(1——>d>
SSAf. M(l)/3y 4 SAdSQ + q T + 4w2 ¢ + F y + h,th Z 2m T w
Y TyBdud + o (d ha (d 202 By, = e IAdS
A [y Ho + 1( M1+M101)+ 2( /ﬁz"‘ﬂzaz)} ) (2)—4—V0 2
9e h m
)\,U(I)/shllh Un papro
301 -1
y°(h; — 3y~ " hi)hy _
- Z [Qch‘ Ndg; — ( Al ) Lt dy A oi A UJ} A (pope; dpy — yghj 1#? dpo)
i#j !
Aayt/? 2 \ar? 1/3 ) 2/3
+ 280 ol AadyAade— 22 vl adz Adpy,  Flay = 22YH0 olads, .
x2 32 6 Am
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The integration along S* gives, as expected, the same result as in (3.2.17). In both cases,
the integration along Mil’m receives contributions only from the first term in the last

line of F{y4), since it is proportional to VolMg’Z). The result can be expressed in terms of
(g,n4,2z,N) or (my,ng,z, N), and reads

3[Bu(x* + 1) — x(x* + 5)]

Yg: K=N —1
’ x(g = 1) 8x(x? + 3) o (3.4.22)
K= Ny M 3[Bu(x* + 1) — x(x* + 5)] cN o
b R mym_ 8x(x% + 3) '

The analysis of these constraint is left to appendix A of [1]. With all these expressions at
hand we can now compute the entropy of the systems through the formula (3.2.11). We
obtain

872 3w\t
Vet 2 = grpi g 7B ) (v —y2)Az = (g~ 1) Fsox
s o o X (3.4.23)
1008 ik, = (2. 2041 (2+ =2 )AY (g —y2)Az = - A Fosx

where Fgs, , is the free energy of d = 3, N/ = 2 SCFTs that arise from a system of N
D4-branes and Ny D8-branes wrapped on a spindle [52]

V3TNY? [3u(x? + 1) — x(x2 + 5)]3/2
S R-N, x(Ei3)u-x2

Feuy , = (3.4.24)

and A | is the area of the horizon of the (putative) four-dimensional supersymmetric
black hole solutions with AdS; x 1 near-horizon studied in [46], namely

4 = V2V AR =y ) (3.4.25)

! mym_

3.5 Toric data

Having completed the global analysis of our solutions, we can now construct the labelled
polytope and extract the toric data that we will use in the next section to reproduce
the gravitational results (3.4.23). Recall from the discussion in section 2.1 that there
is a distinction between D, and D,, the branch and ramified divisors. Consequently
there are “long” vectors v,, which are not primitive, and “short” vectors 5a for which
det(ga, 5a+1) = 1. We will start by studying the orbifold S? x 5 which is toric in the
standard sense, i.e. it admits a (conformally) closed symplectic two form w) and a
moment map fi. This, even if not supersymmetric, is a solution of the six-dimensional
model (3.1.1) and can be obtained by an analytic continuation of Mgl) = Y,X 5. Moreover
we will provide a method for extracting the same toric data by analysing the loci £, in
which U(1) € U(1)? collapses, which is exactly the definition of a divisor D,. Then we
can apply the same method to the toric orbifold Mf) = 1 X o9, even if we are not able
to construct a (conformally) closed wy). Here there is a subtlety, in that it is not clear a

priori if the loci in which U(1) € U(1)? degenerates is identifiable with D, or D,. We will
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provide evidences for which £, = D, by analysing in details the metric (3.3.18). Also,
if we denote with r the distance from L,, it is clear that for r = ¢ > 0 we can inspect
the surroundings of £,, where it is visible the action of the structure group Z,,,, so that
D, = Dy X pt/Zp,. .

3.5.1 AdSQ X M4
52 X 9

Before studying the ; x 5 orbifold, we start with My = S? x 5. Although non-
supersymmetric, the AdS, x S? x 5 backgrounds form a family of solutions to the equa-
tions of motion very similar to (3.3.1), but with a different value of the radius of the
Riemann surface, now a sphere. Specifically, the space we consider is the four-dimensional
toric orbifold S? x 4 with metric

1 , y? F 1 2
Qs , = 5 (00° +sin0 d0?) + Gy + 5o (dz o cosecw) . (3.5.1)
In this case, the condition on ¢ (3.4.15) in order to have a well-defined fibration reads
1 27
tl=——-—¢€Z, 3.5.2
m Az ( )

where ¢ results to be negative. For fixed values of y # yz, metric (3.5.1) describes
(topologically) a squashed L(—t,1) = S3/Z_; lens space, where S? is a squashed three-
sphere written as a Hopf fibration. Therefore a natural basis of an effective two-torus

action is” [126]
t

E1 = 84)1 = (91,2 , Eg = 8¢2 = 81/, — 5 8,,2 , (353)
where we introduced the 2m-periodic coordinate vy = %z. In total we have four fixed
points p;y, I = 1,...,4, under the action of the two-torus, which are all the possible

combinations obtained by pairing the poles of the sphere (# = 0, 7) and the poles of the
spindle (y = y+)

pi={ y=y-}, p2={ y=y+} (3.5.4)
p3:{0:ﬂ"y:y+}’ p4={9=7r,y=y_}.

We now consider the conformally rescaled metric ds® = T'(y) ds%,, _, with I'(y) > 0, with
compatible symplectic two-form

_ L. y 1
wey = I'(y) {6 sinfdf A dy + (il 12 dy A (dz -+ 5 cos@dz/z)} : (3.5.5)
When I"(y) = —WF@) 10 the two-form (3.5.5) is closed and can be written as
1 1 1 1+ cost
Wiy = dyAd {éf(y) cos 9] +dpnd {—gf(y)} =d [gl“(y)} Ad¢—d [F(y)T} Adgs .
(3.5.6)

9We exchanged E; and F with respect to [126] in order to have the vectors ¥, ordered counter-
clockwise.

10A real and positive solution to this differential equation exists and is unique, up to an irrelevant
overall constant.
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From this expression we can derive the moment maps with respect to the basis (3.5.3)
according to the general prescription (2.1.4)

. 1 t(1 4+ cos 9))
= Lrg) (1,00 5
Ay, 0) = 3. T(y) (1, 5 , (3.5.7)
and compute the image of the fixed points (3.5.4)
Alpy) = 5 Py-) (L=t dilp2) = 5 T(ye) (1, 1),
3.5.8)
. o (

which are vertices of the moment polytope. In order to correctly draw the polytope we
notice that, since I'(y) < 0, we have I'(y_) > I'(y4). The My = S? x 5 orbifold is then
characterized by

ﬁ1:{y:y—}1 my=n—, DQZ{QZO} my =1, (359)
Dy={y=uys}: mg=ny, Di={0=n}: my=1,

and by the primitive vectors
51 = (1?0)7 52 = (ta 1)7 53 = (_17())7 54 = (O’ - ) (3510)

The long vectors are, as usual, U, = Ma0,. The resulting labelled polytope and stacky fan
are depicted in figure 3.1, and if the labels are stripped off this is exactly the polytope

Us
71
T2
‘173
73
(a) Labelled polytope. (b) Stacky fan.

Figure 3.1: Labelled polytope and stacky fan of the S? x , orbifold. The different facets
F. are labelled with the integers m,. The cones generated by v, and v,,; are denoted
as Tg.

corresponding to the Hirzebruch surfaces F_;, see figure 2.2b.

The method we employed to construct the labelled polytope above is rigorous and
the result fits in the theory of symplectic toric orbifolds [86]. As anticipated, we now
reproduce (3.5.9) and (3.5.10) by a different analysis, i.e. studying the loci £, in which a

47



generic Killing vectors £ = ady, + b0,, degenerate. Explicitly, denoting with &, the Killing
vector that degenerates at £,, we have

t

t
51 =nNn_ 81,2, 52 :8¢+§81,2, 53 :n+81,2, 54 :8¢,— 58,,2, (3511)
normalized so to have unitary surface gravity
a " Qau " 2
2 OulGalOI&ST) _ (3.5.12)

T3 PR P
Expanded in the basis (3.5.3), the degenerating Killing vectors read
Cl=n_E, &=tEi+FEy, &=nyB, & =F. (3.5.13)
We notice that the following relation
o = Uy - (B, Bn), (3.5.14)

holds, but only for long-vectors ¥,. As anticipated around (2.3.2), we will use the rela-
tion (3.5.14) to infer the toric data starting from the information about the degenerate
Killing vectors.

EgIX 2

Let us make some comments on the orbifold ¥, x o, with g > 1. This cannot be toric
in any sense, therefore none of the previous considerations can be applied. Nevertheless,
for our purposes, we can think about extending the results obtained for the S? x 4 toric
orbifold to this case, and adopt as “toric data” the same vectors o, (3.5.10) and the same
integers m, (3.5.9). We will confirm the validity of this proposal at the end of section 3.6.1.

1 X 2

After the warm-up with the My = S? x 5, case, we are now in the position to study the
Mf) = 1 X o orbifold. As anticipated we have not been able to construct a conformal
symplectic structure, therefore we do not have a moment map to derive the labelled
polytope, but we will use the prescription (3.5.14). Recall that the metric on | X 5 is

ds? = qfx) da? +i( %(dz 2;1 (1——) d¢> (3.5.15)

A simple direct calculation shows that it has four Killing vectors degenerating at the poles
of the two spindles. Defining the four loci

Li={y=y-}, Lo={e=z}, Ls={y=vys}, Li={r=2y}, (35.10)

z) o Y 2
5 iﬂ +Wdy +

intersecting at the the four fixed points

pm={r=2_,y=y-}, p={r=2_,y=uy4s},

(3.5.17)
pgz{x=w+,y=y+}, P4:{$:I+,y:y—}a

48



and normalizing the degenerating Killing vectors so that they have unitary surface gravity
as before, the Killing vectors read

a—xz_A
G=ndy G=m (2, -2 529,
2mx_ Az
(3.5.18)
€5 =n,0 5:m<a _ﬂﬂ(f.))
3 + Vs 4 + V1 2mx+ AZ vy |

where, in addition to vy = i—Zz, we introduced also the 27-periodic coordinate v = i—fbw.

In order to derive the normal vectors v, we need to find an appropriate basis in which to
expand the &,. Inspired by (3.5.3), where 0,, is the first basis element and & plays the
role of Fs, we consider the following basis

a—xy A
=0,,, =0, — —9,,, 3.5.19
€1 2 €2 1 me+ Ay v ( )
in which the degenerating Killing vectors are decomposed as
=n_e, = —e1+Mm_es,
&1 1 3 . 1 2 (3.5.20)
s=nyer, E=mye,
where we made use of the quantization condition on ¢ in (3.4.15) in the form
t —z_)A
_ A —e)AY (3.5.21)
mym_ 2mr_x, Az

Note that, even though =4 and a are real numbers, all the coefficients in (3.5.20) are
rational. Extracting the normal vectors, one gets

— — t — —
Vi=n_(1,0), Vh= (m—m_) L Vi=ni(=1,0), Vi=m.(0,—1). (3.5.22)
+

which are not primitive, as expected, but also they are not Z2-valued. The underlying
reason is that the basis (3.5.19) is not effective. A better basis can be obtained rotating
the vectors v, through the following SL(2,Q) matrix

S = (é _’"1/””) , (3.5.23)

where r_ is an integer prime to m . Defining v, = S \7;, we have
0= (n_,0), th=(rym_), U3=(-ny,0), U= (_,—my), (3.5.24)
where we have introduced a4+ € Z such that
ry =axt€Z, amy+a-m_=1=— rom,+r_m_=t, (3.5.25)

and always exist by Bézout’s lemma for co-prime m.. The vectors v, now take values
in Z2. We can now define a new basis { F}, E»}, obtained as E; = S} ey, such that

ga - Ua : (EI; E2) , (3526)
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and the degenerating Killing vectors take the form
51 =n_ E1 s 52 =m_ EQ + Ty E1 s 53 =n4 E1 s 54 =my EQ —Tr_ E1 . (3527)

All the coefficients of this decomposition are now integers, indicating that in this basis
the torus action is effective. For completeness we also write the basis vectors in terms of
the Killing vectors 9,, and 9,,"

T’++7A,

E1:8V2, E2:all1+
my —m-—

Oy, - (3.5.28)
To extract the labels we have to take now the greatest common divisors of each entries of
the vectors in (3.5.24). This procedure is subtle, as depend on ged(t,my). For a generic
value of t, i.e. ged(t,m+) = 1, the correct assignment for the labels is

ged(t,my) =1: mg=(n_,1,n4,1). (3.5.29)

The combinatorial data can be presented in the form of a stacky fan or labelled polytope,
as depicted in figure 3.2. Notice that for n, = n_ = 1 this reduces to the “Hirzebruch
orbifold” discussed in [120] in the context of toric stacks.

p1 S D4 - - .
T2 ’ i
1 .. ..
73 T4
W .
w1
b3 (O
(a) Labelled polytope. (b) Stacky fan.

Figure 3.2: Toric data of the ; x 5 orbifold corresponding to the vectors (3.5.24). In
this picture ged(t,my) = 1.

We now examine the case ged(t,m4) # 1 and, contemporarily, understand better the
difference between the branch and the ramified divisors, getting some insights on the
reason for which the loci in (3.5.16) are to be identified as £, = D,. Let us start with
ged(t,my) = 1. To focus on these L,, we define adapted coordinates

Ay a—1x, a—1_ (27)?2
Vi =My —Mm_@_, Vo= ——|—My——¢y+m_ o1, = Ap A¢_,
Az 2ma .y 2mx_ —t
(3.5.30)
UNotice that Fy is finite also when my = m_ = 1. Indeed, in this limit we have r, 4+ r_ = ¢, which

is proportional to my — m_ (¢f. (3.4.15)), thus eliminating the vanishing denominator.
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where the last requirement comes from AvyAvy = (27)% = | det (Jac)|AgLA¢_. The total
metric, restricted to L,, reads

2 . 2 19 _ X 2 q 2
ds” 2}y:ch ’ ds(l) - d5(3) - ?dx + @dlb )
2 2
ds” 2|m:x7 dsiy) = de + — o h1h2< ) <b+, (3.5.31)
2 2
2 2 Yy 2 t F Az 9
5 alomgy o sty = F 0+ h1h2( ) der.

Looking, e.g., at dsé), we see that it describes 3/Z,,_ if we require (A¢,)? = —27/t,
where (A¢,)® is the periodicity of ¢, when referred to £5. From (3.5.30), we have then
(Ap-)® = 2. Similarly, the line element ds¢,) describes 5/Zp,, when (A¢ )W) = —27/t
and (A¢, )@ = 27. The reason for which the periodicities seem not to be globally defined
and “jump” to different values on the loci £5 and L, is that the quotients must be done
locally in Patches and then suitably glued. Thus we should have defined local coordmates
¢? and ¢\ on a patch that contams Ly or L4, for which (A¢, ) is more precisely A((b ¥ )
Eventually, we will write A¢ 1’ when it is clear what we mean. We thus deduce

gcd(t,mi) =1: Dl = 1, DQ = —2, Dg = 1, D4 = 2 5 (3532)
Zm, Zer

where 151,3 are copies of the base ;| at the north and south poles of the fibre o, re-
spectively. On the other hand, at the poles of 1, the four-dimensional orbifold is locally
modelled by (Cx 3)/Zy,., and as a consequence 15274 are global quotients of the fibre 5.
Notice that, even if Doy = 3/Zy,., there are no orbifold singularities at generic points
(i.e. different from the north and south poles) on D, 4. These are then divisors associated
with an ordinary fan, with primitive vectors 5274 = Uy4. We still need to extract the labels
and to do this, we need to move in the surroundings of the £,. Zooming in for example
near £, the metric at leading order in R? = ;(Ly%)(y — y_) reads'?

st o~ Dy Lar s drt R—Q(dé - i<1 - E)L dzp)Q (3.5.33)

C2yny g 42 2 2m x/) Az )

When we set y = y_, the metric reduces to ds%l) in (3.5.31), which is Dy, = ;. However,
at each point x_ < x < xy, from (3.5.33) we see that there is a normal conical singularity
giving, locally, a copy of 1 x (C/Z,_). As a consequence, n_ is a label with associated
divisor D; = Dy x pt/Z,_. The metric (3.5.33) can be compared with its counterpart
when approaching the locus L. In this case, we zoom in near x = z_ defining the new
coordinate R such that x = x_ + 15 q ~ R2. In the adapted coordinates (3.5.30), the metric

on Mfl ) = 1 X o at leading order in R? reads
2 F (A
ds?,,, = dR*+ R (Ao +c(y) do?)" + ?}d tor ( Z) (de®)?, (3.5.34)

12See section 4.4 of [118] for an analogous computation.
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with ¢(y) a regular function on [y_,y,] which at the endpoints of the interval takes the
values c(y+) = —m,/m_. Assuming (A¢_)? = 27 as before, the first contribution to
the total metric is the smooth complex plane in polar coordinates, therefore no singularity
along the divisor Dy is present. Setting R = 0, which accounts in moving exactly on the
divisor, the line element reduces to the second line of (3.5.31), which, as already discussed,
corresponds to the metric on 5/Z,,_ , once the correct periodicity for gbf) is considered.

An analogous reasoning can be applied to £3 and L4, showing that D3 = D3 x pt /7
but no singularity along D4. From the above analysis we can confirm again that

ny

me = (n—a 1a Ny, 1) )
) (3.5.35)
T,

ged(t,my)=1: . - . .
( i) D1: 1, D2:Z27 D3: 1, D4:

We can now come back to the case when ¢t and m. have common factors, and we
expect that the labels change accordingly. On general grounds, it is known that in this
case the fibration does not smooth the orbifold points on the base [46]. Then, the four-
dimensional orbifold will be characterized by four different labels with my = ged(t, m_)
and m4 = ged(t, my), as we shall understand in a moment. To see explicitly the difference
with the previous case, we can zoom in near y = y4 in (3.5.34), obtaining

2 t 2

d 2 ~ dR2 RQ(d (2) _ my d (2)) dP2 ( ) P2 d (2)\2
SMmy vy + ¢ m_ ¢+ + + mon._ ( ¢+) )
t

m_ny

(3.5.36)

2 2
dsfy, = AR+ B (a6 — T o) apt+ (———) PAagl)’.
+ _

x*?y

For coprime m., we can take t = k,t, = k_t_ and my = kymy (with ged(ky, k) = 1),
which implies ¢t = k_k, t, such that ged(t, m+) = ki and

2 k.t \2

dsty, = AR+ B2 (4o — 2 o))+ dP? + (=) PP(ap?)?,
o - , mk‘g‘ ) (3.5.37)

d2 ~ d 2 2<d (2)_Ed (2)) dP2 ( + ) P2d (2)2'

Sty = R* + R*(dg¢2 — o) + + o (doy”)
The requirement Aqbf) = 27 /(—k,t) translates into
2 27)? 2
T A¢® = AgP AP = (G N L (3.5.38)
kit —t ki

Then the space is ( o/Zm ) X (C/Zy_) and k_ acts as a label on the transverse space to
the divisor. Subsequently, there exists an associated divisor Dy with Dy = o/Zs . This
can also be seen from the vectors (3.5.24), which become

U = n—(17 O) ) Uy = k—(a+k+%7m—) ) 773 = n+(_1a O) ) Uy = k-l—(a’—k—ﬂ _m-l—) ’

(3.5.39)
and the labels and divisors are
Mge = (n,, k*a ny, kJr) )
d(t =ki: R . A A 3.5.40
gc<7mi) = D1: 1 D2: 2 ) D3: 1 D4: 27 ( )
Zm Zm+



as stated before. The case My = 1 (that is ¢t = m_m,t) is particularly familiar, in
that the connection is on O(m_m ) and at a fixed value of y the metric (3.5.15) de-
scribes a branched lens space L,,, (—t,1) [49]. Using an SL(2,Z) transformation, the
vectors (3.5.39) can then be rotated to

ﬁl = ’I'L_(]_, O) > ﬁQ = m_(f, ]_) > ﬁg = TL+(—]_, 0) > ﬁ4 = m+(0, —]_) 5 (3541)

which are in Z?, and the labels are simply m, = (n_,m_,n,,m ). The associated labelled
polytope is sketched in figure 3.3b, and is clearly a labelled (or, stacky) version of the
polytope associated with the Hirzebruch surfaces F_; (as in figure 2.2b).

(a) ged(t,my) = 1. (b) t =mim_t.

Figure 3.3: Polytope of the ; x o orbifold corresponding to the vectors (3.5.24)
and (3.5.41), respectively.

3.5.2 AdS3 X M4

We consider here the AdS3 x Mff’” geometry presented in section 4 and 3 of [61], respec-
tively. Moreover, we present some relevant formulas for these systems which will be used
later on. First we study Mf) =Yg X o subjected, as before, to the analytic continuation
Y — 5% We will as brief as possible, since the computations are very similar to the one
presented in the previous sections. The aim is to extract the relevant toric data, and for
this we will introduce the smallest quantity of informations about the solution.

The metric for the S? x 4 is given by'?

4(yP)/5 3 9y 9Q 2 2
d82 = T dsidsg + 4_1 d8§2 + @ dy2 + E <dZ - g w52> s (3542)
where dwg: = —volS? and
1
hi(y) =y + a4, Ply) =) ha(y), Qy) = -y’ + 7Py). (3.5.43)

13In order to make the comparison with [61] easier, we relabelled ¢ and a therein as z and a and
exchanged ny < n_.
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We can take explicitly
ds%s = d6? +sin*0dy® | wge = cosfdip. (3.5.44)

The requirement of having a globally well-defined fibration

| o 2
— [ g =tez, 25—<d _: ) 3.5.45
21 Jge "1s "1s Az : 3w5 ( )

yields the relation'?

14

3t 2m
Explicitly, the AdS3 x ¥, X 4 is globally regular if [61]

(3.5.46)

_ 12(g — D)nyn_(ny —n_)
[s = (o1 + p2)lls + 2(p1 + p2)]

with (¢,s) € Z and p; are two integers related to the magnetic fluxes as in (2.11) of [61].

We can define again a 2m-periodic coordinate vo = %z and for fixed y # y+ this

metric describes again a lens space S®/Z;. Thus we consider as a basis of an effective
torus action

, s= \/7(p% + p3) + 2p1pe — 6(n2 +n2). (3.5.47)

t
€1 = 8,,2 s €y = aw + 5 8,,2 . (3548)
The four fixed points are

p={0=0y=y_-}, p2={0=0,y=y;},

(3.5.49)
pp={0=my=vys}, wm={0=my=y_},

where yz are the two middle roots of Q(y), with y_ < y.. These points define the four
divisors

Di={y=y-}, Dy={0=0}, Dy={y=ys}, Di={0=r}, (3.5.50)

and, with respect to the basis (3.5.48), the degenerate normalized Killing vectors and the
orbifold labels are
Dli 51:77/761, m; =n_, DQZ 52262, mzzl,

3.5.51
Dsy: & =mnyer, ms = N4, Dy: & =e—tey, my = ( )

We can now construct the polytope in the standard fashion, by considering the four-
dimensional conformally-rescaled metric ds* = I'(y) ds3s, , and the related symplectic
two-form

1 y'/? 2
wee) =T'(y) [g sinfdf A dy + Spis dy A <dz —3 COSQd@b)} ) (3.5.52)

1/2

When I'(y) = 47z1'(y), the two-form (3.5.52) is closed and can be written as

wee) =dy Ad [éF(y) CcoS 9} +dws Ad [—%F(y)} . (3.5.53)

Notice that here t is a positive integer, due to the different convention of [61] in defining wgs.
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From this expression we can derive the moment maps with respect to the basis (3.5.48)

[i(y,0) = —%F(y) (1, w> : (3.5.54)
whose action on the fixed points (3.5.49) is
2 2
i(p1) = —=T'(y-) (1,0), i(p2) = —T'(ys) (1,0),
Ai(p1) o (y-) (1,0),  filp2) %t (y+) (1,0 (3.5.55)
ﬁ(pS) = gr(y-&-) (lvt) ) ﬁ(pél) = gf(y_) (1’ t) :

Since we have chosen the same basis as in (3.5.3), the resultant polytope is similar to the
one constructed in section 3.5.1. Indeed, it can be read off from figure 3.1a exchanging
pP1 <> P3, P2 <> pg and ny <> n_. The normal vectors v, change accordingly with respect
to equation (3.5.10), i.e. ¥} <> U3 and Uy <> Uy, together with ¢ — —¢. The quantities we
derived satisfy relation (3.5.14).

We now move to the AdS3 x 1 X o solutions presented in section 3 of'® [61]. The
metric on the toric orbifold is given by

Q 1

T f Yy a 2
A2 oy = % s 07 5 dy? ﬁ<dz -5 (1- E> av), (3.5.56)

where functions h;, P and @ are the same as in (3.5.43) and
f(z) = 42® — 92° + 6ar — a°. (3.5.57)

The coordinate = ranges between z_ and x4, the two smallest roots of f(z) with z_ < x4,
and y lies between y_ and y, as before. The fibration is globally well-defined if

o [ g 1 e
= /1dn1—teZ, nl_AZ<dz 3(1 x) d¢>, (3.5.58)
which gives the relation
t :_a(x+—ac_)A1/J (3.5.5)
mym_ 3r_xy Az’ o

Explicitly the seven-dimensional solution is regular if [61]

—6(my —m_)nyn_(ny —n_)

S -t pE 20 T p2)]

s = \/7(p? + p3) + 2p1p2 — 6(n? +n?), (3.5.60)

with again (¢,s) € Z.
Taking inspiration from section 3.5.1, we introduce

Fv=0,,, Br=0,+—=1"" 5, (3.5.61)
m

+ — m_

15Tn addition to ny <+ n_, we also exchanged m, ¢ m_ with respect to [61]. Notice that again here
t<O0.
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where v; = i_lw and ry are two integers such that rym, +r_m_ = t, as in (3.5.25).

In total there are four Killing vectors degenerating at the divisors D, = {y = y_},
Dy={x=2x_}, Dy ={y=ys}, Dy = {x = x,}, which, in the basis (3.5.61), read

51 =n_ E1 s gg =m_ EQ + Ty E1 s 53 =Ny E1 s 54 =my E2 —Tr_ E1 . (3562)

These are formally the same Killing vectors given in (3.5.27). The “long” normal vectors
can be obtained by means of (3.5.26)

171 = (n_, 0) y 772 = (T+,m_) y 173 = (—n+, 0) y ’(74 = (’I”_, —m+) . (3563)

Following the same arguments of section 3.5.1, we derive the labels m, = (n_,1,n,,1).
This orbifold is characterized by the same stacky fan and labelled polytope of figure 3.3.

3.6 Entropy functions

We have now collected all the informations to put in practice the extremization procedure
explained in 2.2. On a side, we have the entropy (and the gravitational central charge)
computed explicitly from the solutions in section 3.4.2; on the other side we have extracted
all the toric data we need in section 3.5.1 and 3.5.2.

3.6.1 Application to AdS; x X 2 and AdS; x X, X o

The first example to which we can apply the prescription presented in section 2.2 is the
AdS; x 1 X 9 solution (3.3.18). We now briefly recollect some of the results needed in
the construction. The toric orbifold My = ;X 5 can be described by the toric data (see
section 3.5.1)

my=n_, 5:1,0, mo =1, 5:T,m_,

1 = (1.0 : o= () .
ms=n,, 03 = (—1,0), my =1, Uy = (r—,—my),

with rymy 4+ r-m_ = t as in (3.5.25). The vectors 9, are Z2-valued, primitive (for

ged(t,my) = 1) and ordered counter-clockwise, as required by the recipe. Keeping in
mind all the observations about the divisors made in section 3.5.1, the figure 3.3a, the
divisors (3.5.35) are

meg = (TL_, 17n+7 1) )

ged(t,me) =1: - A - - 2
D, =5 = Dy = Ds =5, = Dy=_—.
1 1, 2 Zm_ ) 3 + 1, 4 Zm+
(3.6.2)
The physical fluxes defined in (2.2.2) read
=g [ R=yt [ R=t @t n- [ Ror
27 Jp, 2mn_ Jq_ n_ 27 Jp, 2rm_ |, me_ (3.6.3)
! 2 D 27Tn+ Sy ! ny ’ ! 2 D 2'/Tm+ 9 ‘ my ’



where 53 and t; are given, respectively, in (3.4.17) and (3.4.3), and recall (2.1.47), namely
| b, Q2 =My f p, @2 The intersection matrix Dy, computed straightforwardly using (2.1.51),
reads

ot 1 11 0 BENS
mim_ ns  m_ n_ m4 n_
a1 0 1 0 o
Dab — m_OTL_ LL 'mi_ nl LL — Dab . (364)
m_ny mym_ni  myng MeMp
1 1 0 1 1 0
my n_ my ny
Recalling the R-symmetry fluxes (3.4.4) and (3.4.19)
- —m_ t
Gty e Meme fne (3.6.5)
n_ny m_m.4 m_m.y
and imposing (2.2.6) we obtain the vector of twists
o =(+,+,+,—). (3.6.6)

Taking advantage of the “shift symmetry”, we impose nyp} = n_p3 and m p? = m_p}.

Therefore, the relation (2.2.3) yields the identifications

pLoopd 6 P el s s s

= == = == = 3.6.7
n. ny 2 m_ my 2 5 2 ( )
In particular s} explicitly reads
t 3 —3ux®+ (3—-2z)x—3
5; _ X2 X HX ( Z)X H 7 (368)

myme_ 8x2
and s} can be obtained replacing of z — —z. With this definition, s;° can be written as

t
st =54+ — ;. (3.6.9)

’ 2mym_

System (2.2.7) can be solved to get the auxiliary vector

q:(r+m+—rmn+—n_m+—|—m’n+—n)’ (3.6.10)
2m_my 2n_n4 2m_my = 2n_ng
which gives the constraint (2.2.15)
Ny —n_ mye+m_  romg —r_m_nyg —n_
Q01+()02++—61 < * — + )62 =2. (3611)
2n_ny 2m_my m_my dn_ny

The ingredients €f , and ®§ can be constructed by means of (2.2.13) and (2.2.12), whereas
the off-shell free energy (2.2.10) reads

CFs(0)  F(0F) | F5(2F) . T5(27)

4.4

Todd  d.22 T o aaty (3.6.12)
1,2 €1€5 2,3 €1€3 3,4 €1€2 4,1 €1€9

F(pi, €587, t,my) =

where the relative signs have been fixed using the prescription n¢ = g%+,
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We can now proceed to the extremization of the off-shell free energy and, after some
work, we get the critical values

. 2myam_ my +m_ 2w "
o B (et 2y
my —m_ 2m_m, A (3.6.13)
. 127 2(ry +r_) 2w o 2 o
G =——72*tn €2 =

m Az my —m_ AY’ RN AV

where the sign ambiguity n = £1 arises by solving the equations over the complex num-
bers'®. Inserting these values back into (3.6.12) we obtain

V2l + m — (4 me ) P, . (3.6.14)

2m_m.

F(SO'HGM 7, 7t17ma> -

where Fgsy , is given in (3.4.24). In order to get a positive entropy we need to pick
n = —1 and in this case the result agrees with the gravitational entropy (3.4.23).

We propose that the procedure we formulated can be extended also to non-toric four-
dimensional orbifolds, for example when B = »,. Whilst the genus g should be set to zero
in all the extremization formulas (i.e. (2.2.7) and (2.2.6)), it has to appear explicitly in
the fluxes (3.4.17). Finally, we have to set my = 1 and we will take the same toric data
extracted from S?, equations (3.5.10) and (3.5.9). The fluxes p¢ are identified as in (3.6.7)
and s retains the same form, as follows from the observation made under (3.4.17). The
constraint (2.2.15) and the vector of twist are

—n_ Ny —n_

ny
——€ —t =2 ¢ = . 3.6.15
ot e sty e =2, 0t = () (3.6.15)
The off-shell free energy is extremized by
57 1 27
Pi g — 1 ) €1 m Az ) €2 ’ ( )
to which corresponds the critical value
P}, e85 t,my) = (g — 1) Fesy . (3.6.17)

Also in this case, the result returned by the extremization agrees with the entropy com-
puted from the ten-dimensional supergravity solution (3.4.23).

3.6.2 Application to AdS; x ;X 9 and AdS3 x X o

The toric data of the ;x5 toric orbifold are derived in section 3.5.2 and they are indeed
equal to (3.6.1). The physical fluxes can be computed as in the previous example and,
compactly, they read

T G M (3.6.18

16Generically, in presence of rotation we have to work with the complex numbers [47], therefore we
continue to do so also in the static case.
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where 57 corresponds to the flux computed in (3.15) of [61], s, and s; can be derived from
the former and t; = p;/(n_n,). Using the gauge symmetry we can impose n p} = n_p?
and m, p? = m_p}, which yields, again, to the identifications (3.6.7). In this case s} reads

o = tpi[—6p; + 4(ny + n_) — s ‘ (3.6.19)
6mym_nyn_(ny —n_)

where (,s) have been introduced in (3.5.60). The fluxes s are related to s* through

t

+ *

F—s dt— ;. 3.6.20
° S 2mom_ b ( )
The constraint (2.2.15) takes the same form of (3.6.11), whilst, as discussed in section 2.2,
in d = 6 we take ¢ = 4. Remarkably, this implies that F' is quadratic in the ;, as
expected for the off-shell central charge of a two-dimensional SCFT [20]. Explicitly, this
reads

b81 + 185 rimi 4+ r2m? )4t + 2m3m?sjs;
F(gOi,Ei;ﬁgt,ti,mg) = — {u(tthE% + ( + 7+ ) 1%2 4 192 62

3 2m2m? 2
remy —Tr_m_ tas5 07 + tisio3 x x
— t1f2€1€2 -+ + <t251 + t152)901902
mym_ 2
2mom_e; — (romy —r_m_)e
+m-61 — (T 2 1 1ty (b + taipn) | V9.

8mim

(3.6.21)

The extremization procedure, realized by means of Lagrangian multipliers, gives the crit-
ical values

2mim_ m_ +my 27
o 2 (et 2y
my —m_ 2myom_ A (3.6.22)
. 421 2(ry4r_) 2w “_o 27 o
€L = - — €, = JRS—
! 3Az my—m_ Ay P AV
which, plugged into the off-shell central charge, gives
4(my —m_)3
F(pr, €85, t,mg) = : 3.6.23
(i, €538, b ma) 3mym_(m% +myim_ +m?2) flad ( )

where ayq is the central charge of d = 4, N' = 1 SCFTs that arise from N Mb5-branes
wrapped on a spindle [51]

_ 3pips(s + p1 + p2) NF
8nyn_(ny —pi)(p2 —ny)[s + 2(p1 +p2))?

(3.6.24)

Q4q

This matches exactly the central charge of the AdS3 x 1 x 5 system computed in [61]. In
general, we expect that the anomaly polynomial computation of [61] and the prescription
presented in this paper should be equivalent and connected by a suitable gauge choice
and a possible redefinition of €; o, mixing the two related U(1) isometries. Notice that the
extremizing values are identical to the corresponding quantities for the AdSy x 1 X o
solution, for m = 3/4.
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It is now a matter of algebra to repeat the analysis for the solution AdSs x ¥, x o,
using the same toric data extracted from AdSs x S? X 5 in section 3.5.2

mi=n_, O=(=1,0), me=1, By=1(0,—1),
' o =(=1,0) ? o2 = (0,=1) (3.6.25)
m3=ny, ’03:(1,0), my =1, ?}4:(—75,1)

We take the physical fluxes to be as in (3.6.18), where t; = p;/(n_n,) is unchanged and
s7 can be read from (4.7) of [61]. The gauge symmetry allows us to identify the p? as in
equation (3.6.7) with also

t . tpi[—6p; +4(ny +n_) — ]

+ *
E =54+ —;, , 3.6.26
S TEEY 6nin_(ny —n_) ( )

7

where (¢, s) can be read from (3.5.47). The constraint (2.2.15) and the vector of twist are

ny —n- ny —n_

=2 ¢ = — — 3.6.27
2n+n7 4n+n7 €9 ) g (+7 7+7 ) ) ( )

which is the same as in (3.6.15), with ¢ — —¢ and €;5 — —e12, due to the different
conventions used in [61]. Taking all the n§ = — and extremizing equation (2.2.17) with
respect to ¢;, €; and A, we obtain the critical values

57 4 21
i =——— I=aa 6=0 3.6.28
Pi g — 1 ’ €1 3A2 ) €2 ’ ( )
as well as the off-shell central charge at the extremum
* %, + 32
F(e}, 6587, ti,ma) = g(g — 1) aua, (3.6.29)

with asq given in (3.6.24). This result agrees with the central charge of the AdS; x
Yg X o system studied in [61]. The origin of the (different) choice of the 7§ can be
traced to the sign of the gauge potential of the five-dimensional solution that the authors
of [61] uplifted to obtain the AdS; x ¥, X 5 backgrounds. The component along AdS;
of their Killing spinors satisfy the corresponding Killing spinor equations, but with a
minus, namely @,119 = —%Oz,ﬂ?, which implies that in the two-dimensional dual SCFTs
(2,0) supersymmetries are preserved, instead of (0,2) as in our case. This fact leads to a
different sign in the extraction of the central charge from the anomaly polynomial. See
the discussion under (2.2.13). Notice that, again, the extremizing values are the same as
for the AdS, x ¥, x o for m = 3/4.

3.7 Summary of the chapter

In this chapter, we have conducted a detailed study of a six-dimensional background com-
prising two gauge fields A;, a two-form field B, two scalars X;, and a metric g,,,, describing

the topology AdS, x MS’Q), where ME}’?) represents four-dimensional toric orbifolds. In
the first case, Mfll) = Yy X o is anon-trivial fibration of a spindle over a Riemann surface
with genus g > 1. In the second case, Mf) = 1 X , the base is another spindle. After
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presenting the local form of the solutions and demonstrating the supersymmetry of the
AdS, x Mfll’z) backgrounds in each case (section 3.3), we addressed the global regularity
conditions in both D = 6 and in the ten-dimensional massive type I1A supergravity. This
analysis enabled us, in section 3.4.2; to compute the entropies of the putative black holes
whose near-horizon geometry is AdSs x MS’Z) from a gravitational perspective. The ex-
traction of the toric data for this system, as discussed in section 3.5, was a multifaceted
process. We carefully examined the orbifold geometry of MS’Q), emphasizing the role
and meaning of the labels, as well as the significant distinction between the ramification
divisors D, and the branch divisors D,. Finally, in section 3.6, we tested our off-shell free
energy conjecture on the AdSy x Mil’z) system, finding perfect agreement with the gravi-
tational computations. We also extended this conjecture to the analogous AdS3 x MEIM)
system in D = 7, previously studied in [61], with the toric data extracted in section 3.5.2.

In the next chapter, we will construct a more sophisticated supergravity solution
in both D = 6 and D = 7, which lacks a simple fibration structure. Consequently,
the analysis will be significantly more involved. Nonetheless, our off-shell free energy
conjecture will again prove successful, allowing us to recover the gravitational entropy
and central charge.
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Chapter 4

Supergravity solutions with more
general quadrilaterals

In the previous chapter we have studied in the details the toric orbifold AdSp_4)x 11X
in D = 6,7, both from the geometrical point of view and as solutions of D-dimensional
gauged supergravities. Upon uplifting them to massive Type IIA supergravity in d = 10
or M-theory in d = 11, these solution can be interpreted as arising from a stack of D4 or
Mb5-branes wrapped on My = 1 X 5. The orbifold ; X 5 is not, of course, the most
general geometry with U(1)? symmetry. For example, the polytope representing its toric
properties in figure 3.3a has two parallel sides, as a consequence of the fibration structure
present in the metric (3.3.18).

In this chapter we consider more general four-dimensional toric orbifolds My, that
should come as near-horizon geometries of some black strings in D = 6,7. We will
refer to them as quadrilaterals, because they are characterized (again) by certain labelled
two-dimensional polytopes with four edges [87, 133]. Remarkably, there exists a specific
limit which brings the new solutions to the form AdSp_4 X | X 5, recovering also the
fermionic contents (see appendix A of [2]). Recalling that there exists another limit which
brings Mf) = 11X oto Mil) =Y, X o (appendix B of [1]), the new solutions we present
momentarily are the more involved and complete four-dimensional (known) toric orbifolds
available in literature.

Their local form can be obtained as an analytic continuation of the asymptotically
AdSp, non-extremal, charged and rotating' black strings constructed in [134], with the
addition of a NUT parameter N,. The solutions of our interest can then be obtained
performing an analytic continuation, which results in the presence of an AdSp_, factor
instead of the SP~4. In particular, the time and radial coordinates ¢ and r as well as the
mass parameter M of [134] are identified as

t=v, r=izx, M=iP5N,. (4.0.1)

with 1 an angular coordinate. Similarly, it is possible to retrieve the seven-dimensional
solutions presented in [135], equivalent to the ones of [134], but written in generalized
Boyer—Lindquist coordinates. Moreover, the solutions presented here and the Kerr—NUT-
AdS black holes constructed in [136] overlap and agree in the intersecting region of their

1Tt is crucial that they have a single non-zero angular momentum, so that the solutions contain a
round (D — 4)-sphere.
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parameters. Indeed, the uncharged subfamily of the former coincides with the » — 0 limit
of the latter, when the mass parameter is set to zero and only one angular momentum is
retained. Lastly, in both six and seven dimensions, the AdS vacuum solution with radius
Laqs = 1/g is recovered setting N, = N, = 0. Here, the constant g is related to the gauge
coupling as g = 2¢g./3in D=6 and as g = g./2in D =T.

4.1 Local form of the solution

The background we consider takes the form

2,2
ds® = (H,H,)Y(P=2) (Iagj dsias, , + dsfm) , (4.1.1)

where dsi,g, , denotes the unit radius metric on AdSp_, and we defined the four-
dimensional (orbifold) metric

A, ~ g VanL = V2B 0 + (T, - T2,
B 7 (4.1.2)
4¢1¢9C1Co <NyAx N Ay ) } y? — 22 9 22 — q? 9
= R dydo| + A, dy” + A da” .

We take the spacetime orientation as induced by the coordinate ordering (AdS, y, ¢, x, ).

The scalar fields are
X, = (HlHQ)(D_S)/Q(D_Z)Hi_l : (4.1.3)

the gauge potentials are given by
AZ- —_ 2NySiCiEi C102 V(Z d@[} 6102 d¢
E(x2 — y2)HyyP -5 2
¢ ’ (4.1.4)

2NxSiCiéi 01C2 () 0102 (i)
a E(a:Z—yQ)HZ-:UD—5< Yyt dv = c? 2 Wa0)

7

and the (D — 4)-form is

43182(Nyx3 — Ny?)

a2<x2 —y2) VO SQ, ( 6)7
2189 ( Nzt — N,y 2N,
g 2N = Nay) )y, - NSS4 da (4.1.5)
ad(x? — y?) =a%y
2N,
:Lf”dwdmdy, (D=7).

Apart from the constants

=E=1-ad%¢*, s;=sinhd;, ¢ =coshd;, & =+/1+ag?s?, (4.1.6)
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we have a number of the metric functions, which can be summarized as follows

2N, 2N, s? 2N, s2 2N, a%g?s?s?
A, = Pt a?— nyy5 +gz(y2 _ yDy51)< 2 yDySQ) — 2Pyt — ny95 %2

N, 2N, 52 2N, 52 2N,a’g?s2s2
2, 2 x of 2 251 2 52 2 2 9 a 152
A==t — ot e (ot = D) (a0 - R ) - gt - TN,
V2=vOve v =yOy® 2o yoy@ 2o vy,
: 2N, s? ~ 1 2N, s?
() — 1 _ 2,2 292 () — 1 _ 42 2292
V,Y=1-g (y i > , V,Y =1 . (y e ) , (4.1.7)
: 2N,.s? ~ 1 2N, s?
() 1 _ 2 2 T4 () 1 _ — 2 “tVzoq
Vol =1-y9 (x xD-5 ) ’ Vom =1 a? <x xD-5 ) ’

252 N, N,
HZ:]_—F SZ ( vy _ ),.
Y

T2 — y2 D—-5 xrD—5

In our discussion we shall assume g. > 0 in both theories, therefore g > 0. The background
is completely determined by a real parameter a, two charges ;2 and two parameters NV,
and N, (corresponding to the NUT and the mass of the Lorentzian solution). When = = 0
or y = 0 a curvature singularity is encountered, therefore the range of definition of these
two coordinates will have to avoid the origin of the real axis. Moreover, in the rest of the
paper we shall consider these two ranges to be disjoint, in order to prevent the occurrence
of a singularity when x = y. This solution possesses two symmetries, under inversions

Ty, N,< Ny, (4.1.8)
and under a specific rescaling
Y=Y, T =, V=79, ¢ =Y, (4.1.9)
a— ~a, N, — vP7IN,, N, = yP7IN,, s;— Y 'si, o

with v = +1/(ag), which connects solutions with positive and negative values of =.

Equal charges

The complicated form of the (¢, ®) part of the metric (4.1.2) makes the study of the
general solution computationally involved. For this reason, we now set d; = d; = 9, for
which the charges are equal. In this simplified case, the metric on the toric orbifold (4.1.2)
acquires the following diagonal structure

1 —A

o, ) o,
dsl%’ﬂ4::2H2 2_y2(de¢—‘/xd¢) + 5 Q(Vydw—vyd@
B e (4.1.10)
ST g T g
_Ay ACE )

~

where we defined the functions H = H, = Hy, V, = V.<1) = V.(Q) and V, = /17.(1) = V.(Q).
This class of solutions is characterized by having equal scalar fields and equal gauge fields,
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where the latter now read

N, - N, ~
B (Ve — T2do) = 55 (Vydw = T, o) | + ado + v,
(4.1.11)

with s = sinh §, ¢ = cosh ¢ and ¢ = /1 + a?¢%s? and («, B) € R two constants to be fixed

later. The metric has a correct Lorentzian signature if and only if

A, A
>0,

2scc
A=Az = E(x?2 —y?)H [

Y
y2_x2

in two closed intervals [x_,z] and [y_,y+] not intersecting and not containing the cur-
vature singularities in z = 0 and y = 0. Without loss of generality we restrict to positive
values of z and y. All the details of the signature analysis are reported in section 3.3 of |2]
and we do not report them here, since they are straightforward but tedious.

4.1.1 Supersymmetry of the D = 6 solutions with equal charges

In [134], the supersymmetry conditions was obtained as ags;sy; = +1, with d; and dy of
the same sign, either positive or negative. Our solution is the analytic continuation of the
black holes of [134], with the addition of NUT. Since the mass parameter of the latter does
not appear explicitly in the supersymmetry condition, we expect that the introduction of
a NUT parameter does not affect this constraint. Furthermore, since the BPS condition
is not altered by (4.0.1), we conjecture that the solution we presented is supersymmetric
when agsisy = +1, with §; and J5 of the same sign. We now confirm this expectation,
at least in the equal charge case in D = 6, by explicitly constructing the six-dimensional
Killing spinor.
We start defining the orthonormal frame on My

2 2
9 2 —y 5 1 —-A, ~
€ —A, Y ¢ EH\/ :c2—y2( v ¢)

4.1.13
G T, e L B (v ay T dg) o
A, ’ EH\ 22 —qy2 VY Y ’
and the six-dimensional one
et — YA % ei . et — gl (4.1.14)

The coordinates on AdS, and My are denoted as 2 and %, respectively. When the charges
are equal, equation (3.1.6) automatically vanishes. Instead, equation (3.1.5) reduces to
the constraint

Ay 3 A Ay 5.4, . 34 B 23 45\ A
y2—x2re + xQ—y2P€ —1—1;(0)36 —gH(yT® +2T?)e’ =0, (4.1.15)
where, we recall, ¢ = m = 2¢./3. Writing this algebraic equation schematically as

M - e = 0, we need to impose det(M) = 0 in order to have non-trivial solutions, i.e. € # 0.
This necessary condition is satisfied for any value of x and y if and only if

(ags®)* =1 = ags’ = —k, k=1, (4.1.16)
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which agree with [134]. Multiplying (4.1.15) by its complex conjugate we obtain

1/ A 1/ A,
- 2—y2F26A+— ﬁF4eA+gH6A+ g(yarH—i—:L‘@yH) _ra #8454 =0,
y\ y2—x x\l 22—y xy

(4.1.17)
and, thanks to this equation, the AdS; components of (3.1.4) can be written in a simple
fashion as

1 o .
Ope’ + 0 D 4+ 5 5 0,20t =0, (4.1.18)

where Cu[f”i’ is the spin connection on AdSy;. The components along the coordinates y and
x read

A B A, LY=o, 2345
0y€ —|—§H 0,H € —1-5 A I'“lg0,(yH) — gz 0,HT
’ (4.1.19)
Am 1 235 4 A
+\/x2_y2x2_y2(yr +1:F) =0,
1 2 _ 4,2
Dyt + gH_laxHeA +3 ””A—y T [g 0, (xH) — gy 9, H T2
i (4.1.20)

A 1
=1/ Y > 5 2(yF2+:L’F345)]6A:O,
Vo2 —a? a2 —y
whilst the remaining components along the angular directions ¢ and 1 are, respectively,
319[ 2s¢é(NyyV, — N, x%)} 1 —A, A, H
A y y 3\A B y 25 34
_ Z(yT?® — 2T
Do 2 [ + Exy(z? —y?)H () pe” + 22 H (22 —y?)2 a? (v ™)

YN Ay 3 245 v Ay 5 234

~

_ V(Ayvx —ALVy) i ALYy }1‘45 i {?/(Ay‘@ —ALVy) i AYVe 2)]F23} A
Yy

@ =7 2=y @ =7 2 -
(4.1.21)

3ig { 2scé(NyyVy, — N, xVx)} 1 —Ay A
A_Slg|, y y 3ZA B y 2 25 34
Ope” = 2 2 Exy(x? —y?)H (0%) e 2= H (22 — y?)2 g H(yF zl )

A 3 245 ASL‘ 5 234
+9Ve Fyx?[ay(yH)F + 20, HT**] + gV, m[az(xH)I‘ +y 0, H T

_ {JU(Any_AxVy) i ALVy }I‘45+ {y(Any_AxVy) AYVa }1&3 A
) .

L) RO LT
(4.1.22)

Assuming (4.1.16) for both D = 6,7, we can decompose A, and A, as
A, =ATA, A= A;Ay_ , (4.1.23)
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where

(4.1.24)

Considering, e.g., A,, every root of this function is necessarily a root of either Al or A,
therefore, given a generic root x4 of A,, we have

,  2N.s*  ka as) 1 — kag

€T —_—— =
+ D—5
e g g

Ts (4.1.25)

with 7(®+) = + according to the fact that 2 is a root of A%, respectively. Thanks to this

relation and the corresponding one for y., we can obtain simplified expressions for many

functions, when evaluated at one of the roots x4 or y.. In particular, the function H

reads

1 — kag
g

while the derivatives of A, and A, become, collectively,

(7_($:l:)x T(yi)yi) 7 (4.1.26)

(2% =y} H (s, ys) = — +
A (zy) = =27 (1 — kag) [(D — 3)g21 + 7+ (D — 4)(1 — kag)ze — k(D —5)a] , (4.1.27)

where z can be either x or y.
With all the equations made explicit, we can now proceed to decompose the six-
dimensional gamma matrices. In particular, we adopt the following decomposition

M=p5'9y, I'=5L&Y, (4.1.28)

where 3% are the (Lorentzian) gamma matrices in D = 2 and 4* are the (Euclidean) gamma

matrices in D = 4. The related chiral matrices are 8, = —3°3! and v, = —v 727374,

respectively. As a consequence, the six-dimensional matrices Bg and I', decompose as’
Bs =By ® (Byvs), TI'i=p®. (4.1.29)
The ansatz for the six-dimensional Killing spinor is
e = Yaas, ® (i, » (4.1.30)
where ¥ = J(2") is a Majorana spinor on AdS,, hence ¥* = By, and (* = (4(2%) are

two four-component spinors defined on My. In this way, equation (4.1.18) reduces to

(%19 - gﬁﬂﬁ) R =0 = Vi = gﬁﬁﬁ, (4.1.31)

which implies that ¥ must be a Killing spinor on AdS;. We see that x, which enters in
the supersymmetry constraint, reflects in the chirality of the spinor ¥ on AdS.,.
Employing the decompositions (4.1.28) and (4.1.30), equation (4.1.15) becomes

V72 xﬂ = 274CA+1 (0%) 4¢P — gH (y~+"? + 27 ¢ = 0. (4.1.32)

2B, is related to the four-dimensional charge conjugation matrix C4 by By = (C4)*.
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Equations (4.1.19) and (4.1.20) boil down to

3/8 A 1 Jy*—a?
Oy (HY*C) + 50 [ =57 [90y(yH) + g2 0, H .
! (4.1.33)
Am 1 124 3 3/8 ~A
+V:132—y2 x2_y2(y7 +x’y) (H/C ):Ov
3/8 ~A 1 [a? —y*
0, (H?'*¢ )+§ x 7V |90:(eH) + 9y O H .
(4.1.34)

<H3/8<=A) =0 ’

|4y 1 1 234
B y2_x2$2_y2(y’Y Try )
while (4.1.21) and (4.1.22) give
A_ 319{ 2305(ny% _ Nyﬂf%)} 3\A B 1 —Aa Ay H ooy 3
(" = 2 ot Exy(z? —y?)H () 50" + 22 H (22 —y?)? a? (v #77)

~ | A ~ | A,

_ {x(Ay% - vay) A;% } 34 [y(Ava - vay) AYVa ]712 A
(2% —y?)? 2(a® = y?) (2% —y?)? 2(a? — y?) ’

(4.1.35)

3ig 2s¢é(NyyV, — NyaV,) 1 A, A
o.cA =Y { _ y y 3\A B Y2 (At — 23
v = 0z O T ma W e T —e)

A Ay
+gVe Fygﬂ [0, (yH) »* + 28, H "] + gVyy e [02(zH) v +y 0, H »'*]

_ {x(Aer—Asz) X ALYy ]734 {y(AyVJC_AxVy) Ay Ve }712 A
RO R @ e [

(4.1.36)

From now on, in order to solve the Killing spinor equations (4.1.32)—(4.1.36) we shall
employ an explicit representation for the four-dimensional gamma matrices 7', namely

V=clwd, V¥P=0c"0c, VP=Lod, Y=L (4.1.37)
In this representation we have
Bi=-0'®0c®, y=0"®d. (4.1.38)
Since the symplectic-Majorana condition (3.1.8) relates the two Killing spinors e as
e = (Bge')* =9 ® (Byy(h)*, (4.1.39)

we can focus uniquely on the spinor ¢'. Writing it as

(= H73/8(X1,X27X3,X4) ; (4.1.40)
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with x; = xi(y, ¢, x, 1) complex functions of the coordinates on My, equation (4.1.32) is
solved by*

B A, y—z B Ay AL B 2 —y? A7

(4.1.41)
where the functions AZ have been introduced previously in (4.1.24). In terms of the
unique unknown function ys, equations (4.1.33) and (4.1.34) read

9 18[1 2y } 9 13[1 = } (4.1.42)
= — 0 X3 = = O, |lo , 1.
yX3 = 5 9 gy—x X3 X3=75 gx—y X3
while (4.1.35) and (4.1.36) boil down respectively to
i K i

8¢X3 = §g<304 — @)Xg s (91/,)(3 = g(:&ﬁ + 1)X3 . (4143)

Tuning the gauge parameters to
K s 1
v 2 S 4.1.44

the system can be easily solved, finding an angular-independent Killing spinor with com-
ponents given by

AFAFNY? A AN
X1 = —¢C (—) ) X2 :C(—) )

Y+ Tr—y
AFA-N /2 A-A- 12 (4.1.45)
stc( z y) , X4=—csign(af—y)(——w y) :
Yy— Tr+vy

with ¢ € C a constant. From the symplectic-Majorana condition (4.1.39), we obtain

(P = (Bi:C') =1 HP(=x4, =5, X3, X)) » (4.1.46)

which, as it can be shown explicitly, satisfies all the related Killing spinor equations.

We can now count the amount of supersymmetry preserved by our AdSy; x My back-
ground. Since 1 is a two-dimensional Majorana spinor, it has two real independent degrees
of freedom. Similarly, ¢# is completely determined by the complex constant ¢, accounting
for two real degrees of freedom. Therefore, there are in total four real independent Killing

spinors and thus, being sixteen the number of supersymmetries of the six-dimensional
N = (1,1) theory, our solution is 1/4-BPS.

4.2 Global analysis

Having established the local form of the solution and its supersymmetry properties, we
move to the study of the regularity. Since the four-dimensional orbifold M, possesses a

3Here and in what follows we assume ¢ > 0. When ¢ < 0 it is sufficient to exchange AJ <+ A .
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U(1)? isometry associated with the two Killing vectors 9y and 9, of the metric (4.1.10),
it is natural to study this system within the framework of toric geometry. The global
analysis will be then divided in steps. As outlined in section 2.3, we will approach the
problem by studying the degeneration of four Killing vectors £, on some divisors £, = D,,
which allows us to extract the SL(2, R)-invariant toric data d,;. From the determinants
da» We can compute the intersection matrix D, through (2.1.61). Finally, computing the
Ricci form pg of each divisor D, and using (2.1.59), we will be able to extract all the
labels m,.

4.2.1 Degenerating Killing vectors

The metric (4.1.10) has in total four degenerate Killing vectors

202 -~

i = o (Vi) 8y + Vi(ws) 85) = JV0, + TP, (4.2.1)
Aa:(x:t)
22 —~
ke = o [Vy(ye) 9y + Vy(ys) 0] = K0, + K90, (4.2.2)
Ay(y:t)

whose norm vanishes at * = x4 and y = y4, respectively. All of them are normalized
so to have unitary surface gravity. In order to present the results in a uniform way we
introduce the four loci

Dy={z==z}, Dy={y=y}, Ds={z=wy}, Di={y=vy}, (423)

and define the four vectors

S =]-, L=k, &=74, &=k, (4.2.4)

so that &, is the Killing vector that degenerates at D,.

For later convenience, we define the two alternative sets of coordinates ¢4 and x4
such that j+ = 550y, or ke = 2 0, , with s¢; = £ and s = +. These coordinates are
adapted to the direction generated by the corresponding Killing vector £, and, for this
reason, they will play a fundamental role when zooming in on the different loci D,. They
are defined by

p=s0 Yy T, b= TP, (4.2.5)
o=% o=+
or, alternatively, by
Y =g Z K((Tw)Xa ;O =k Z Kc(f@Xa : (4.2.6)
o=% o=+

Here 1, should be intended as well-defined coordmates on a patch which contalns D,
or D3, and subsequently we will denote them as @Dg or wa , with periodicities Av,bo and
Azbg , as explained in section 3.5.1. The same applies also to x,, which will be written
as XE? and X((,—4) on Dy and D,. The reason for the introduction of »; and s and the
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prescription for their choice will be explained shortly. The Jacobian matrices of these two
transformations have determinant

det(J) = JW g9 — J9 9 qet(K) = KWK — KWK, (4.2.7)
and the periodicities of the old and new coordinates are connected by

A Ap = [det(T)] Ay Ap? = |det(T)| Ap'® Ap®

(4.2.8)
A Agp = |det | AXJF AX(Q) ‘det )} Ang) Ax(f) :
The signs s; and s are given by
x; = sign[= (z? — y?) det(J)] = sign(z?® — y?),
s = sign[Z (2” — y*) det(J)] = sign(a” — *) (42.9)

s = —sign|[Z (2% — y?) det(K)| = —sign(a® — y?),
where, in the last steps, we restricted to x,y > 0 and imposed the signature conditions
N, N, > 0; in this case, both det(J) and det(K) have the same sign of =.

We can now extract a set of fake vectors ‘7; by using the relation &, = ‘7; -(eq,€2) on a
fake basis {eq, es}, which will not be effective. Specifically, we introduce the 2m-periodic
coordinates v; = i—fpw, vy = Z—Z}gb and consider the basis {e1,ea} = {0,,,0,,}. From the
Killing vectors (4.2.1) and (4.2.2) we derive the vectors

— 2m 2T ~ 2m 27

Vo= ( Q,_J@)’ V, = ( KW 2T K(¢)>
Ay Ad > Ay Ad

- 2m 2m - 2m 2

Ve = (_ J(w) —J(d))), V, = ( K( )’ K(¢)>.
3 4 — A w + A ¢ +

Since we will not be able to determine the periodicities Ay and A¢ separately, but only

in the combination (A®A¢), we actually do not know the explicit form of the vectors
n (4.2.10), thus in particular we do not know whether they belong to Z* However this

is not a problem, as explained in section 2.3. In particular, we can not simply use the

definition m, = ged (V;!, V) to extract the labels of the four dimensional orbifold My.

a’’a

There is only one caveat: the vectors (4.2.10) must be dual to a convex polytope and,

(4.2.10)

in our conventions, must be ordered counter-clockwise, which imply det(Va7 Va+1) > 0 for
any a. If this condition is not met, the vectors can be ordered in the correct way by
means of a reflection about a line in the Z?-plane, which can be realized, e.g., swapping
the two components of each vector. This transformation accounts in exchanging 0,,
and 0,, and the two bases {0,,,0,,} and {E, E»} will now be related through a matrix
with determinant equal to —1. As a consequence, the intersection matrices computed
starting from the two sets of vectors extracted from the two aforementioned bases will
have opposite sign. In order to keep track of this fact we introduce the sign »p = =+,
telling whether the vectors are ordered as in (4.2.10) (4) or with the components swapped
(—). »p will multiply every determinant computed from the vectors (4.2.10) and its value
will be fixed shortly.
Using the set of vectors (4.2.10) we compute

—p(2m)2 42a*(z* — y*)H (z_,y_) sep(2m)? AZa* (22 — y2)H (24, y-)

dio = do 2 =

YT AYAS ALz )AL (y-) T AYAS Az )N (yo)
dos — —%D(27T>2 4Za? ($+ y+)H<95+ay+) Aot — %13(27T)2 45@2(952— - y?i—)H(m—vy-F)
VNN ALz )AL (ye) T AYAS ALz )AL (yy)

(4.2.11)
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where we made use of the identity

_4Ea2<x31 - ng)H(xUI7yO'2)
A (26,) AL (Yo, ) ’
Notice that, even if we have extracted the invariant toric data d,; from the fake vec-

tors (4.2.10), we have not completed the analysis. Indeed, we have to impose a quantiza-
tion condition

Jéill))K(gf) _ Kc(rf)ch(f) = for oy,00==+. (4.2.12)

doy € Z, (4.2.13)

which is not automatically guaranteed. This constraint is necessary for the system to
be well-defined, and we will study it in details momentarily. Imposing the condition
det(T,, U,11) = det(V,, Vay1) > 0 we can fix the value of »p, obtaining®

»p = sign[Z(z” — )] . (4.2.14)
Recalling the definition of s¢; and s in (4.2.9), we then have
spxy =sign[det(J)], sprgx = —sign[det(K)] . (4.2.15)

Following the notation of [1]|, we also define
tJ = dl’g = —XpD det(J) s tK = d2’4 = —XpD " — det(K) . (4216)

The intersection matrix describing a given set of toric divisors was defined in (2.1.61).
In our construction, with a bit of computation the diagonal terms can be cast in the form

2
Du = _”Déf %A%l(;a;) [(aﬂ - yi)lH(x_,y+> (22 - y2)1H<x_,y_J , (4217)
/ 2

Do = _%Déf%AZ(EyaZ) [(mi — y%)lH(er,y_) (22— y%)lH(x_,y_)} (4218

A Ap Al 2
D= 5 e [@3 T y2>1H<x+,y_>}  (4219)

A Ap A 2
bu= sy o i = e ) 2

whereas the off-diagonal terms are simply (D, = Dy,)

Dm_é, D23_%3, 934_%A, D41_i, (4.2.21)

with dg 441 given in (4.2.11).

In order to do so we must use the relations between the signs of A/ (z+) and A} (y+).
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4.2.2 Complex structure and divisors
We now define the holomorphic (2, 0)-form
Q= (" +ie?) A (3 +ie*) = Q1D A QBY (4.2.22)

which, by construction, is compatible with the metrics (4.1.10). The fact that the associ-
ated complex structure is integrable, and thus My is Hermitian, follows from the relation
dQY =iP, A Q, where P, is the Ricci potential and reads

10,(HA,) 10,(12A,)
= ——F—" V,d V d 4.2.23

P 25 (22 — y?) 25 (22 — y?) ( v- qb) ( )
It is then clear that the four (real) codimension two loci D, are (complex) divisors in My
and we will now describe these in more detail. We first zoom in on D;, determined by
the condition x = x_. To this end, we define the coordinate R_ such that z = x_ + R_
and obtain

(Vo dyp — V, dg) —

2 2 ! 2 2
2 Y- — I 2 Az(ZL‘_) det(J) A ()2

D, is a complex orbifold of (complex) dimension one, therefore it is natural to define its
holomorphic (1, 0)-form

2 _ 2 /
vt ) derd)] [TA,

0 —
. A, 2|E|a?H (z_,y) || ¥ —

- dy. (4.2.25)

Notice that, defined Q% = ¢! +ie?, with é' and é2 given in (4.1.13), 1) is simply Q2
restricted to Dl. It can be checked that d€;) = 1Py A (1), where

b :|A;<x_>det<J>|{ A _Ay8y<<x—y2>ﬂ<m_,y>2)}d e
W 1 L@ —H@_,y) (@ —?)PH(a_,y) .
(4.2.26)
It follows
o= L A A et M) A |
W70 Jp, "V T o A L@ - ) H (e ys) (@2 —y2)H o,y )]
(4.2.27)

Endowed with metric (4.2.24), Diisa compact surface parameterized by the periodic

azimuthal coordinate wg) and the compact “polar” coordinate y, with y € [y_,y.]. Asy
approaches one of the endpoints of this interval, say y., the line element becomes

RPRCE NIRRT,
j[16H2 Y22 —y3)2H (v_,y+)?

dS(l) = in (d¢$)>27 (4.2.28)

where we defined g2 = |y —y.|. In order to have a smooth orbifold metric on D we must
impose the following conditions at the north (y_) and south (y, ) poles, respectively,

|AL(x—) det(J)] A (y-) ) 27
4|=]a? (2 —y*)H(z_,y-) v NOR € 20)
- 2.29
| A% (2-) det(J)] A (y+) AplD 2T 0oy
Al @ -y H@_ys) )’ + &N,
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where the minus in the first relation is due to the fact that A (y_)/(#*> —y*) < 0. By
imposing (4.2.29), we have required that

Dy =——"="" m(()l) = gcd(m(,l),m(f))7 (4.2.30)

)

and in terms of the m$ its Euler characteristic (4.2.27) can be written as

. 1 1
X1 = —m + RO (4.2.31)
m_ m,

A similar analysis can be repeated the remaining divisors, obtaining

. Axf) | A (y-) det(K)| { —A! (z4) N Al (z) ] (4.2.32)
O T T AEe @ - H ) | @ -2 Hao ) T
T2 dEe L@ - Hry) (@ =y H v,y )]
= A |A;<y+>det<K>|[ —A () Bla) ] aa
W7 gl L@ ) HGey) | @ -y H@ y)l T
and
R 1 1
m- m+

(a)

where m}’ are eight integer parameters, labelling a spindle for each divisor D,.

m' n{)

4.2.3 Extracting the labels

We can now use the master formulas (2.1.59) to extract the labels m,, of the system. An
explicit computation gives

Al (z-) [(351 —y*)H(zy, y)} (1)
Plp — Py =51, 0 dy A dy

o, =0 =05y Pl = it 1 o)

. |A;:(:E—)det<'] |a |: yAy dy/\d@[)(l)

2|=a? “L(22 —y?)?H (2, y) T

hence, performing the integration,

Dy — 5oy LAV () {(xi —y2)H(zeys) (22— y3>H<w+,y_>} (42.37)

my 2m Aj(xy) (a2 —y})H(zo,yy) (22 —y?)H(z-,y-)

1 1

1 AP A (z2)2 det(J) [
my 2w 4=a? (22 —y2)H(z_,y4)

where, in the last line, we used the identity

(23 =y H(vs,yy) (22 —y?)H (s, y-)

(2% —y3)H(zs,ys) (2% —y2)H(zs,y-)
det(J) [ A )AL (xy)  AL(r )AL(ry) }
42a® (2% —yD)H(r5,y4) (2% —y2)H(vs,y-))

(4.2.38)
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We can now compare the expressions for Dj; presented in (4.2.17) and (4.2.37), thus
obtaining

Pox 2r - my 2

By means of (4.2.8) this relation becomes (see also (4.2.15))

(1)
AVAS LAY (T (4.2.39)

Ayt Aw
2w

AP
= — 4.2.40
o = ( )

AtV
}dt |—%Jm—1 o

det(J) =

7D

Similarly, the inspection of the components Dy, D33 and D4y gives, respectively,

A (2) 1 A (3) 1 A 4) 1
- 1 oAy 1 Ae (4.2.41)
2w Mo 2 ms Cor omy

Before computing the off-diagonal terms of the intersection matrix, we combine equa-
tions (4.2.29) and (4.2.39). Comparing the results with (4.2.11) we find the useful relations
dio = mlm M and dy1 = mlm&). Equivalently, after using (2.1.55), we have

m(,l) = My dALQ s mgrl) =My CZ471 . (4242)

Similar formulas can be proven, relating the order of the orbifold singularities of the
remaining divisors to the labels m, and the positive integers d, 41, namely

m(_2) =my cil,g , mQ =ms3 d2,3 )
IIl(_g) = My &2’3 , IIIS_) =My d3,4 ) (4243)
m(_4) =my 624,1 s mgf) = Tms dA3,4 .

With these relations it is possible to prove the consistency of all the components of (2.1.59)
for the other divisors.

Let us now return to the issue of finding a basis for an effective torus action. With
the information that we have obtained so far, it is possible to show that the following
SL(2,R) matrix

2—”(a+K(¢) — a,K(_d))) —2—“(a+Kw) — a,K(_w))
S = (A¢ 4-27r s AY 2: S 7 (4.2.44)

A¢ my Ay mq

acting on the “fake” vectors (4.2.10) transforms them in the Z*-valued set (recall that
dl,a = mimg dl,a from (2155))

7 = (m1,0), Uy = (aydaa, dya/my), (4.2.45)
U3 = (G—d2,3 +aydsy, d1,3/m1) ) Uy = (a_d2,4, —d471/m1) ) o
where ay € 7 are integers such that®
a_m + a+m$) =-1, (4.2.46)

5Here, for simplicity we assumed that gcd(mgrl),m(f)) =1 and that »p = 1.
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which always exist by Bézout’s lemma. The resulting basis reads

L ow) (¢)
E =—(J%8, +J99,),
1= oy 0 ) (4.2.47)

Ey = (a+KJ(rw) — a,K(_w)) Oy + (a+KJ(r¢) — a,K(_qs)) 0y,

and the fact that the @, are Z?-valued indicates that this is a basis for an effectively acting
torus. Notice that, remarkably, although the basis {e;,es} and the vectors in (4.2.10)
depended on the periodicities Ay and A¢ separately (that we do not know), the new
basis { F1, F»} and the new vectors v, will be explicitly determined in terms of the gauge
invariant toric data, once we complete the analysis of the quantization conditions, to
which we now turn. Lastly, since d,; = mqmy cfaﬁb, it is straightforward to observe that a
factor m, can be collected from each vector ,, confirming that the m, serve as labels for
the divisors D,.

4.3 (Quantization conditions

The analysis of the toric data of My performed in the previous subsection shows clearly
that this space is a well-defined orbifold only if the d,;, computed explicitly in (4.2.11)
and (4.2.16) are integers, as observed around (4.2.13). The aim of this section is twofold:
first, we have to ensure that

- 9e - n
c=d R qh-—
21 Jp, f m(a)mgf)ma

nez, (4.3.1)

which means that the R-symmetry gauge field Fr = F} + F5 is correctly quantized;
second, we will find a Diophantine equation for the d,;, ensuring that d,;, € Z. This
second step will be achieved by expressing all the parameters of the (supersymmetric)
solutions, namely (a, N, N,, AYpA¢), in terms of the d, .

Let us start assuming for the moment d,;, € Z. The field strengths F; can be conve-
niently written as

cC

F =
' ZsH?

[0.H dz A (V, d) — V, do) + 0,H dy A (Vo dyp — V, dg)] . (4.3.2)

We start considering, as an example, the first divisor Dl, whose associated magnetic fluxes

are

AplY gccam;(x_)detw{ 1 } (433
2 s 2|E]a? H(z-,yy) H(z-,y-)l -

A1 a1
41 =92 =

We can now eliminate Azp(j) in favour of m; and (At A¢), use all the relations around (4.1.26)
to simplify the functions computed in the poles (z4,y+) and finally use (4.2.11) to recog-
nize that G} can be rewritten as

_ (1) ) (1)
q}g = _ﬂ _ ﬂ e t—K = — 7+ [m_ + )m+ +T(y+)7($+)w}
T OO )
(4.3.4)
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This ex ressmn is consistent with the expected quantization condition for a connection
on O(m" ) 4 7= >m$)) with also a fibration with Chern number {5 and a transverse
singularity C/Z,,,. Notice in particular that, according to the values of the product
(7w 7(8-)) we can have the twist or the anti-twist for the spindle “located” on Dy [42].
Similar computations for the other fluxes q% show that these can be correctly expressed
as

) Fas) o) ¢
"

3 ) o) (22) L

g = _m(_f) - m(—_3) +7 m—(_‘g)mf)mg , (4.3.5)
L e ey

qp = _m(—f) — m(—f) -7 m )

Clearly, this does not conclude the analysis, since we have not showed that m(f ) eN , Or
similarly that d,; € Z. Before proceeding in this direction, let us notice that the fluxes
along the ramification divisors D,

a9

¢ = F;, 4.3.6
ql ma 27T Da ( )
can be similarly written as
1 T(y+) T(y*) (:C,) tK 9 T(x+) 7‘(‘1‘*) (y,) tJ
dr = — - -7 5 dr = — - +7 )
da di dydi o da 3 di2 dipda 3
(y+) (y-) (z+) (z-) (4.3.7)
U S 7 S A 20 7
B dsa dag dygdsa’ " dyy dag ds.ads;
and satisfy
qp = Z Dyo’, o%=— (T(“), ) ) T(y*)) . (4.3.8)
b

As conjectured around (2.2.6), the vector of twists consists of signs, which in this case are

related to supersymmetry through (4.1.25), specifically Ajzi)(zi) =0 for z = x,.

Coming back to the quantization conditions d,; € Z, from (4.1.24) we obtain®

+ 1 gry) — P71 - ga)

D (1= gay) — D (1 — ga)

xf 2Py —a (1 —gry)(1 —gz)
2022 7°(1 — gxy) — 2P75(1 — gz_))

whereas applying the same method to A;t we are able to isolate @ and N, in terms of y

(4.3.9)

Y

yP (1 —gy) +y2 (L + gy )

v (1 —gyy) =y (L4 gy-)’

Yy 5y9 P(ys +y-) (1 — gy ) (1 + gy-)
22 (1 = gyy) —y2 (1 + gy-))]

6From now on, to avoid clumsy notation we take 0 < y < z, which results in 7(*+) = 7(z-) = 7(v+) =
—1and 700-) = 41.

(4.3.10)

N, = (—ka)
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Now we have two different expressions for the parameter a, namely a(z+) and a(y+ ), which
should be equal. However, we need first a relation between z; and y,. From (4.2.11), we

obtain , )
d1,2CIR_:1L+y, dQ,qu_ajJr—i—y,

= , = , 4.3.11
da1 q}‘{ T — Yt d3adr Ty — Yy ( )
which can be inverted to
dy 29> dyqa%y_ dy 507 ds 4% y_
DGk Ys + d4 19 Y - 230 Y+ + A3aqRr Y . (4.3.12)

d120% — ds10% do39% — ds 497,

We now have, schematically, to solve

a(yi) = a(yiv da,a+1> q(}l%) = a<yi? da,a+17 T(Ii)a T(yi)7 lr, tK) = a(yi7 da,b7 Tui)? T(yi)) )
(4.3.13)
where recall t; = dy 3 and tx = doy from (4.2.16). If we now manage to express y. in
terms of d,;, we have a constraint between integers. To do so, we first write down the
expressions of t; and tx in the supersymmetric case, which simplify to

o »2p(27)? 42a?(1 — kag) (v, — x_) _ p(2m)? 4Z2a*(1 — kag) (y+ + y-)
TUUAGAG A ()N T ARG A () A (y)
(4.3.14)
and give also
A A 2 1 t 1 .32
el . g + K ag) 3( “’q@qpf (4.3.15)
2m 2m 49 92(y+ +y-)* txaRay
Having the expressions of t; and tx, we immediately obtain
Ay(y-) = —4qf%3 9e(1 = wag)(y+ +y-)*,  Aj(ys) = 4?%3 9e(1 = kag)(y+ +y-)*.
ti9R9R tiqR9R
(4.3.16)

If we compare these equations with the ones in (4.1.27), and define also y+ = w(1 +x),we
obtain an expression for w and x, which depends on D. Plugging back to (4.3.13), we
finally achieved our goal.

D=6

Comparing (4.1.27) and (4.3.16), we obtain

we Qe R )x—0E V3-6(Q +0) —301-3(Q +Q ) x5
9B +x* —6(Q + Q- )(1 +x2)] , (4.3,

where we defined Q, = tq% and Q_ = q% + and x is solution of the cubic equation
JIRYR thRqR
=30y -9 )x*-31-2(Q; +Q)x+3(Q, —Q)=0. (4.3.18)

The two signs in (4.3.17) generate the two sets of physical parameters connected by
the inversion symmetry (4.1.9). Equation (4.3.13) gives now the following Diophantine
constraint for the integers d,

txdRdr — 3(ar — qp) = 0. (4.3.19)
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The origin of this constraint can be traced back in the specific structure of our solu-
tion. Indeed, we have four parameters (a, N, Ny, ApA¢) and six minus one integers d,
(recall (2.1.62)). This means that there must be a redundancy among them and equa-
tion (4.3.19) precisely resolves it”. It is possible that the constraint (4.3.19) would be
eliminated if a more general solution could be constructed, but we will not pursue this
here. Similar unnatural Diophantine constraints have been observed in previous solutions
associated with orbifolds [61, 65, 1].

D=7

We now focus on D = 7 and solve system (4.3.16) following the same method adopted in
the six-dimensional case. Parameterizing again the two roots as y+ = w(1 £ x), we obtain

o A0y 0 )x £ Va2, ¥ QO+ (11— 49y + Q)] .
= 2g[1 +x2 —2(Q; +9_)(1 + 3x2)] ; 3.
9, -9

"= I3 7 a] (4.3.21)

where 4 are defined as in the previous case. As before, the two signs in (4.3.20) cor-
respond to the two configurations related by (4.1.9). Imposing the consistency condition
that comes equating (4.3.13) we obtain the following Diophantine equation

QCI}gq?}th [(Q}z)gdl 2dy 1(d1 2 — d4,1) - (q%)3d2,3d3,4(d2,3 - d3,4)}
+apagts [8((aR)*diadis — (a5)°dasdsa) — ((aR)'di2d3, — (4R)'d3 305 ,)]
+ 4( CIR d1 2da (qu4 1— Cle1 2) - 4<C|R)3d2 3d3 4(Cle3 4 quz 3)
+3(q% + qp) [(CIR)4di2d4,1 - (qR)4d§,3d3,4} =0.
Although this is surprisingly much more complicated than the analogous constraint (4.3.19)

in D = 6, similar comments apply. The analysis of these Diophantine equations (in
(D =6,7)) are reported in appendix D of [2].

(4.3.22)

4.4 Entropy and central charge

We close this section by considering the regularity of the solutions in d = 10,11 and
compute the entropy and central charge of the solutions in D = 6, 7 employing the methods
developed in section 3.2.

The reduced functions (3.2.9) for the solutions at hand read

Ap(z,y) = HiHopg+ Hopi + Hips . Up(w,y) = 2[(1—Hy)(1—Hy)pg—1] —

"Considering a system with different charges d; would increase by one the number of parameters, but
would also bring an additional “quantum number” into play, thus not changing the balance.
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In term of these, we can write the uplifted metric (in the string frame for the massive
type IIA case)

3 A1/(D—4 _1/(D—
ds?,, =A2uP AL ){(Hng) V02452
92 A [ + Hy (dpd + pio?) + Ha(dud + idod)] | (442)

0; =d¢; — gCAZ(-D . A¢; =27,
and the relevant terms of the four-form Fiy)

A@ZD-1L) Hi\Hy Uy papo

F(4) = — d,u1 A d,LLQ No1 N\ oy (443)
7By ap R
11 (10-D)/3 95152 NyzP ™3 — NoyyP =3
— 2(D — 5)A@P-1) (0=D)/ = O dy AdpAdz Adg+ ...,
The other relevant fields are, as usual, the ten-dimensional dilaton and Romans mass F{g)
& 2 —5/6 A 1/4 m 29.
=\ A Fo=—= ) 4.4.4
e Ho H > (0) 23 3)\3 ( )

Writing the metrics in the form (3.2.10), we can extract the factor exp(2A4) and obtain
easily

1 487\ AYAY
(270,)8 5|Z|a2gt 27 27

1 647X\ Ay Ag

C= BT Ealg 2 2w @ T — ) — (@ —aDh -] (44)

S =

(z% =2 ) yp —y-) — (mp —2) (W} —9%)|, (445

The number of D4- or Mb-branes is, as usual, given by (3.2.17). In terms of it, the
entropy (4.4.5) and the central charge (4.4.6) take the form

9V2r N2 gt A Ag
5\/87T_N l:qa2 5 5 | @4 = 2y —y-) = (e — )y — o2)

Ay A
L2l — 0 o) - )t — )] (448

. (447)

=4N

As last step in the quantization of the fluxes, we consider the second constraint coming
from (3.2.12). Fixing ¢ = /2, namely the pole of the (hemi)sphere S?, the total flux across
M, reads

4g3gs, s A A
K = Ny e s S SR N PP D)ot )~ Na(a P D)y )
(4.4.9)
Although the expression seems rather involved, making use of the various results of the
section 4.3 and crucially employing the Diophantine constraints in both D = 6,7, it is
possible to write K in the following simple form

d12d23(0%)? — d3adaq(q) da3ds 4(q%)° — daidi2(qR)?
4(D — 5)d1,3 4(D - 5>d274

When the physical parameters are properly quantized, all the elements appearing in
(4.4.10) are rational, thus N can be tuned appropriately in order to make K integer.

K:%DN :%DN

(4.4.10)
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4.5 Entropy functions

We now apply the gravitational blocks prescription of section 2.2 to the AdSp_4 x My
backgrounds with equal charges presented in section 4.1. We will use the toric data
computed in section (4.2.1) and the labels of section 4.2.3. Moreover, the vector of twists
has been computed in (4.3.8) and, for z,y > 0, reduces to

o = (sign(z® — y?), —sign(z® — y°), +, +) . (4.5.1)

Finally, recall that when the charges are equal we can always pick a gauge with W =0
and ¢7 = p5 = 1 — see the discussion at the end of 2.2.2.

Extremizing the off-shell free energy with respect to the remaining variables €; o we
obtain the following critical values for the fugacities®

2 27 2T
d=5: € =—-——, € =—K2a—, 4.5.2
127 21
d=6: € =—— h = —KQ — 4.5.3
61 gA'lp’ 62 aIAQS ( )

Plugging these critical values in (2.2.10), we get the off-shell free energy at its extremum”

. 9VITN2 g1 — kag) Av Ag
=5 R—N;  |Ela® 27 27

4
. 9*(1 — kag) Ay A¢ . o
Fi_g=rAN® (|”|a3 o o | @ AT —y?) = (@ — 2y -yl
(4.5.5)

( + 722 ) Ay — Ax( T(x*)yz)|, (4.5.4)

Even if these formulas seem to be different with respect to their gravitational counterparts
of the previous section, the results are indeed equal. This can be seen by explicitly using
the following identity

(kag 91)7-( ) [< 14 o)y, ) (yf 5 y_p_g)) B (xf_‘r’ B x/3-5) (yf_4 _ T(x_)y?—ll)}
= [2077 =2 [y = P[0t + (T = D)wsw + 22 — (y3 + (7= D)yy- +¢2)]
(4.5.6)
which comes from the constraint @ = a in (4.3.13). There is only a caveat here: there
is a different sign between F;_s and the gravitational central charge (4.4.8). We believe
that the origin of the opposite sign can be traced back to the chirality of the dual two-
dimensional SCFTs, but since we have not solved the Killing spinor equations of D =7
supergravity, we have no control over this information.

4.6 Summary of the chapter

In this chapter, as in chapter 3, we have studied a solution to minimal gauged supergravity
in D = 6, which can also be extended to be a solution of a similar theory in D = 7.

8These results hold when »p > 0. In the opposite case, we need to exchange the two components of
the vectors in (4.2.10) and, therefore, to exchange €} and €} accordingly.

91n order to take into account a possible exchange in the components of 7,, which would affect da,a+1
in the denominator of (2.2.10), we multiplied the off-shell free energy by sp.
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Collectively, the solutions take the form AdSp_4 x My, where My is a four-dimensional
toric orbifold of similar nature, regardless of whether the spacetime dimension is D = 6
or D = 7. After presenting the local form of the solution, we restricted our analysis, for
technical reasons, to a simplified setup with §; = dy = ¢, corresponding to a system with
equal charges and gauge fields. Despite being simpler, this setup captures all the essential
features of the four-dimensional toric orbifold My, allowing for a detailed examination of its
structure and a reliable test of the gravitational blocks conjecture outlined in section 2.2.
In the equal charges case, and only for D = 6, we explicitly constructed the Killing spinor
solving the Killing spinor equations in section 4.1.1. For the purposes of this chapter,
it is sufficient to know that the supersymmetry condition for both cases is ags? = £1.
To extract the toric data, we utilized the tools developed in chapter 2, particularly the
adjunction formula in the form of (2.1.59). By comparing the information obtained from
analyzing the degeneration of the Killing vectors &, with that derived from the metric on
each branch divisor ﬁa, we determined the various labels m, of the system. Section 4.2
reveals that each divisor of My is a spindle, characterized by distinct integers m(ﬁ ). This
feature distinguishes the quadrilateral solution from those in chapter 3, where two opposite
divisors are equal (in homology), namely Dy =Dy= , (see figure 3.3a). After studying
the global regularity of the solution in section 4.3, we computed the entropy and central
charge of the black objects with AdSp_4 xMy in their near-horizon geometry in section 4.4.
Finally, once again, our conjectural off-shell free energy passed the test in section 4.5,
achieving a successful match with the gravitational results.
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Chapter 5

Supergravity solutions with
non-compact quadrilaterals

In this chapter, we construct a solution to four-dimensional minimal gauged supergravity,
which, from a toric perspective, is described by a non-compact quadrilateral. Specifically,
the underlying toric orbifold is defined by a two-dimensional (labeled) polytope obtained
by removing (or sending to infinity) one of its four facets, as illustrated in figures 2.2¢ and
2.3b. Consequently, these spindle bolt solutions have a boundary and are asymptotically
locally the hyperbolic space H*, allowing for a holographic interpretation [107]. Following
standard nomenclature [104], we will say that our solutions feature a spindle bolt, a
two-dimensional surface X fixed by a Killing vector. Indeed, the bulk metric describes
the topology of a line bundle over the spindle, i.e. My = C/Z, — O(—t) = [ m.],
where the bolt is X9y = [ m,).- Supersymmetric solutions of this type with a spherical
bolt sy = S? can be found in [111], later generalized in [137] to include cases where
Y2) = Xg. Solutions with a bolt generalize those containing a nut, a zero-dimensional
fixed submanifold Xy, i.e., a fixed point. Supersymmetric solutions with SU(2) x U(1)-
invariant nuts are presented in [111], while U(1) x U(1)-symmetric ones are studied in [96],
based on a Carter-Plebariski metric [138, 139]. These and other relevant solutions are
reviewed in appendix B. Since we are interested in a U(1)?-invariant bulk solution with
M as before, we could begin with the same local Carter-Plebanski class of solutions. The
Carter-Plebanski solution was later generalized by Plebariski-Demianski [139] through the
inclusion of a non-trivial parameter, which, in Lorentzian signature, can be interpreted as
an acceleration parameter A. The resulting solution retains the U(1) x U(1) symmetry,
making the Plebanski-Demianski class a natural starting point for the searching of the
spindle bolt solutions.

We will start presenting the Plebanski-Demianski class of solutions and investigating
its local properties. Since the presence of A will make the analysis technically cumber-
some, soon we will set A = 0. Although some small progress may also be made in the
global analysis of the Plebariski-Demianski solutions (see [3]| for details), in this chapter
we are mainly interested in showing how the topology of a spindle bolt can be obtained
and which implications this has on the boundary geometry M3 = L(t,1). For these rea-
sons, our approach will focus on providing as much local information as possible regarding
the Plebariski-Demianski solution first, conducting then a detailed global analysis in the
Carter-Plebanski context. Here we will demonstrate how the boundary data, namely a
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metric ds?g) on a lens space L(t,1), a gauge field A3 and a spinor x(sy are “informed”
(through some flat connections for A)) about (or by) the bulk data. These are the spin-
dle data m4., the integer v and a sign ¢ = +1 determining if the twist or the anti-twist are
realized on the spindle [,,_,,.]. Interestingly, the solutions we will present can realize
both the twist or the anti-twist, according to the values of the parameters in it. This di-
chotomy is reflected in the on-shell action, which is completely fixed in terms of (¢, m,v)
for the twist (o = 1) to

, T m_+m t/v vim_ —my)?
twist 1 Sien = t K / — K ( +)
8G v m_my m_my tm_m,

Differently, for the anti-twist, the action assumes a complicated form, with the property
that it depends on a (single) continuous free parameter. This is the same behaviour
observed before in the other solutions containing nuts and bolts. Indeed, in appendix B
we show that our solution contains all the previous ones in [109, 110, 111, 96]. Moreover, by
an analytic continuation to Lorentzian signature, it is also related to the supersymmetric
accelerating four-dimensional black hole [46], whose thermodynamics and action have been
studied in [47]. Using the results of equivariant localization [90, 84|, we will recover our
results, showing the validity of their methods and making also some interesting comments
about the extremization of the action.

5.1 Maxwell-Einstein-A supergravity and uplift to M-
theory

In this section we start presenting the supergravity model of interest, which is the Maxwell-
Einstein-A theory, or, alternatively, the (bosonic sector of the) d = 4, N/ = 2 minimal
gauged supergravity [140], whose Euclidean action reads

1
167TG4

3
~

Sp = / d'z\/g (R—F,F" —2\), A=

(5.1.1)
Here R is the Ricci scalar of the four dimensional metric g and F' = d A is the field strength
of the abelian graviphoton A. The equations of motion stemming from (5.1.1) are

2

F
R, —Ag, =2 (FWFVP — Igw> , dxF=0. (5.1.2)

A solution to the equation of motions (5.1.2) is supersymmetric if and only if it admits
at least one non-identically zero Dirac spinor ¢ satisfying the Killing spinor equation
i 1 i

D, = <D“— 57

1
F,,pl“”pl““) e=0, D=0+ Z—lwuabf‘lbg. (5.1.3)
HereT'y, a = 1,...,4, generate the Clifford algebra Cliff(4,0), so that {T's, Ty} = 204p1d4x4.
Alternatively, one can formulate the problem in terms of bilinears in the Killing spinor
e. This was done in Lorentzian signature in [141] and in Euclidean signature in [90].
However, for most of the analysis we are going to perform, we will be only interested in
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knowing the conditions under which the solution is supersymmetric. In particular, the
integrability condition M,,e = [D,, D,]Je = 0 of (5.1.3) reduces, after some work, to

1 1 i ) i )
ij&“ = (ZRHV brab + §F,UV_1FNV + §Fabv[uF bFu] + ZFabF[HF bFV]
! | (5.1.4)
Py Fg[D%T, [T, ] + - F,reT > _

16 b d[ 123 ] + 4 b nv € O?

and we will impose det(M,,) = 0.

Using the formulas of [142, 143] one can uplift locally any supersymmetric solution of
the four-dimensional theory to a supersymmetric solution of M-theory. In particular, it
is possible to show that the Ansatz

1 1 2 3 1
dstq = L* [stid + (77 + §A4d> + dSQT} AOES L? 3 *4q 1 — 1 *4d Faa N dn} ;
(5.1.5)
with R\) = 697(,321, indeed leads to a solution of the equations of motion stemming

from (3.2.2) for any solution of (5.1.2). Here, as in [111], the effective radius L of AdSy
is determined by the quantization of *(11q)F(4) through SE7, which is a Sasaki-Einstein
seven-manifold with contact one-form 7 and transverse six-dimensional Kéhler-Einstein
metric ds2. Although for irregular SE; the uplift is not possible [111], when SE; is a
U(1) fibration over ds2 we can always write n = di + o with ¢ being the Killing direction
such that the Reeb vector is £ = J, and the Ricci form of the Kéahler-Einstein metric is
pr = 4do. Then, as usual, we should require that the fibration in (5.1.5) is well-defined.
Since, as anticipated, My = C/Z, — O(—t) =  |;m_ m,], We will require (see also (4.3.1))

1 2m 1 1 k m
% M4A—wd<d¢+§A4d)—m » 4d_ﬁ M4F4d_—vm_m+’ meZ.
(5.1.6)

Here I is the Fano index of the transverse metric I = (K Eg), which is the largest integer
for which it exists a line bundle L such that L = L?, with L the canonical bundle over
K Eg. The integer k divides I and is the fundamental group of SE7, i.e. m(SE7) ~ Zy.
Thus, for £ > 1, the SE; is not simply-connected. Some examples are listed in Table 1
of [46]. Finally, the periodicity of the Reeb vector is Ay = 271 /4k, from which the last
equation descends. A caveat here is that when m = 0, we can always uplift (globally) the
four dimensional solution, even if the Sasaki-Einstein is irregular.

5.2 Equivariant localization

One of the aim of this chapter relies in the computation of the on-shell action for
the Plebanski-Demianski or Carter-Plebanski solutions with topology My = C/Z, —
O(=t) =  [m_m,)- As anticipated, we will find that the renormalized action is fixed
when the supersymmetry on the spindle is realized through the twist, whilst it depends
on a single free parameter for the anti-twist solution. This pattern can be glimpsed a
priori (i.e. for each supersymmetric solution comprising a metric on My) by using a
G-structure approach [90] or equivariant localization® [84].

IThere are several others papers concerning equivariant localization of the action in various super-
gravity theories and in various spacetime dimensions, see section 1.2.
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In [90] the on-shell action is computed by using the fact that for supersymmetric
solutions with a supersymmetric Killing vector € = (e, €2) the bulk metric can be writ-
ten as a U(1) circle fibration generated by € over a non trivial three-dimensional base.
The action reduced on this base generalizes [97] by the presence of a gauge field and
is then evaluated explicitly employing supersymmetry and the bilinears constructed on
top of it. The final formula turns out to be dependent only on quantities at the fixed
points of €, which resembles the results of equivariant localization, i.e. the Duistermaat-
Heckman [144], Berline-Vergne [145] or Atiyah-Bott theorems [146|. In fact, the procedure
presented later in [84, 91] is based on the equivariant integration of a certain equivariantly
closed poly-form @ with respect to the supersymmetric Killing vector? ¢ = e/T*T',e 9,

s 1 )
Son—shell - 2_G4 [W /M4 (I):| ) (d - Ze)q) - 07 (521)

and depends on the chirality of € at its fixed points p4 or surfaces ¥; as well. In particular,
the “off-shell” action (i.e. the action for a generic “Reeb” vector € ) is computed as

Toaan(a. ) ln[iz @ﬁpﬂagﬂz+§:/1<1(TE) Ci(NZ)ﬂ
off-shell \CA; € 2G4 ya Ca 4dA bgA)béA) i 5 201 i 4 C1 i )
(5.2.2)
where ¢1(XY;) is the first Chern class of the X bundle of ¥;, ca,; are signs linked to
the chirality of the spinor on p, or ¥; and b(IA) are the weights of € on each copy of
Cr C T,,M4. The presence of d4, namely the order of the singularity at py, reflects the

(possible) orbifold nature of 7},, M,. For the toric case, the weights of € can be simply
expressed in terms of the toric weights as [90]

A —»—»A
Wy =iy (5.2.3)

In particular, (5.2.2) assumes this form because in four dimensions, for a fixed Killing
vector, there can be only fixed isolated points ¥ ) = p4 or fixed two-dimensional sub-
orbifolds ¥p) = ¥; C My. Moreover, the (pa,>;) appearing in (5.2.2) are referred in
particular to the supersymmetric Killing vector €, and not to a generic Killing vector of
the metric. As we will see, for our solutions e degenerates at two fixed-points p4, and
henceforth we will use the “two-nuts” part of the formula, which simply reads (f = 2)

2
= ] ] (5.2.4)

T
[off-shell(cAa g) = |: E —CA
2Gy — 4d, bgA)bgA)

In [90] it is showed that (5.2.4), when computed on the supersymmetric Killing vector €,
of a solution, reproduces the supergravity computation for the renormalized action, or

Lonshell = Loft-shen(Ca; €,) = Sren (5.2.5)

in our language. Moreover (5.2.4) is exactly the result found previously in [147] in a
different way for (anti-)self-dual solutions with the topology of the four-ball, i.e. with a

2We use the the notation € when the supersymmetric Killing vector is written in an effective toric
basis F;, so that in this basis e = € E;.
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single nut. There it is shown that the bulk is regular only if €5/€; > 0 or €3 = —¢;, and
these two distinct behaviours will be related to the twist or the anti-twist. We note that
at the moment it is not known if, for a generic choice of €, there exists a supergravity
solution with such a specific vector. However, if it exists, its renormalized on-shell action
should be given by (5.2.4). We will come back to this observation in 5.4.6.

Since for a generic set-up of two normal vectors 7 9, the weights can be written as

— . — — _ — |12 = — |2 = _ — . — —
7 = i(vl 1@)1;1 |U71|* Uy = ¢|112| Of! d(v1 Us) Us | (5.2.6)
12 12

it turns out that (5.2.4) assumes the following simplified form

IR PY GRS _0_1( 2 L>_&<~z L)}
Logsnen(ca, Q) = e {2 <d1,2 +d2,3> 0 Q + % T Q +Q2 , (5.2.7)

where d,;, = det(t,, ) as usual and we defined the “off-shell” quantities
(5.2.8)

From (5.2.8) we deduce at a glance that (5.2.4) is invariant under rescalings of € and
under SL(2,7Z) transformations (see (2.1.56)). Moreover (@, Q) are not independent,
since (2.1.62) implies

d273Q2 -+ dLQQZ == —dl’g . (529)

A last comment for the time being is that in the twist case, which precisely means that
the Killing spinor has the same chirality at its two poles or equivalently ¢; = co = k,
equation (5.2.7) simplifies since it contains directly (5.2.9) and we get

twist : [ (ca, €) = T [2(dig + das) + Kdy K d12z1 + dosle
. off-shell\CA, 8G4 d172d2,3 d1’2d273da1<d62)—1d€’3

. (5.2.10)

5.3 The Plebanski-Demianski solutions

We are interested in the Plebanski-Demianski [139] family of solutions to (5.1.2), where
the metric takes the form

1 dq2 dp2
ds2:—[q2_w2p2 ( n )
e Ao (5.3.1)
1 3.
T ey (Q(q)(dT +wp*do)? — P(p)(wdr + q2da)2>} ,
while the graviphoton is
wpP = 4@ ¢P — wp@Q
A= q2 _ W2p2 dr + pq q2 w2p2 dU, (5_3.2>
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where w is a scaling parameter usually called “twist” [148], which can be set to one.
This parameter has been proved fundamental to perform the analytic continuation from
Lorentzian to Euclidean signature [149]. The metric functions are given by

P(p) = P(p) — 2AMp* + A* [—Q2 + aw? — P?(w? — 1)]p4 ,

AN (5.3.3)
Qlg) = Q) —2—~¢" + A* (=P’ +a)q",
where P(p) and Q(q) are the “non-accelerating” functions
P(p) = wp' + Bp* — 22 p— P? 40
w ’ (5.3.4)

Qq) = q¢' + E¢* —2Mq — Q* + aw’® — P2(W* — 1)

Explicitly, we have
N
P(p)=—-P°+a— 2;]) + Ep® — 2AMp® + [AQ [WQ(_pZ +a)—Q*+ P2] + wQ]p‘l,

Qg) = [W*(=P*+ ) — Q*+ P*] —2Mq + Eq* - 2‘6;—Nq3 + [A*(=P? +a) + 1]¢".
(5.3.5)
This solution generalizes another one found before (independently) by Carter [138] and
Plebanski [150] (that we will refer to as Carter-Plebanski (CP) solution) by the addition
of a parameter that, in Lorentzian signature, may be interpreted as acceleration. The CP
solution, as considered for example in [151, 96], is obtained by turning off this parameter,
i.e. A = 0, and tuning w = 1: in this case the solution becomes higher symmetric in
p <> q and the system results to be more tractable. Even if in Euclidean signature, we
will continue to refer to the parameter A as the “acceleration parameter”. the parameters
(A, N, M,Q, P,w) can then be loosely identified as the Euclidean counterpart of accel-
eration, NUT parameter, mass, electric and magnetic charge and rotation, respectively.
However, the correct interpretation is more subtle and in the Lorentzian set-up we refer
for example to [148, 152| for a more complete classification, where some interesting limits
are also discussed. In Euclidean signature their interpretation is even more complicated,
and will be a matter of discussion throughout the rest of the chapter.
We recall that the solution has a self-dual Weyl tensor (i.e. it is a gravitational in-
stanton) if and only if P = @ and N = M, and possesses a scaling symmetry

(¢,p) =A(g.p), (Q.P.E)— X N(Q,P,E), (N,M)— X\ (N,M),

5.3.6
a—=Ma, 7oA, A= )AZA, o= 230, ( )

with A € R\ {0}.

As anticipated, we will require a solution with a lens space M3z = L(t,1) in the
boundary M3 and with one (or more) supersymmetric fillings in the bulk M, of the form
My =C/Z, = O(—t) = pn_m,)- For these reasons, we will need a “radial” coordinate
(that we take to be ¢) and an angular one (that will therefore be p). For this set-up we
can take the following conditions

¢ —wp’>0, Pp)<0, Q(g)>0, q+<qg< p-<p<ps. (53.7)

Ap’
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The first three conditions ensure the correct Euclidean signature and imply (Q'(qy) >
0,P'(py) > 0,P'(p_) < 0), whilst the other two define the range of the coordinates. In
particular, q, is the largest real root of the metric function Q(q), p+ where ¢ = (Ap)~!
is the location of the conformal boundary, q, is the largest real root of Q(gq) and p.,
similarly, are the largest real zeros of P(p). Instead, the upper bound of the variable ¢ is
given by the location of the conformal boundary, which is pushed to infinity in the CP
subcase (when A = 0). For simplicity, and for future comparison with [96], we (partially)
use the scaling symmetry (5.3.6) to require p_ + p, > 0. We thus introduce the ordering

p-<p<p;<aq;<q, ¢4 -pi=>0, pi—-p’>0. (5.3.8)

As we will see, and as it happens in the context of black holes |73, 112, 47|, we will find
many cases in which the metric, as well as the graviphoton, can assume complex values.
One may then wonder what the meaning is of imposing “correct Euclidean signature
conditions”, such as Q(¢q) > 0, if in general Q(q) € C. As in [73], we will assume that
for non-supersymmetric solutions (g,.,,A) € R, so that (5.3.7) is reasonable. It is the
imposition of supersymmetry itself that makes (g,.,,A) € C. However, we will require
that in this more general set-up the Killing spinors have correct global properties and the
bosonic fields are regular in the neighbourhood of fixed points®. Since holography is blind
to the reality or complexity of (¢, A), from the AdS/CFT point of view it is not natural
to require a real metric, as done for example in [111].

5.3.1 Supersymmetry conditions

For A = 0 we will be able to construct the Killing spinor solving (5.1.3) in full generality,
showing that the solution is 1/4-BPS as in [96]. However, for many applications, it is
sufficient to compute the supersymmetry conditions, which are obtained as det(,,) = 0,
with M, given in (5.1.4). To this end, we choose the coordinates to be ordered as
(p,T,0,q), the vierbein to be

1 q> — w?p? 1 —P(p)
el = dp, e? = wdr + ¢*do) ,
(1-Apq)\ —P(p) (1—Apq)\ ¢* - w2p2( )

1 Q(q) 1 q? — w?p?
ed = dr + wp?do) , et = dg,
(1—-Apq) \ ¢*— wzp?( ) (1—Apq) Q(q)

and adopt the following explicit representation of the Clifford algebra

(5.3.9)

Fa:al®0a7&:17"'737 F4:—O'2®Id2, F*:F1F2F3F4, (5310)

with o, the standard Pauli matrices. It is then straightforward to show that det(M; 4) =0
is equivalent to

2(° + W) (NZ —wMS,) + 4w(P? — Q%) (Agp + 1) (S + %2)

— 2pqw(2M Y — 2WNYy + AwYs) — W (AP’ + 1)83 =0,
(5.3.11)

3This is the Euclidean counterpart of requiring regularity near the tip of the cigar in the complexified
black hole geometries [73].
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where
—¥1 = 2Q0w? + AMTIw + 2A%N(P? — Q*)®,
—¥y = 2PQuw + ANTL + 2A°M(P? — Q*)(—P? + a)w, (5.3.12)
Sy =117 —4(P? — Q°)*[(—P* + a)w® + P> + A*(=P* 4+ a)®]
and we defined

Q=MP—-NQ, I=M>-N2—E(P>—Q%), ®=uw?(—P>+a)— Q>+ P

(5.3.13)
Moreover it can be verified that X3 = 212 i1 a;j2;2; for some coefficients a;;, thus we

only require ¥; 3 = 0. This system is entirely solved by the self-duality condition
M=N, P=Q, (5.3.14)
as in [96] or, in general, by fixing

~w(MP = NQ)? + A2(P2 — Q*)[N*(P? — Q%) + (M?* — N?)P%?]
A22(P? — Q?)(M? — N?) ’
—2(MP — NQ)(NP — MQ)w? + Aw(M? — N?)2 + 2A2M N (P? — Q?)?
Aw(P? —Q?)(M? — N?) ’

=

(5.3.15)

E =

Notice that these expressions are ill-defined for A = 0. We can then work out another
couple of constraints

GNPQ + AN(P — Q)P — (P~ a)[u — AP 4 @2 4 (P — o]

w[P? — A2(P2 — Q%)(P? — a)] !
M? — N2  2A[NP(=P?+ Q%) + w*(NP — MQ)(P? — a)]

M=

E = —
Pz — Q2 W(MP — NQ) ’
(5.3.16)
which in the CP case reduces to [151, 109]
NO N?
A=0: M=—F, E:—ﬁ+2\/aw2+P2(1—w2), (5.3.17)

and it further simplify for w = 1. Equations (5.3.15) and (5.3.16) are the supersymmetry
constraints for the PD family of solutions and are compatible with the results in [149]
(with A =1).

5.3.2 Ambitoric structure

As introduced at the beginning of chapter 2, the (Euclidean) Plebariski-Demianski met-
ric is conformally ambiKéahler [153]. Specifically, we introduce two almost symplectic
structures

1
wr=e'ANe2+enet, dwy #0, JWE A wi = Fvoly . (5.3.18)
It can be verified that
(Jo)u” = (W)™ = (J&) (Jx),” = =0y, (5.3.19)
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namely J are two (commuting) almost complex structures, with also vanishing Nijenhuis
tensors (N ). Equivalently, it can be seen that the holomorphic (2,0)-forms

Qi = (e' +1ie?) A (e £ie?), (5.3.20)

satisfy {24 = 1P AQy, where P, are connections one-forms on the anti-canonical bundles,
from which the associated Ricci curvature two-forms are given by pi = dP.. Explicitly
we find

4AqP(p) + (1 — Apq)P’'(p) 2y 4APQ() + (1 - Apq)Q'(p) E
2v/¢? — w?p?/—P(p) 2¢/¢? — wp?/Q(q)

Although the triples (Ji,w+, g) do not define Kéhler structures, since w are not closed,
we see that they are conformally closed defining

1—APQ)2 =

/ — =2 /

wy = Wy = 23w dw’y =0. 5.3.22
+ (CFF + +%+, + ( )

P; =

(5.3.21)

The rescaled triples (¢, J,w) = (%9, J+, Z2wy) define an ambiKdihler structure. In-
deed, one can verify the standard relation between the Ricci tensor and the Ricci form
(AP = (P)w = (J1)7 R, where R, is computed from the rescaled metrics g/, (see
section 2.1.2). Since both Kéahler metrics are toric, with common torus action (as will be
discussed in detail in Sect. 5.4.3), these define an ambitoric structure. This property of
the local (Euclidean) Plebariski-Demianski solutions was proven in [153]. As follows from
the discussion around (5.3.7), the conformal factors =% are positive semi-definite, vanish-
ing precisely at the conformal boundary of the orbifolds. This implies that the rescaled
Kéhler metrics (¢, J},w. ) are defined on the “conformal compactifications”, which are
four-dimensional compact orbifolds with boundaries.

5.3.3 Holographic renormalization

Even if the PD system is much more complicated than the CP solution, we are able
to compute the on-shell action in full generality (i.e. without imposing supersymmetry).
Although the computation is a standard procedure in literature [154, 155|, such a general
result is not present in the literature, and it has been computed in numerous sub-cases
(see e.g. [156, 96, 157, 47]). The procedure consists in adding the standard boundary
term and the counter-terms to remove the singularities that appears as ¢ approaches the
conformal boundary ¢ = (Ap)~!. In particular we consider the renormalized action

Sten = Sa + SF + Seu + Set (5.3.23)

evaluated on the solution (5.3.1) and (5.3.2), where the bulk contributions are

~1
4 R _ 4 2
167Gy /d e ( +6) o OF = 167G, /d w9 (F7) (5.3.24)

whilst the boundary ones are

-1 1 1
Sai = d? K Set = / d? (2 —RW)) .
GH 87TG4 /q:( Ap)-1 37\/_ ( ) t 87TG4 q=(Ap)—1 fl'ﬁ * 2
(5.3.25)

Sea =
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Here K, F(J,) is the second fundamental form and R is the Ricci of the boundary metric.
As usual [96], the contribution of the gauge field from Sp is already finite, and we can
anticipate the result
(167G4) Sk _q (P—-Q)? (P+Q)?
(p+ —p)ATAc  l(qy —wpy)(ay —wp_) | (ar +wpy)(ar +wp_)l’
2AWPQ(p% +p?) — (P? + Q%) (1 + A*w’p3 p*
+A(p+ — p-) (P 2)2<4 2, 2154 - )’
(1 - A22p%)(1 — A%w?p?)

(5.3.26)
where (A7, Ao) are the periodicities of the angular coordinates (7,0) and we have inte-
grated (p, q) simply in their range of definition (5.3.7).

Fefferman-Graham coordinates

To compute correctly the remaining terms, we need to bring the metric in the Fefferman-
Graham form [158], following standard literature (see for example [156, 157]), which is

dr?  ds?
g2 ~ I ds 5.3.27
5 S0+ 12 + r2’ ( )
where
dsy = ds{y) + dsfyy 7+ dsy r* + dsiyy r* + O(rY) (5.3.28)

and the leading contribution is (a conformal representative of) the boundary metric,
ds%o) = ds?. To this end we change coordinates as”

4 4
q= é — Z fi(x)r', p=x+ Zgi(x)ri ) (5.3.29)
i=1

=1

where all the functions except for fi(x) are determined by requiring the absence of mixed
(dr dz) terms in the metric’ and that the coefficient of dr? is 1. As an example, we get

P(x)
91(2) = —~ 1 Nil@), (5.3.30)
Az*Q(3;)
where the following identity holds
P —4 _ A2,2
QA = o) 2 <. (5.3.31)

- A2 p4 A4

In passing, let us notice that fi(z) defines a conformal class for the boundary metric, and
we expect that the finite terms are independent of it. For future reference, let us define a
specific boundary metric ds? given by

iy Q)

= 2
O fi(x)2(1 - w2A2x4)2d8b ’ (5.3.32)

4By inspection, we noticed that f5(z) and gs(z) do not enter in ds%3).
5In particular, for the procedure to be correct, we have to expand the metric until d5%5) and require
that the Ricci scalar of the metric in (r, z) coordinates is R(9) = —12 + O(r?).
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DA% A%PQ(L)P(@)
—P() [1+ A”P(z)]

do?

44 ) 1 wx? 2
(5.3.33)

The strategy now is to perform a mixed analysis, where the bulk integrals will be com-
puted in the original coordinate system (p, q), whilst the boundary ones will be in (z,r)
coordinates, taking due care to the Jacobian for (5.3.29). The bulk contribution is

ATAc
= ~T6n G4/ dp/ dgv/g (—12+6), (5.3.34)

where ¢.(p) is determined as follows. The expansion for p in (5.3.29) can be inverted order
by order to give

z(p,r) = p+Z Gip)r'+0(r°) = p—gi(p)r+ g1 (L) g1 (p) — g2(p)] P>+ . +O(r°), (5.3.35)

where the derivatives are taken with respect to p. From this mixed expression for x(p,r)
one easily gets ¢ = q(p,r) by inserting (5.3.35) in the ¢ expansion (5.3.29). Finally, we
define the limit of integration to be q¢.(p) = q(p,7)|;=.. From this computation we get
divergent terms, proportional to e 3,72, ¢!, and a finite contribution. The infinite parts

should be cancelled from the boundary, which gives

ATAC

P+ 1
g _ d (2 R0 _ K(v))
S + Sor ey /p_ plOpz(p, €)]\/7 | 2+ 2R

, (5.3.36)

z=z(p,€)

where 0,%(p, €) can be computed from (5.3.35). The divergent terms disappear in the
procedure and after some work we can integrate the finite part of the computation, finding

g _ Ao [ —q}  W(1-2Apgy) | wpP(l+16wA%!)
T ALGTG (1 - Apay ) A’QE (1 - Apg,)? L owtAT 5.3.37
A?[64p’ + 4w*p"P'(p) — [P'(p)]] P”(p)r+ L3 0450

(1 = w2AZp) 6 1, 7"

with Sr as in (5.3.26). We can now compute some interesting limits

e A = 0: despite appearances, after the result is made explicit by substituting P(p),
the expression is finite for A — 0. Moreover, it coincides with the on-shell action
computed in [96] in the self-duality case (N = M, P = Q). The CP renormalized
action reads

ATAc(ps — P-)a+ M
A=0: Sen= 87Gy w? [p2++p+p_ =+ pﬂ + a — (ﬁ
(P—Q)? N (P+Q)? }
2(qy —wpy)(ar —wp-) 2(qy +way)(ay +wp-)
(5.3.38)

+
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e [47]: the PD accelerating black hole studied in [46, 47] can be obtained as a sub-case
of (and analytic continuation of) the PD solution (5.3.1) and (5.3.2). In particular, a
possible NUT parameter should be set to zero, and we have to impose (see e.g. [148])

Nw A
N:—WAM, E:m+wMN

[(M? + N?)(=P? + a)w® + N*(P? — Q%)] .
(5.3.39)
With these conditions imposed we have

P(p) = (p*—1)| P’ —a—2AMp+ [Ag [P?— Q% (P? - a)w?] + oﬂ}p?] , (5.3.40)

so that the roots are taken to be p+ = +1 [159, 46]. Moreover, to compare with [47]
we identify

qi=ry, A=a, Q=-ie, P=g, M=m, w=—-ia, a=P>—1.
(5.3.41)

Summarizing, (5.3.37) is the most general on-shell action for the PD solution, it is very
general and is valid independently on the way in which the roots of P(p) are chosen.
Moreover, it is valid also when supersymmetry is not imposed, and thus is more general
then the result we will find using the equivariant localization formulas of section 5.2.

5.3.4 Supersymmetric Killing vector

In the next sections we will extensively use the supersymmetric Killing vector € for both
the PD and the CP solutions to compare the results for the renormalized on shell-actions
to the ones coming from equivariant localization. As a definition, € should be computed

from the Killing spinor ¢ as
e=eT"T,e0,, (5.3.42)

with I', defined in (5.3.10). Since for the PD solution we will not solve (5.1.3) for ¢, we
should use an alternative way to extract €. In particular we can obtain the supersymmetric
Killing vector using the boundary metric (5.3.33) and the boundary gauge field

Ap(PwAp? — Q)dT + (pP — QwAp3)do

A = 5.3.43

obtained from (5.3.2) with ¢ = (Ap)~!. Following [48, 49|, we write the boundary fields
as

ds; = f2dp? + hi1do? + 2h19dodT + hpod7?, v? = hyy + 2whyy + W2hi,, h = det(hy;),

. —U3 1 ]’LH h22 MP—NQ NP—MQ
Y= [%ap (?) do =0, (F) dT} oA =00 TP Q2)dT(’5 -

with f, v and h;; being function of p only. In this formalism, the supersymmetric killing
vector reads®

€x X Oy + WO, , (5.3.45)

6The overall normalization does not play any role in the following discussions.
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and by comparison we obtain the relative weight w as

Ap aw(2AMN p? + wp?) — Ep(N?p + w?P?u) (5.3.46)
w = 3.
W(MQ — NP)2ANPp + w(MP — NQ)u + 22AP>(MQ — NP)p’

where for convenience we defined p = P? —@Q? and p = M? — N2. This formula still needs
to be evaluated on the supersymmetric relations (5.3.15) or (5.3.16). In the simpler case
of (5.3.15), we get
1 MP—-NQ
A#£0: —_— 5.3.47
700 V= NP Q" (5.3.47)
which is ill-defined in the limit A — 0. Using instead (5.3.16), we obtain a complicated
formula which reduces to

A=0: w=+a. (5.3.48)

We will confirm this last result in section 5.4.1, when we construct the Killing spinor e
for the non-accelerating solution.

5.4 The Carter-Plebanski solutions

In this section we focus on the CP case, which is obtained by setting A = 0 and w =1

n (5.3.1)-(5.3.4). Due to the symmetry of the CP solution, we will be able to complete
a general analysis, including the construction of the Killing spinor. The CP solution is
given by

2 _ (2 .2 dg? dp? 1 2132 21 \2
dsy = (¢"—p ){Q(q)+_73(p)}+(q2 —7 [Q(q)(dTer do)?>=P(p)(dr+¢*do)?|, (5.4.1)
and the graviphoton
A= pIZ—Qd L L (5.4.2)
q* — p? q* — p?

The metric functions coming from (5.3.4) read
P(p) =p*+Ep*—2Np—P*+a, Qlg)=q¢'+E¢ —2Mq—Q*+a,  (54.3)

where the high symmetry in (p, q) is now evident and allows for a general analysis. The
main difference with respect to the accelerating case is that the conformal boundary is
now located at infinity, so that

¢+ <qg<+oo, p <p<p;. (5.4.4)

When A = 0, the parameter N assumes the interpretation of a NUT parameter [148] and
N = 0 becomes the condition for having a (possibly) regular Lorentzian signature (see
also (5.3.39)). In [3] a complete study of the case N = 0 is performed, but here we are
interested in the general situation. Henceforth, from now on we assume N # 0, referring
to [3] for all the details.

Firstly, we continue considering local aspects and we construct the Killing spinor ¢
solving (5.1.3). Global issues will be addressed later on.
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5.4.1 Local Killing spinors and reality of the solution

Recall that the supersymmetry conditions (5.3.17) for the Euclidean CP solution (with

w=1) read
2

N
MP=NQ, E=-—7 +2/a. (5.4.5)

The solution presented in [96] corresponds to the sub-case in which P = @) and N = M
by regularity of the metric, so that = 0 identically (see (5.3.13)). As we will discuss, we
are in the general situation for which €2 = 0 is a constraint for having a supersymmetric
solution. Using these expressions to eliminate M and F in favour of the other parameters,
the metric functions (5.4.3) factorize as

P*P(p) = P_(p)P+(p), P*Q(q) = Q—(q)Q+(q), (5.4.6)
where
Pi(p) = Pp* F NpF P>+ Pya, Qi(q)=P¢*F NqgF PQ+ Pya. (5.4.7)

Writing the four-dimensional Dirac spinor in terms of its chiral components €. as

e = (5+) (5.4.8)

E_

and employing (5.3.10), the integrability condition (5.1.4) can be used to relate e_ to .
In particular we find the relation

(XT+Y e, + (X +Y )e =0, (5.4.9)

where X* and Y* are 2 x 2 matrices with non-vanishing elements

2[P(p) — Q)] +(p*q) [2(29 To)lg£p)?-PFQI—Plp + Q’(Q)}

iz == A(p £ ¢)*/~P(p)/Qq) ’
e, AP - Q@)+ 0920 F ) [0+ PF Q- P() £ Qo)
S 4(p £ 9)*/~P(p)/Qa) ’
(5.4.10)
and
vi_ FOPEQ) < Fi//QMe) 1/ —P(p)> (5.4.11)
2(q £p)*\/¢® — p? F1/v/—P(p) +i/\/Q(q) ) o
Using these relations it is easy to construct the Killing spinor, that is
—iy/P_(p)v/Q-(9)/Va+p
o —iVP (D) (D/VIFP | ik(r+vao) (5.4.12)
(P)\/P_(p)v/Q+(a)/Va—p ’
(P)\/P+(p)v/Q-(a)/Va—p

where (P) = P/vP? € C\ {0} and ¢ € C a normalization constant. Notice that it
takes remarkably the same (implicit) form as in [96], and is then the most general form
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of the Killing spinor for the Euclidean CP solution even when M # N and P # ). This
construction explicitly shows that the CP solution is 1/4-BPS and, as anticipated, we
have

e =T, = 1 (Vad, +0,) (5.4.13)

accordingly to (5.3.48).

Before tackling the regularity of the metric and the spinor, let us express the param-
eters of the solution (5.4.3) in terms of the real roots pi and ¢, as done in the previous
chapters. Specifically we introduce three signs such that

(n,6,\) ==x1, Pulpy)=0, Psp-)=0, Qx(¢s)=0. (5.4.14)
Using these expressions we get”

(p+ +p-)(py +0p_) +nP(0c — 1)

N =nP ,
D+ + -
Ja = o =P )Py +2<fp—)2+ pp- (i —P2)
by —p-
0- NS D (@5 + opyp- — q(py + op_)K] +nPlopy +p_ + kog(o —1)]
Pt +p- ’
(5.4.15)
where we have introduced also
o=n6==x1, k=n\==£l. (5.4.16)

The sign ¢ will acquire the interpretation of twist, meaning that ¢ = 41 corresponds
to the twist or the anti-twist realization of the supersymmetry through the spindle bolt,
respectively [42]. Diversely, the sign £ = £1 will lead to different branches of the solution,
generalizing [111, 96].

For each value of the signs 7,  and A, it holds

2(py —p-) [N + p4 (4 +p_)2}
Py +D-

Plp.) = (5.4.17)

Y

where recall that p, +p_ > 0 from the scaling symmetry. A necessary and sufficient
condition for this to be positive (as required by the signature of the metric) is N € R,.
When 0 =1, 0 < N = (py + p—)nP from (5.4.15), and we conclude that

c=1: PeR, n=signP. (5.4.18)
In the case ¢ = —1, from
nkP 2 2
c=—-1: N= (p5. —p2) —2nP], (5.4.19)
o L% ]
"In writing the following formulas we assume py +p_ > 0. The p; = —p_ case is treated throughout

section 5.4.2.

97



we see that in order for N to be real and positive it is necessary that

PeC = Re(P) = —"——, n=signRe(P),
o=—1: 4 (5.4.20)

PeR =0<nP< n =sign P.

5 )
When P € R, which can happen for both ¢ = +1, all the parameters of the solution are
real from (5.4.15). Then also the metric and the gauge field are real. However, only for
o = —1, P can be complex with its real part fixed by (5.4.20). However, in this case one
can verify that the parameter F and the combination —P? 4+ « appearing in the structure
function P(p) in (5.4.3) are nevertheless real. Instead M and —Q?+ « are complex, unless
the real root ¢, satisfies the further condition ¢, = p, with x = 1. Finally, @ € C iff
pPeC.

Summarizing, for ¢ = 1 the solution is real, whilst for 0 = —1 the function P(p) is
always real but the metric remains complex except if ¢, = p,. This sub-case corresponds
to the solution presented in [96], where the metric was always real but the gauge field can
be complex if P (and therefore @) is complex.

5.4.2 Global analysis: metric

Having established the local form of the solutions of interest, we now examine their global
properties. As explained in section 3.5.1 and 4.2.1, when studying the regularity of a
metric it is useful to choose coordinates adapted to the degenerating Killing vectors near
the fixed points p4 = (p+, ¢4 ) and, as usual, the introduction of patches UL covering My
is needed. Indeed, a generic Killing vector K = a;0,+ + a20,+ of the metric (5.4.1) has
norm

—(a1 + a2¢*)*P(p) + (a1 + asp?)*Q(q)

¢ — p?

and since it is the sum of positive quantities, they should be nil separately. We then take
K, = (¢30:+ — 0,¢) and Ky = K, = (—p10-+ + 0,+), which degenerate at ¢, and at
p+, respectively®. These Killing vectors can be conveniently written as K,, = b and

K,K" = : (5.4.21)

Ky = Oz, with again (6F,05) on U, if we change coordinates as
Ur: 75 =¢0f —piby, o =—0f+0;. (5.4.22)
Since the Jacobian of (5.4.22) is qi — p%, the periodicities are related simply as

ATTAct = A7 Ao = (¢F — p2)AGT A = (¢F — p2 ) A0T AG; . (5.4.23)

8Notice that if we take a; = 0, then or az = 0 or ¢, = p+, which are both degenerate cases. Similarly
it happens if we start with as = 0, so we continue assuming a; # 0.
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In these new coordinates (g, p, 07,65 ), the four-dimensional metric reads

2 2 2 2 \2

¢ —p* 5 (@ —piL)PW®) 0 2

———dp” — d(65)” + ——d
d0i2q2_q2 _2q2_p2 dGidOi

g — gy ;_; 2 )0t do3

2 2\dpE 2 2)dpE 2
) 22+(q2+ p*)dor ] o).
pT—q

¢ —p?

Ui . dsi =

P(p) (5.4.24)

This form for the metric (5.4.1) is the most convenient for our purposes. Indeed, as
we shall impose later, there can now be a single angular coordinate which degenerates
at ps, namely ¢y = @, with ¢F = (2r/A#F)0F. Then, the first two terms in the first
line of (5.4.24) can have the topology of a spindle. We will start analysing the boundary
metric, as it is necessarily simpler than (5.4.24). After imposing M3 = L(t, 1), that is
an (eventually branched [49]) lens space, we will come back to (5.4.24). We will have
practically for free that the boundary topology results in a (complex) line bundle over
the spindle, namely My = C/Z, — O(—t) = [n_m.]- Indeed, loosely speaking, we can
view the bulk topology as My = (R?;)/ZU X S(lm)) S fmomy] = R&)/ZU x Ms. Finally,
we will show the regularity of the Killing spinor (5.4.12), both in the bulk and in the
boundary.

Metric at the boundary

The boundary metric can be obtained as the ¢ — 400 limit of (5.4.24), or alternatively
by setting A = 0 in (5.3.33). We get

2 2 _ 22
Uy: ds?= dp _ (¢ —p3)°Pp) d(62)?2

—P(p) (¢f —p*)*—P»)
2 92 L, (@ -P)0 =) +PWD) . ’
+ [(Q—i- p ) P(p>] (del + [(qi _pz)g . P(p)] ng)

Notice that the boundary metric (5.4.25) contains only the function P(p) and is therefore
real as a consequence of the discussion at the end of the previous section. We now zoom
in near the zeros of P(p) introducing a new coordinate Ry

(5.4.25)

7)/ 7)/ 2
vn p=pe- TP g~ any e PO a4 (@ -
(5.4.26)
If we manage to impose
/
2
v, P gpi)’Aegﬁ - m—i (5.4.27)

the base of this fibration in (5.4.25) can assume the topology of a spindle f,_ ., for
some co-prime positive integers m., with

m_>my = (¢} —p3)P'(p-) + (¢} —p2)P'(p+) > 0. (5.4.28)

We will refer to this spindle as I ma since its shape is different for different values of
¢, but the topology will remain the same, i.e. the volume is a function of ¢, but the conical
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deficits remain the same along the flow. We stress that in the boundary the spindle is
a topologically trivial cycle, but nevertheless we will see that it plays an important role.
Indeed, with reference to the two dimensional base

Ur: o ds? dp? (¢ —p2)*P(p
‘ (

T Pl (@ -pP-P

) +\2
5d5)?, (5.4.29)

it can be seen that

VISR = (&~ 3@~ ) [P+ (@~ 2P0 [ -2 -] .
(5.4.30)

and as a consequence

P+
N (5.4.31)

pP—

P'(p)
qi —p?

Us i/ apdot g R = T
Foap ) TRV =TT g

This computation must agree in the two patches Uy, and using (5.4.23) we see that
necessarily A0 = Af;. In turn, this implies

1 _
E/ dpdbF /g R _ = Moty X (5.4.32)

m_my

where x is the (orbifold) Euler characteristic of the spindle. Then, with (5.4.27) and

Al = AGf = A0, (5.4.33)
the metric (5.4.29) represents indeed Fr?),,,er]‘ With these conditions imposed, it is also
useful to introduce

A= (g —p1)A0T = (qF —p2)A0; (5.4.34)

in terms of which (5.4.27) is rewritten as

Pl(pi) A = 2_7T

+ = )
2(¢% — r3) M

(5.4.35)

Finally we have to require that the fibration is well-defined in the orbifold sense [42], that
Is

1 2 ( (¢} —p*)(p* — i) + P(p) ) t
— d( + d0f | = —— ., teN, 5.4.36
2m /oo Ab, [(¢% —p*)? = P(p)] 2) = m_my, ( )
from which
2 .2 AH:I: 2 .2 A
Up: t= m_m+er PP 4= m_m.y Pr —P- (5.4.37)

¢ —p: A6, (@5 —p2) (g5 —p3) Aby

Notice that combining (5.4.23), (5.4.33), (5.4.34), (5.4.35) and (5.4.37) we can write

_ 2 —p? 4m)2 p2 —p?
ATEAGE = AG A = 1= A2 Py — P _( +  (5.4.38
3 ey R a7 =7 o M)

where the last two expressions are valid only for ¢ # 0.
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When ¢ = 0, the boundary is generically a direct product x S'. Since t o< (py +
p—), we can study separately the case where p, = —p_ = r. Indeed, the discussion
around (5.4.15) assumed py + p_ > 0. We can repeat now that analysis, requiring a
priori t = 0. We find

c=+1: N=0, Va=-r"+9P, Q=g —r*+nP),

(5.4.39)
——1: N=0, P=0.

We see that t =0 = N = 0, but the vice-versa is not true. Details of the case N =0
can be found in [3].

Let us conclude this section by working out explicitly the coordinate change between
U, and U_ from (5.4.22). To this end it is useful to write the Killing vectors expressed
in the two patches

2
- -t
K, - 8 - = 0y+ ,
q2 —p2 @ = €
2
Kp, =9, = p+ p- o+ + q+ p* 89+ ,
2 q p+ Q+ p+
which follow from s 2
p+ j + 93— _
9 =0, + 5——=0, 05 = 2 505 . (5.4.41)
iyt -

These can be rewritten introducing 27-periodic coordlnates

2 L +_ 2T

gOit = A_Hlel s ©a Aei 0;:, (5442)

and using (5.4.33), (5.4.34) and (5.4.37) to obtain

t
=T > T =0;. 5.4.43
¥1 Y1 + m_my P, Po '2) ( )

Thus we can define

P2 =¢f =y, (5.4.44)
which is identified in the gluing and use it independently of the patch U,. Notice that
when p_ = —p,, i.e. when t = 0, we can always choose 0] = 0, = 6, and 05 = 0, = 0,

from (5.4.41). This is the reason for which, for example in [96, 47|, it is not needed the
description in patches.

Metric in the bulk

We now come back to the bulk metric (5.4.24). The situation is summarized as

Q(g) >0, P <0, ¢>p°,

) ) (5.4.45)
P-<p<pyr<qy <q, q.>pi,

where the range of p and ¢ is in general disjoint. Indeed, the point p = ¢ = p, = q4
contains a curvature singularity unless M = N and P = (). However in this case we would
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fall into the analysis of [96], which exhibits a four dimensional metric with the topology
of the ball, i.e. with a single nut in the bulk. Thus we continue with @) # P, N # M and
q > p.
Noticing that for ¢ = ¢, the second line of (5.4.24) is zero, we argue that (p, 65 ), when
q is fixed at ¢, are again the coordinates on (a different shaped) spindle ?;L_ mal- Since
a+

¢+ is the position of the bolt, we will refer to this im_m,] 85 @ “spindle bolt”. Near the
points (p+, ¢4 ) we use

Q'(q+) 2 P'(p+) 2
Ur: q=q¢+——"55-R", p=pr— —55-RL, 5.4.46
ISRt ) AHE- 440
on (5.4.24), obtaining at the leading order
/ 2 RQ
Up: ds° ~ dR*+ %R%(fo +dR3 + —-dys, (5.4.47)
4+ Pt 4 mi

where we already used (5.4.42), (5.4.44) and (5.4.27). Locally this metric describes C/Z, x
C/Zy,. , once we impose
Q'(g4) 2

——Al = — 4.4
5 61 t (5.4.48)

which is the analogous of (5.4.27) and recall that Ag; = AGF = Af;. Summarizing,
equations (5.4.35), (5.4.37) and (5.4.48) are “quantization conditions”, which we will study
in detail in section 5.4.5. Thus we have that the (real-valued) spindle bolt metric is the
first line of (5.4.24) in ¢ = ¢4
v, 4 — B ge (@ _pgl:)27j(p)d(92i)2’
“ =Pl ¢ —p

(5.4.49)

and indeed we have again that y =y .
We conclude this section by considering the collapse of the metric at ¢ = qg > ¢ fixed.

To zoom in near p; we moreover use p = py — qu;—fz)Ri for which (5.4.24) becomes
0
R2 s (2 —p2)?
, 2 ~ 2 + + + Py +£)2
Ui : ds |q:q0 p—Tpi dRi + in (ngQ + ci(qg)dgl ) + qg — pi Q(Q(]>d(01 ) s (5450)

where c4(qp) is an irrelevant constant that goes to zero as qo approaches ¢;. Then, the
regularity follows from the previous conditions imposed to the topology of the boundary.

5.4.3 Toric data and equivariant localization formulas

The global analysis performed in the previous section allows us to provide a description
of the orbifold My = C/Z, — O(—t) = m_m,] in the framework of toric geometry, as
explained in chapter 2. As for the solutions AdSp_4 x My with D = 6,7 of the previous
chapters, we do not find a closed symplectic two-form. Nevertheless, following section 2.3,
we will be able to extract all the relevant toric data. We start defining the loci/hatted
divisors (see section 3.5.1)

51:D1:{p:p+}a 522152:{61:%}7 /532153:{13:]0—}; (5‘451)
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where £, 3 are non compact whilst £, defines the bolt, and it is indeed compact. These
meet at the two fixed points

p1 = {P+7CI+}7 P2 = {p*7Q+}7 (5-4-52)

where by convention we take £, to be the one that joins p, 1 and p,. As explained in
section 2.3, we can use (2.3.2) and (3.5.12), namely,

Opl8al?0"|al®

a:_)a' EaE ;
5 v ( 1 2) 4|£a’2 .

=1, (5.4.53)

to extract the (non-primitive) vectors of the fan ¥, € Z?. Choosing as an effective toric
basis’

’
Ur: E1 =04 = 3@[ , Ey=04, = Qo; + —:Fa(pli , r-m_+rymy =t,  (5.4.55)

mt
the normalized Killing vectors read
Tl (9 = 70)
= ——(p10- —0p-) = 0,- — 0,-
& —P'(p+) % )= % mym_ ¥
=myEy+ Ey(myry —t)/m_=m Ey —r_Ej,
U_: 2 ) (5.4.56)
£ = I (¢30-— — 05-) = v0,- = vE,
2 2
63 = Pl(p_) (p_an - 8(,7) = m_(?@; = m_E2 + ’I"+E1 .
From the relation (5.4.53) we extract the following non-primitive vectors
Uy =(r_,—my), vUs=(v,0), U3=(ry,m-), (5.4.57)

which generate the non-compact polytope in figure 5.1a. From (5.4.56) we see immediately
that when ¢ = 0 the polytope is an open rectangle as in figure 5.1b. Notice that when ¢ = 0
the integers r4 in (5.4.54) loose their meaning. In particular, all the various formulas are
applicable by simply setting r+ = 0. The polytope 5.1a is the same described in [83] as
the “blow-up” of C/Z; (see figure 2.2¢), and from a supergravity point of view it is the non
compact version of the solution presented in chapter 4, with the first facet therein is sent
to infinity. As anticipated, v is a label for Lo, whilst £, 3 are (in general) standard toric
divisors. As pointed out in 3, one can create singularities along £, 3 as well by tuning the
value of the parameter ¢t = r_m_+r;m, . Indeed it is easy to see from the vectors (5.4.57)
that, for the “symmetric” case t = tmy m_, the labels are m, = (m_,v,m,). We will
demonstrate this statement explicitly in the next section.

9In principle one could be tempted to define Ezi = 04+ . However, working out the explicit change of
coordinates ,
Us: @f =¢1 miicbét . pa=0%, (5.4.54)

and using the transition functions (5.4.43), one deduces that (;SZF =¢; = ¢;.
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Figure 5.1: labeled polytope associated with normal vectors (5.4.57). The normal sin-
gularity C/Z, shows up as a label in the polytope. Fig. 5.1a is valid for ¢t # 0, whilst
Fig. 5.1b is for t = 0.

Having constructed the polytope in figure 5.1, we can present an explicit formula for
the equivariantly localized action (5.2.7). Indeed, using (5.4.57) we have that the action
takes the suggestive form

com | 1 s \? o oc\?
Io -she ) = - |: < - — _) - ( _> :| ; 5.4.58
shenl (0, 2) SGao Lm_ g 3 . By + 3, ( )
where ¢jc5 = 0 and we have defined the (a priori complex) variables
2 1 m4 9 2 t
B:I: = 5 <7 + ’I":F> s m_ﬁ_*_ — m+/6_ = ; . (5459)

In (5.4.58) the dependence on z is particularly simple and we expect that this form should
be suitable for comparisons with large N calculations in the dual field theories.
Entropy functions for supersymmetric black holes

The t = 0 case is particularly relevant for supersymmetric black holes. This corresponds
to the rectangular polytope in figure 5.1b, and may be obtained from (5.4.58) simply
setting r;. = 0 = t. The resulting expressions for the twist and anti-twist read

2 2
o=t ) -~ (B ) s (2 ) im0, (5460

° C8G, L\m_ vz me oz
wie T [2 11
g = 1: Ictvﬂ'—sflell(z) = 8_C;4 |:; + Co (Tn—+ — m—) Z] s t = 0 (5461)

It is then straightforward to see that the two expressions above reproduce the gravitational
block form of the black hole entropy functions for minimal d = 4 gauged supergravity,
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proposed'? in [52]. Indeed, defining

_ — _ 1
u:m++0m ’ Qw_uzz_7 (5462)
dm_m, 2m_m. v
we have!!
2
LS (2) = F* (i, 2im) = = [*’i + an} LI (2) = F (g, zm) = 29,
Gyl z G,
(5.4.63)
with .
F=7(p,zm) = ~ [fs(so +nz2) —oF3(p — nZ)] , (5.4.64)

where F3 is proportional to the S3 off-shell free energy of the ABJM theory (cf. Table
2 in [52]) and 0 = +1 is as usual for the twist or the anti-twist, respectively. Notice
that for the twist on the sphere, with ¢co = ¢; and m_ = m, = 1, the on-shell action
does not depend any more on the supersymmetric Killing vector, and the result is simply

I = 7T/<2’UG4).

5.4.4 Global analysis: gauge field, Killing spinor and Seifert orb-
ifolds

Let us come back to the study of the regularity of the spinor (5.4.12), both in the bulk and
in the boundary. Throughout this section, we will emphasize how the boundary geometry
is affected by the bulk. In particular, even if the spindle ., is a trivial two-cycle from
the view point of the boundary, its informations (the integers m. and the type of twist
o = +1) are already contained in the supersymmetric geometry (namely the boundary
metric ds(23), the boundary gauge field Ay and the boundary Killing spinor x(s)).

Gauge field and Killing spinors in the bulk

We start with the bulk analysis, in which all possible free choices will be fixed by the
procedure. The analysis is divided into two parts: firstly, we pick a gauge in which the
graviphoton (5.4.2) is regular on the spindle bolt, then we choose an adapted frame in
which the spinor is smooth and well-defined:

1. In the patch Uy which contains p. we perform the gauge transformation
Uy : A=A+ q .Qdof — pLPdb;, (5.4.65)

so that A’ (¢,p+) = 0. Notice that we do not have any freedom in choosing this
gauge transformation. Indeed, near the poles of the spindle bolt, both ¢ and ¢,
are ill-defined and must be subtracted from the gauge field. Correspondingly, the

10T hese expressions have been proved in supergravity using different methods, considering near-horizon
geometries with a spindle factor [81, 82, 83, 92]. See also [160] for a discussion in the context of higher
derivative supergravity. In the dual field theories these are reproduced by the large N limit of the spindle
index [50].

VWe have adapted the overall normalization and inserted a v factor, to compare to our results.
Moreover in both cases co = —1.
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spinor (5.4.12) acquires a phase. Summing up the contributions, the overall phase
®. in the 27-periodic coordinates ¢ can be written as

204 PQ+N(gf —va) A8, 2pPQ+ N(pi — Va) Ady
- 2P o F1 2P on ©2
AQ(q) A . pP(p) A A L pa

1 ox 1 2r 2T Ton,

Ui . q)i

9027

(5.4.66)
where we have used (5.4.42), (5.4.44), (5.4.6), (5.4.7) and (5.4.27), (5.4.48) in the
last step. Moreover we have introduced the sign p, defined as p, = n and p_ =9,
so that the product p;p_ = nd = 0. The fact that (5.4.65) is the correct gauge can
be seen from (5.4.66): whilst the original phase of (5.4.12) is real, the coefficients
of @ are rational numbers;

. Next, we notice that the frame (5.3.9) is singular at the poles of the bolt. It is
therefore convenient to write the frame in ¢;° coordinates and focus on (g4, p+) by
means of (5.4.46). We obviously obtain (see (5.4.47))

. a Ri R +
Uy : ¢~ {$dRi,m—id<p2,;dg01 ,dR}, (5.4.67)

where the sign in e! is due to the fact that approaching p, (p_) the coordinate p is
increasing (decreasing), while Ry is decreasing (increasing). A well-defined frame
on the spindle, in the patch UL, is given by

Us:  (8Y) +i(e?) = d[¢Ri exp (zpiﬁ)} = exp (:Fiﬁ) (e' +ie?), (5.4.68)
m4 m4
which is obtained by means of a U(1) ~ SO(2) rotation. Similarly it happens for the
transverse part described by (e, e), so that the whole SO(2) x SO(2) transformation
1s

et cos (Fpy/my) —sin (Fo,/my) 0 0 el
e )\ [ sin(Fpy/my) cos(Fey/my) 0 0 e?
e |~ 0 0 cos (o7 /v)  sin (@7 /v) e3
et 0 0 —sin ((p?/v) Ccos ((p?/v) et
(5.4.69)

Since under a transformation of the vielbein é* = exp(A%) e’ a four-dimensional
Dirac spinor 1 transforms in the spin representation as 1)’ = exp(1/2X\%T )9, with
the I', given in (5.3.10), we have that the four dimensional spinor (5.4.12) becomes

: + + + +
U, - gzeXdeiag{iﬁ T O R e 90_1}}5'
m4 v m4 v m4 v ma v
(5.4.70)
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Explicitly, summing the contributions from (5.4.66) and (5.4.70), the spinor (5.4.12) in
the regular gauge and frame reads

_i\/r(pgﬂ)@—(q)eé e F o el
£ EWOPeT ) = (P) p(pi_pg+(q>e;[*tlw%ﬁi;m] -
P) J?T(p?ﬁpgf@e%[*;lwf?pmrwz]

We can now see that the spinor in (5.4.71) is smooth everywhere by noticing that, at the
fixed points, it can be written as

\/ —(p£)/Q—(q+) ( )(1+>\ e%[)‘zl i

Va++p+

)
Wﬁ;ﬂfﬁ( —n)(L =)

Va++p+

<P> \/73 (p£)4/ Q+(q+) (1+77>

(1-))
Vat+—p+ o
(P) VPO ) (g1 4 )

Va+—p+

J

i A n+1

o=1: (qs,ps) = (5.4.72)

+__n—1 ] )

A~ |

n+1

iimi 2]

or

/P / l — :l: +n—1
\]Ziﬂ& ) (TEn)(1+A 62 v AT g

)
ﬁm;ﬁm:( m(1 - Netl”

c
o=—-1: &(qs,ps) =~ Var+pt 1
e e g gy
irA—1 :E +n+1
<P> \V P+(p£)/ Q- (g+) ( )(1 +/\)e§[ o

v :F mi
Va+—p+

En+1
m4

I 2]

w\u

:tnl

2]

2]

(5.4.73)
It is evident from the above expressions that, for a fixed choice of the signs (1, A), the
single component of the spinor which is non-zero does not contain any phase. Choosing
for example the roots ¢, and p, such that P, (p.) = Q,(q+) = 0, which is realized by
fixing n = A = 1, we see from (5.4.72) that all the components are zero but the first,
which however does not depend any more on (¢}, ¢,). In the twist case this example is

equivalent to
VPV (ay)

Va++p

oc=1: &(q,ps)=c 0 . (5.4.74)
0

0

Notice also that these spinors are regular at the location of the bolt ¢ = ¢, without
moving to its poles. Indeed the ¢F are cancelled in the non-vanishing components by
requiring Q+(q;) = 0. Moreover equations (5.4.72) and (5.4.73) show that the spinor has
the same chirality at the poles of the spindle in the 0 = 1 case and opposite chiralities
when ¢ = —1. In turn, this explicitly shows that (¢ = —1) ¢ = 1 corresponds to the
(anti-) twist realization of the supersymmetry on the spindle bolt [42].

We end this section by writing the spinor transition function coming from (5.4.70),
obtained by the composition of the transformation on U, and the (inverse) transformation
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on U_

i t t t t
exp{%diag{x — /U ,—X T /U Y —i—L,—X —i}], (5.4.75)

m_m.y m_m.y m_m. m_m.y

where we have used (5.4.43) and (5.4.44). Notice that this transition function is valid
for both the twist and the anti-twist set-up, as for example in [46, 52|, even if only x
appears.

Gauge field and Killing spinors at the boundary

The gauge field Az and a Killing spinor x(3) induced at the boundary are obtained
from the ¢ — 400 expansion of (5.4.2) and (5.4.12), respectively. In particular, in the
gauge (5.4.65) the boundary gauge field A3 = pPdo reads

;NG A P(p—ps)
Us: (Ag), = 5. (@ — pP)dgy + %md%- (5.4.76)

Using the three-dimensional vierbein induced from the bulk (5.3.9), namely

dp R4 JAN
a =3 /= do, (d 2d ~ dRy, —=d 2 _p2)=det
ty ={ g VPWHe r ) = {FdRe, e (6 -p1) 5 et}
(5.4.77)

the boundary spinor is [96]

P_(p)\ i2ersite,) P_(p)\ mretrote,)
Us - Tl = 2L F g 92 5.4.78
+ X(3) ( 7:'+(p)> e 50) e ( )

Here we have used the definitions p, p_ = 0, kK = 9 and introduced the symbol o = np
which is 0, = 1 and 0_ = 0. We emphasise that since we used the same reqular gauge
for the bulk and boundary gauge field, the phase of the spinor is the same as in (5.4.66).

We now show that this boundary spinor is well defined, in each patch. Since, as
in (5.4.67), the boundary frame (5.4.77) suffers from singularities at the poles p = p1, we
perform on 62’2 a rotation analogous to (5.4.69)

3)
G\ o8 (Fea/ma) —sin(Fp/ma) O\ (€l
U : ?gg,) = | sin(Fey/ms) cos(Fey/ms) 0 egg) : (5.4.79)
€(3) 0 0 1 es)
The corresponding action on the spinor'? is given by
4192
) , B e 2my 0
U:t : X(S) = ( 0 eq:é:si> X(g), (5480)

12\We are using the standard Pauli matrices o4, a = 1,2, 3 as a basis of the three-dimensional Clifford
algebra since they are inherited from (5.3.10).
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so that at the two poles we have

c=1: X)) =
(5.4.81)

N
‘@
@
_|_
3

Je' TT eddet
—n)e >
1<\/—()1in)6 e )
2\ /Pr@)(1 Fn)e s me

which are always well defined, by an identical argument as for the bulk. We then conclude
that the transition function for the boundary spinor coming from (5.4.80) is given by

ix ¢2
(62 Y ) , (5.4.82)
O e 2X Y2

which is the same as that for the spinors defined on a spindle [42]! This might be surprising,
but it is a direct consequence of the regularity analysis at the bolt.

o=—1: Xylpz)=

Seifert orbifolds

In this subsection we collect all the properties of the boundary geometry (g(s), Ay, X(3))
to compare them to the Seifert orbifolds studied for example in [48, 49] from the point of
view of rigid supersymmetry. The main difference between [49] and the analysis we will
report here is that if one thinks to the boundary data (gs), A(s), x(3)) as “disconnected”
from the bulk ones, more degree of freedoms are present in the boundary. Vice versa,
if the boundary data comes as a limit of the bulk metric, gauge field and spinor, there
exists a mechanism which informs the boundary about the properties of the bulk. Loosely
speaking, in our context, M3 does not depend any more on the coordinate ¢ and as a
consequence the angular variable ¢, is well-defined in the boundary, whilst it is ill-defined
at the location of the bolt ¢ = ¢,. To show this, we will not use the the local coordinates
(¢F, py) any more: indeed the toric coordinates (¢y, @) introduced in (5.4.54) are more
appropriate as they describe correctly the effective action of the torus.

Metric First of all we look at the metric in (41, ¢2) coordinates. These are the appropri-
ate coordinates to study the singularities of the three-dimensional Seifert orbifold [161, 42].
More precisely, the metric near to the poles (5.4.26) takes the form

R? 2 —p2)A; 2
Uy: ds? ~ dRi+—§d¢§+<M) <d¢1irid¢2> . (5.4.83)
PP+ mi 2m my

It is now straightforward to introduce complex coordinates adapted to the poles, namely

P22 2 _p? AG i I
Ut : Zi—Riemi, fi:%e(%imi@)’

where z; are local coordinates on the base and fi on the fibre. Performing a 27-rotation
along both ¢; and ¢, we have the following identifications

(5.4.84)

2mim iQﬂimr:F
Ug: m- (Z:t, f:l:) = (e mE zy,e M f:l:) , (5485)
with m € Z,,,. The analysis now splits into two cases.
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e gcd(rg,my) = 1: the action is free, the three-dimensional space is smooth, and in
particular it is a lens space L(m_r_+myr, =t,1). Notice that we can rephrase this
statement by saying that the boundary space is smooth if and only if ged(¢, m4) = 1.
Indeed given that the Bézout’s lemma holds and ged(m_,m,) = 1, we have that

ged(t, my) = ged(re, my);

o ged(ry, my) # 1: we can parameterize ry = ky7z and my = kymy (with also
ged(ky, k=) = 1) so that ged(t,my) = ged(r¢,my) = kx > 0. Then we can act
m = m4 times on (5.4.85), and the result is

U:t . mi . (Zi, f:t) = (e%zi, fj:> . (5486)

This explicitly shows that there is a Zj, sub-action which leaves the fiber fixed and,
in turn, that the three-dimensional space is an orbifold, with conical singularities
near the poles py of order C/Zy_, respectively. In terms of the lens space parameter
t, we can state that the space has a singularity ged(t, m+) near po. Of course one can
also have a singularity at a single pole if one among k. is one, but in the symmetric
case with both ki # 1 the validity of the Bézout’s lemma implies ¢t = k_k,¢. This
configuration corresponds to the branched lens space Ly, g, j(k_k4t,1).

Gauge field and spinor In these coordinates, the boundary gauge field (5.4.76) and
the three-dimensional Killing spinor (5.4.78) read

VAN

Us : (Ag), =5 (¢+Q — pP)d¢,
1 (tq; —p3)(p—ps)P
(U202 (4, @yt~ rams) ) o]

m-_my Py —p-

(5.4.87)
where we have used (5.4.37), and
P_(p)\ Blze "5

U : = et vmy TR 5.4.88
+ X(3) < 73+(p)> ( )

Following the steps outlined in (5.4.66), we can easily show that the transition functions
for the gauge field (5.4.87) (or also (5.4.76)) across the patches U, and U_ are

L[ptm_+p my t/v ] n {m +omy t/v
A —(A = _{ Y doy = = — dos .
( (3)) -~ e ) 2 m_my m_my 02 2L m-omy " m_ms Z

(5.4.89)

Notice that this formula is perfectly valid also when ¢ = 0, for which the boundary is

x S! and contains the spindle as a non-trivial two-cycle. The transition function for the
spinor is essentially unchanged with respect to (5.4.82) since ¢y = ¢, namely

G s

Formula (5.4.89) shows that the choice of the sign o, that will determine the type of
twist for the graviphoton field in the bulk (see (5.4.112) below), is already captured by

110



the boundary geometry. Similarly, from (5.4.88) (or even more explicitly from (5.4.81))
one can see that for & = 1 the spinor has the same “transverse chirality”'® at the poles
p = p4 of the Seifert orbifold, whilst for ¢ = —1 it has opposite chiralities. We therefore
refer to the choices o = +1 as to twist and anti-twist for the Seifert orbifold. Again, even
if the transition function for the spinor seems not to be affected by o, the boundary spinor
itself has a dependence on it. In particular, we emphasize that the mechanism by which
the bulk “informs” the boundary is through the regularity of the gauge field at the bolt,
which then determines a preferred gauge at the boundary'*. This is the same idea that
has proved crucial in the context of supersymmetric black holes, put forward in |[73]. In a
context analogous to the present one, similar observations were made in [111] and [161].

We can now make a comparison with with the rigid supersymmetry results for a large
class of three-dimensional Seifert orbifolds analyzed in [49]. In particular, let us consider
the gauge field A® (cf. (2.103) in [49])"°

1bym_ b lobyr_ —b
C:_ m_ +o 2m+d¢1+—0 oT _ 1T+d¢2, (5491)

2 tf(0) 2 tf(0)

and its transition functions. Here b; and by represent the squashing of the three-sphere
from which the lens space is obtained and f(f = 0) = —by and f(6 = 7) = —b,. To ensure
that this gauge field is well-defined, we perform a gauge transformation in each patch

1 bym_ b 1 bor_ — b
U+ AG = (=T | (O) gy 4= (22T 0 0) dg,,
2 tf(0) 2 tf(0)
1 bym_ b 1 bor_ — b
Uy AG) == (A0 o) gy 4 = (220 000 dg,
2 tf(0) 2 tf(0)
(5.4.92)
and require
o) = T+ r+oz§0) ol = —r_agr) —! (5.4.93)
2 =T T T A

Notice that A® is well-defined in the patches U, near 6 = 0,7 if it depends on the
angular coordinates only through the well-defined (in each patch) combinations d¢;, £
(r+/m4)d¢s, which appear in the metric near the poles (5.4.83). Identifying A® = A,
and additionally requiring that

- K ov — RT . Kr— —v
V=" =" = O =T T (5.4.94)

v vm_ vmy

13The boundary spinor (5.4.78) is already decomposed in a product of a two dimensional spinor on
the base (with coordinates p, ¢2) and a phase on the Seifert fiber gaf. Accordingly, the two dimensional
gamma matrices can be taken to be just o7 and o9, with chirality matrix o, = —ioy02 = 03. Under o,
the two-dimensional spinor (5.4.78) is chiral or anti-chiral at the poles of the Seifert orbifold.

14Tn particular, the phase e33%1 in the Killing spinor (5.4.78) is precisely the phase e2™¥ that appears
in the spindle index [48], with n = +1 for the accelerating black holes. Indeed as remarked the x S!
geometry is a special case t = 0 of the general set-up discussed above. See also footnote (11).

15The relation between our variables and the ones in section 2.6 of [49] is N4 |there = M |here, |there =

t|herea n|there = t‘herea t:i:|there = :F%hlerea §0|there = _¢2‘herev w|there = d)l |here and ﬁnauy we have mapped
by — —b; and by — obs.
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we conclude that indeed A(CO) - A(Cﬂ) coincides with (5.4.89). We emphasize that from

the boundary point of view there is no reason to fix ago) and ozgr). Indeed, in principle,

they can take any value without affecting the regularity of the gauge field. However, we
have a preferred gauge (5.4.65) inherited from the bulk, ensuring that the spinor and the
gauge field are regular at the bolt location ¢ = ¢,. For comparison, the flat connections

(04:(),0), aéﬂ)) chosen in [49] are given by

ol = ol = M- T oM+ —I;Uer — oV =al" = o , (5.4.95)
which correspond to trivial gauge transformations across the two patches.

In the case t = 1, where M3 = L(1,1) = S3 is a smooth (squashed) three-sphere,
there exists a different set of effective coordinates for the torus action. The details can be
found in [3], but the result is again that the main significant difference with the analysis
in [49], both for the squashed three-sphere and for the (possibly branched) lens space, is
a distinct choice of gauge field, which is imposed on us from the global analysis in the
bulk.

5.4.5 Quantization conditions

Having described in details the bulk and boundary geometry, together with their local
and global properties, we now should control if the flux of the graviphoton A is cor-
rectly quantized, namely as in (5.1.6). To this end, as in the previous chapters, it proves
useful to express all the parameters of the solution in terms of the integers (t,my,v).
Recall that we started with six “local” parameters (E, N, M, P,Q,«) and two “global”
ones (AfF). Among these, two are fixed by supersymmetry, namely (E, M). We are thus
left with (N, P, Q, «), which are also exchanged for (p+,q;,a) and three signs (n,0, k)
through (5.4.15). These relevant signs are related to the ones introduced around (5.4.15)
via

n=signRe(P), o=n0, K=n\, (5.4.96)

where the value of o will reflect the twist or anti-twist on the spindle bolt.

Twist

Using the expressions (5.4.15) with o = 1, it is easy to take the ratio of (5.4.35). Defining
the rescaled parameter

P

Pp=— (5.4.97)
P+ t+Dp-
the ratio of (5.4.35) takes the simple form

m- @} —p® p.+nP’
We can parametrize the roots as in the previous chapters

+p_ - -
:]%qu:qur, O<w<qr, >0, g >14+x,

(5.4.99)

pr=w(lxx), q4
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where these constraints on w and z come from p, £ p_ > 0 and ¢ > p;. From (5.4.98)
we get

[ — (1 —a)*my — [¢& — (14 2)*]m_

w = —nP - - . (5.4.100)
I+ D@ — Q= afm, = [ — (0 + ol (= Dm_
Then, from both (5.4.35) and (5.4.48) we obtain
A1 1+9)[@-(1—oP)me = [B—(+27)0 - nm
o 87715 r2myim_ ’
N , (5.4.101)
2m  20(Gs = K) w2[20P + w(@ +1—a?)]
Finally (5.4.37) is now simply
t= W(m_ —my) = = (G4 — n)w (5.4.102)

Notice that not all the values of ¢ are admissible from (5.4.102), due to the constraint
Gy > 142z >1and N # 0. In appendix C of [3] it is showed that necessarily ¢ > 2. Using
the previous expressions it is easy to show that

t/v
m_m.y

1 77{
| =X _
S P L

: (5.4.103)

meaning that 24 is a connection one-form on the line bundle O(m_ +m, ) over ?;z,,mw
and, in turn, that we have a twist. Observe that (5.4.103) takes the form of (5.1.6).

The additional term ¢/(vm_my) in (5.4.103) comes from the non trivial fibration on
the spindle bolt in (5.4.24), more precisely from the normal bundle to £,. To see this, we

focus on ¢ = ¢4 in (5.4.24) making the change ¢ = ¢, + %7’2. The result is

2

r 2
+ (g% —p*) |dr* + U—(dgof +17) } : (5.4.104)

. 2 o2
Up: dsy~ds” 5

q+ +

where ,u]? is the fibration one-form, given by

2q+(¢2 — p2)P(p) + (* —p1) (¢t — p*)Q'(a+)

) + +\494 — Px +)\453 +) 1pt

Integrating it we get immediately
1 t
— dut = 5.4.106
21 Jp, Hy m_my’ ( )

which gives correctly the same value as in (5.4.36). Notice that (5.4.106) and (5.4.103)
are analogous to (3.4.13) and (3.4.19), respectively. The role of n, in (3.4.19) is here
played by v, whilst there is no analogue on n_ since the corresponding divisor has been
sent to infinity.

In summary, we started from six quantities (N, P, @, «, A, Af;) subject to four topo-
logical constraint for (¢,my,v). We are left with a solution with two free continuous
parameters, that we choose to be (P, ) € R.
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Anti-twist

We now focus on the other case, when o0 = —1. The ratio of (5.4.35) is much more
complicated

my gt —pi [2P* = (0} —p2)nP — p-(p+ +p-)°]

= : (5.4.107)
m- ¢t —p> [P —pi(pr +p-)]|[20P + (pr +p-)?]
but it can be simplified redefining
- p+ —p-+\/(py —p-)? = 8(py +p-)nP
nP = (p++p-)nP = (p+ +p-) Vs . . (5.4.108)

4

With the parametrization (5.4.99), we obtain formally the same expression for w as
in (5.4.100) but with P instead of P, specifically

I S Sl e e e (D
L+ )[E — (= 2Pfme — &~ Q+ 22 (1— x)m_

(5.4.109)

The other parameters (A#;, A, t) can be obtained similarly, but the expressions do not
have a compact form. In particular, t = t(x) is not invertible. For future reference, we
report it here

(@& — @+ 1)m = [@ = (@ —1)*m,
@ — (@ +12][@ — (= —1)?]
Grw[w(@ + 22 — 1) — 2anP] + k[-2P% — w2 (@ + 22 — 1) + nPw(@ + 327 — 1)]

t =v

?

(5.4.110)
where w and P are given by (5.4.109) and (5.4.108), respectively. Notice that (5.4.110) is
not written in a completely explicit form. However, when expanded, it does not depend
on P, a fact that will play a role later on. Moreover, here as before, the parameter ¢t can
not take any value, and in particular it can not happen ¢ = 1. From now on the analysis
continues as before, but it is more involved. Nevertheless, it can be proved that

(5.4.111)

1 o
R {m me t/v
2'/T Lo 2

m_m4 m_m.y

Even though we can not obtain z from (5.4.110), we regard to this implicit expression
as a constraint, which leaves us again a solution with two free continuous parameters

(Fv (j+) €R.

The main result of this section is the following formula which encapsulates simultane-
ously (5.4.103) and (5.4.111)

1 . /
F g{m tomy Yo (5.4.112)

21 Jr, m_m. m_m.

and state that 2A is a connection on the bundle O(m_ + om) over the spindle bolt

f’nl L It is interesting to notice that both type of twist can be realized in minimal
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gauged supergravity, as opposite to the black hole solution [46] with a spindly horizon
where only the anti-twist is realized. According to the values of the two remaining free
continuous parameters we can have o = +1. Recall that the sign o decides the location
of the roots pi describing the poles of the spindle. The situation is, thus, completely
analogous to (4.3.4). Notice also that (5.4.112) is identical to the expression of the gauge
field transition functions (5.4.89).

We can now compare (5.4.112) with (5.1.6), which encapsulates the cases for which it is
possible to uplift globally our spindle bolt solution to M-theory. The integer m appearing
in (5.1.6) can be read from (5.4.112) and we obtain the following constraint

kn(m_v+omiv — kt) =ml, (5.4.113)

where recall that I is the Fano index of the KEg base on which the SE7 is constructed
and k is an integer which describes the U(1) fibration over K Eg and divides I. When
k = I, which amounts to requiring canonical period 27/4 for £, it is easy to see that the
condition (5.4.113) is always satisfied, and then any spindle Bolt solution can be globally
uplifted to a M-theory solution on a regular SE manifold. However, in general, the
condition (5.4.113) leads to restrictions. For example, consider the case of My = S7/Z,,
which implies I = 4, k = 2. By (5.4.113) this means that m_v + om v — kt is divisible
by 2, which is not satisfied for all values of (m_,m,,v,t). Notice that when

v(im- +omy) — Kkt =0, (5.4.114)

which is possible only for k = 1, it is possible to uplift the solution for any choice of SE;.

5.4.6 On-shell action

We have now two families of solutions, within the same CP class, which are distinguished
by the value of the sign ¢ = 1. For both of them, we have expressed all the parameters in
terms of the integers (¢, m4,v) and computed subsequently the flux (5.4.112). With these
informations at disposal we can express the “local” CP (non-supersymmetric) on-shell
action (5.3.38), namely

g _ ArAc(ps —p-)gs

ﬁ+pp-H9+M—f
TGy + e T oq. *

(P— Q) N (P+Q)?
2(¢+ —p)(ar —p-)  2(gr +pi)(qr +p)])

(5.4.115)

+

in a “global” form, making explicit the dependence on the global parameters (¢, m,v).
As anticipated, our spindle bolt solutions contain (through some limits) all the previous
(local and global) known solutions with nuts and bolts [109, 110, 111, 96]. A nice check of
this can be obtained by performing the limits explicitly on the on-shell actions for o = +1,
which should give again the ones in [111, 96]. Details can be found in B, but here we can
show at a glance, at least locally, that (5.4.115) reduces to the one in [83] for P — @ and
q+ — p+, namely

ATAc
87TG4

Py —P-
p-p+(ph —p2) + M(py —p-) + QQ}?J;TP : (5.4.116)

Sren =
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Recalling that the product (ATAc) is equal in the patches Uy and given by (5.4.38),
employing all the results of the previous section for the twist case (o = 1) we can express
the renormalized action simply as

t — 2
y et ol —ma)
8G4v m_m. tm_my

T

c=1: Sien= , t>2. (5.4.117)

In particular, notice that the on-shell action is fixed in terms of the integers (t,v,my.)
and (P,Gy) do not appear. The o = —1 is, as usual, more involved. Looking explicitly
at (5.4.115), it proves useful to define

ey (p+ —p=)[nP + p—(p+ + p-)]
Pt =0 [(pr —p-)nP — (p+ +p-)(¢} — p+p-)]
7 — (14 2)*] [w(@—-1) - n15] |

2w(§@ + 22 — 1) — danP

c=—-1: q
(5.4.118)

Notice that (5.4.118) seems to depend also on P, but if one solves for P and w through
(5.4.108) and (5.4.109), P disappears. Recall also that z = (g, ) is fixed (non-explicitly)
via (5.4.110) which in this context reads

o=-1: t=v[(@ — (+1D")m-— (& — (z = 1)")m]x
—@ + G [1+ 20+ 29)2 + 2?] + k[ — L+ )2 +2q(—1 4¢3 + 2?)]
e[l =@ +2(1 4 2q)x + 2] '

(5.4.119)
Therefore, as z(¢; ), also ¢ = q(¢;). The renormalized action for ¢ = —1 can then be
written as a function of ¢, only

(@ = (z+))m_ — (& — (z — D*)my]’

8Gtm_my
24+ (1+z +29)z — k[2 + (1 + 2)* +2q(1 + ¢ + 2?)]
22[1— @ +2(1 + 2q)z + 2] '

X

c=1: Sld)=

(5.4.120)
We see that in the anti-twist case S.e, not only depends on the choice of the integers
(t,v,m4), but contains a real degree of freedom ¢, as well.

Comparison with equivariant localization

The on-shell actions (5.4.117) and (5.4.120) computed through holographic renormaliza-
tion are already valid for supersymmetric solutions, since we have used (5.4.5). For this
reason, we can compare these results to the general expectations due to equivariant lo-
calization (see section 5.2 and in particular (5.4.58) for our solutions described by the
polytope in figure 5.1). From the explicit Killing spinors (5.4.12) we obtain the super-
symmetric Killing vector!®

€. = a0, + 0, . (5.4.121)

16We have normalized differently the spinor ¢ than in (5.4.13), but the overall normalization will not
be important since the action (5.4.58) depends only on z.
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Notice that this degenerates only at the points (g4, p+) (as visible from (5.4.21)), so that
the fixed points p4 are “nuts” for e,. This justifies the use of (5.2.4) instead of (5.2.2).
From (5.4.72) and (5.4.73) we recall that

['.e = ke at py, ['ve = —ke at pq,
o=1: b o=—1: b (5.4.122)
['ye = ke at po, I'.e = ke at ps
where the chirality matrix has been defined in (5.3.10). The chirality itself is fixed by the
value of Kk = £1, so that the correct assignment for the signs c4 is

c=1: c=c =k, c=—1: c¢=—-c¢ =k. (5.4.123)

That the spinor must be chiral at the fixed points comes from general arguments, in
particular as a consequence of the bilinear e'e being nowhere vanishing [42, 84|. In the
coordinates (5.4.55), the supersymmetric Killing vector (5.4.121) reads

= K(p +¢_)—+—(q++f) )E1+(Q++¢_)

(]+ P> Aby

(5 4.124)
It is now a matter of algebra to plug explicitly the vector €, (5.4.124) in (5.2.7) by us-
ing (5.2.8). After some work, using the Bézout’s lemma r_m_+r;m = t and eliminating
everywhere Af; from (5.4.124) in favour of the fibration parameter ¢ using (5.4.37), the
result takes the form

2 32
T e ([ q*t  vm_ G [ qit  vmy
[on-s e , s |:2 I ( > ( ):| ) 54125
nen (4, Q) = 8Gw Y T \om_ @ m_ \vmy  qit ( )

where we have defined the on-shell reduced quantities

o _ G -pipl+Va qzz_qi—papzwa
Copi-pr Vel T phi-pt Vel

F4qi=-1, (5.4.126)

such that (Q2, Q%) = (t/vm_m,)(m4q2, m_g2). As a consequence of the reality discussion
at the end of Sect. 5.4.1, the parameter v/« here can be complex and in turn the action
itself can be complex.

It should be no surprise at this point that the equal-signs case (co = ¢; = k) is
particularly easy to handle. From the point of view of the equivariant localization, this
simplification comes from g2 +q2 = —1 which enters directly in (5.4.125). Indeed we have

twist : (qz, qz) = m(m,, —er) s (54127)
- +

and as a consequence

t — 2
{2x e, MY pme mmy) } t>2, (5.4.128)
m_my tm_my

™

8G4U

twist : Lonsnen(C2, qx) =

which reproduces precisely (5.4.117) for ¢ = x as evident from (5.4.122) and (5.4.123).
Correspondingly, the Reeb vector (5.4.124) is fixed

twist : & = f(P,q)[(ry +71)Er + (m- —my)Es] (5.4.129)
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where f is a complicated but unimportant function of the free real parameters of the
solution (P, gy ).

When ¢y = —¢; = Kk, using the parametrization (5.4.15) with ¢ = —1, it is very easy
to recognize that ¢ = g, in (5.4.118). Then, gathering this fact, the expression (5.4.119)
and the non-trivial identity

my  GREC1HE - 20427 - 2-0)(@ — (@ + 1))

m_ (1-g? [2513(—1 + @ +2r+2%) +2(@: — (x+ 1)2)} , (5.4.130)

o=-—1:

it is possible to show that indeed (5.4.125) matches (5.4.120). In this case the ratio of the
entries of the Reeb vector (5.4.124) is not fixed, and depends on G, but not on P, as the
action (5.4.120). This is then a highly non-trivial check of the validity of the equivariant
procedure of [84].

Comments on extremization

Recall that we have dubbed equation (5.2.4) as “off-shell localized action”. The reason
is that (5.2.4) holds for each supersymmetric solution of the Maxwell-Einstein-A theory.
Then, to each solution corresponds a particular z, = (e2/€1)., computed “on-shell”. It is
then natural to ask if the extremization of the off-shell action reproduces the values we
have found, namely (5.4.117) and (5.4.120). Indeed, there are many instances in which the
existence of a solution to an extremization problem ensures the existence of a supergravity
solutions. This phenomenon can be seen for example in the context of toric Sasaki-
Einstein manifolds, where the existence of SE metrics is guaranteed by the extremization
of the Sasakian volume [35, 36, 119]. Similarly it happens for [29, 30] in the context of
Gauntlett-Kim (GK) geometry, where the key quantity is called “supersymmetric action”.
In fact, we will show that the extremization of (5.4.58) with respect to z reproduces the
gravitational results for the renormalized on-shell action computed previously only in the
twist case o = 1. Choosing again c¢; = ¢; = k for the twist, there are two values of z that
extremize I, namely

tm_ —m4

try+ro

It is then straightforward to compute the action at the extremizing values, using Bézout’s
lemma r_m_ +rym, =t. At the saddle 2} we have

Q=0 =K = 2, = (5.4.131)

Ioff-shell(’@ Zi) = S(U:D s (54132)

ren

where the latter is given for example in (5.4.117). Indeed, the value of 27 is constant and
compatible with (5.4.129). Notice that in the limit m_ — m4, 25 — v from (5.4.102)
with g, = 1+ 2 and Kk = 1 as discussed in appendix B. For v = 1, this is the expected
result for the 1/4-BPS spherical bolt (see (B.0.3)). For the other extremum, with the
same choice of signs, the action reads

m t/v v(m- +my)?
I*(my,v) =I(mg,v,2") = 2Y — K — K . 5.4.133
=(m, v) (e ) 8G v X m_m.y tm_m, ( )
This equation does not reproduce any known result for m_ = m, = 1. Moreover, whilst
the vector €, = —(1, 2% ) always lies inside the polytope, that is €+~/Il(§) >0, =—(1,2")
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is always outside it. This resembles the behaviour of [35, 36]. On the other hand, the
extremization of the o = —1 off-shell action does not reproduce (5.4.120) and therefore we
conclude that there is no extremization taking place in this case. At present we do not have
an understanding of the reason underlying this difference, but we already observed that
this markedly distinct behaviour is consistent with the observations put forward in [147].
Therein, it was showed that (anti-)self dual solutions can be regular only if 2 = —1 or
z > 0. From this discussion it follows that there can not be any supersymmetric black hole
in minimal d = 4 gauged supergravity. Indeed (5.4.63), with (¢t = 0,0 = 1) is constant
and can not be extremized.

It is interesting to note that the equivariant volume introduced in [83] reproduces the
action (5.2.4) only in the twist case. The equivariant volume (here in the notation of
chapter 2)

w

V() = (—1)™ / e E F = (FER™ () = yrvl — Ao = 0}, (5.4.134)
M2m

later generalized including higher-times [88], is the (regularized) volume of a symplectic
manifold (or orbifold). It has been proved useful in studying the extremal problems linked
to supersymmetric solutions, in that it contains (and generalizes) the Sasakian volume
and the supersymmetric action (or master volume) of GK geometries |24, 25, 26]. To see
the link with our actions, we write the fixed-point formula for the equivariant volume
presented in [83] in our conventions (already specialized to the planar case, see (3.35)
therein) as'”

T 2 1 2 )‘flbgA)
V(A > — H : (5.4.135)
G, 4o 4y bg

where the bEA) are defined in (5.2.3), the Kéhler parameters for each divisor are identified
as A\l = A, AL = A2 = My, A2 = )3 and the coefficient (7/4G4) has here been tuned a
posteriort to have agreement with the supergravity computations. We now Taylor expand
this formula around A, ~ 0 and pick the second order term

4G
—4V (Aa, €)

2
T [oaoa 1oAY 10N
ZldA{AlA2+2 byt T3 b

a

1 160 1 b;% 1 1620 162,
d )\1)\2 ‘l‘ 2 (1) 5 (1) d )\2)\3 2 (2) 5 (2)
1 by by by by

(5.4.136)
To write each term in square brackets in the form of (5.2.4), we need \; = Ay = £1 but
also Ay = A3 = 1. But then \; = A\y = A\3 = —xk = 1 and the (second order of the)
equivariant volume becomes

3

T 1

This is indeed (5.2.4) for ¢4 = K, which is the twist case (5.4.123).

V(k, €) (5.4.137)

A A)72
[ — kbS] ]
4675

1"No sum over A in the exponent is intended.

119



5.5 Summary of the chapter

In this chapter, we have examined a simpler theory compared to those discussed in chap-
ters 3 and 4, while still encountering solutions with a rich structure. After introducing
the theory under consideration—namely, (Euclidean) minimal gauged supergravity in four
dimensions and its uplift to M-theory in section 5.1—we presented general results derived
from equivariant localization in section 5.2.

The remaining content of this chapter is primarily divided into two parts. In the first,
we analyzed the general Plebanski-Demianski solutions, characterized by several parame-
ters, including electric and magnetic charges (@, P), NUT and mass parameters (N, M),
as well as rotation and acceleration (w,A). In the second part, we focused on the less
general Carter-Plebanski solution, obtained by taking the limit A — 0 in the PD fam-
ily. The complexity of the PD system compelled us to focus on the simpler CP solution.
Nonetheless, we extracted as many insights as possible from the PD family in section 5.3,
before setting A = 0 in section 5.4. After establishing that our solutions are complex, not
Kéhler but conformally ambiKéahler, we calculated the main result of section 5.3: a local
renormalized on-shell action obtained via holographic renormalization—see (5.3.37). This
action is the most general form for the PD solution, with no parameters fixed and no su-
persymmetry imposed. In section 5.4, we began by determining the most general Killing
spinor for the CP solution. We then conducted a thorough global analysis of the solution,
focusing on the regularity of the metric, gauge field, and Killing spinor in both the bulk
and the boundary. This analysis confirmed that the bulk and boundary topologies are
My =C/Zy, = O(=t) =  [u_m,) and Ms = L(t, 1), respectively, with the possibility
of an orbifold branching in the underlying three-sphere. An important observation from
section 5.4.4 reveals the importance of boundary regularity conditions for the gauge field
Az). From our perspective, where roughly speaking Mj = lim,_,; My, the same reg-
ularity conditions imposed on A must also apply to Asy. This leads to different flat
connections for A(sy compared to those typically chosen in rigid supersymmetry analyses.
Another significant finding from the global analysis is that our spindle bolt solutions can
exhibit both the twist (¢ = +1) and the anti-twist (¢ = —1), depending on parameter
values. Correspondingly, the on-shell actions, reproduced in all cases using equivariant
localization, fall into two distinct classes. For the twist case, the action is entirely de-
termined by the topological data (t,v,m<). For the anti-twist case, instead, it depends
on a free continuous parameter. The very same behaviour, already observed in earlier
solutions involving (spherical) nuts and bolts, is summarized in appendix B.
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Chapter 6

Conclusions

In this section we present our conclusions and possible future directions for research,
whilst for a summary of each chapter we refer the reader to the specific “Summary of the
chapter” sections 2.3, 3.7, 4.6 and 5.5.

In this thesis, we have analyzed various solutions associated with four-dimensional orb-
ifolds My, both compact (chapters 3 and 4) and non-compact (chapter 5). Typically, the
metrics one finds in explicit constructions solving the supersymmetry equations are in-
compatible with a Kéhler (or even symplectic) structure. Indeed, the solutions presented
in 1, 2, 3] are only compatible with an integrable complex structure—meaning that the
orbifolds are complex or Hermitian—with the exception of the (non-supersymmetric)
M, = S? x , which admits a symplectic structure and can be thus understood in the
context of standard symplectic toric geometry. Even in this more conventional situation,
the presence of orbifolds singularities along the divisors implies that the orbifold is de-
scribed by a labeled polytope [86], obtained as the image of the associated moment map.
Moreover, since orbifold singularities can happen only in (complex) co-dimension two for
an ordinary four-dimensional toric variety, the fan dual to a labeled polytope leads to a
generalization, known as stack [162, 163, 115, 117, 116], which should be the appropriate
framework for describing our M. In fact, even where we were unable to construct a
symplectic two-form, we managed to extract a labeled polytope, which correctly describe
the properties of the orbifolds. Therefore, in any case, the My presented in this thesis are
not toric in the standard sense, and the simplest description we can give them is in terms
of geometries with U(1)? symmetries, describable by labeled polytopes.

From our perspective, the previous discussion does not pose an obstacle to using
the standard symplectic description of toric orbifolds [122, 86, 121, 118]. More broadly,
and based on experience, many physical quantities of interest—such as entropies, central
charges, and on-shell actions—are topological in nature. Since our primary focus has been
on topological quantities that do not rely on the existence of symplectic structures, we have
been able to safely employ all the relevant tools of toric geometry introduced in chapter
2. In this sense, it is no coincidence that the orbifold off-shell free energies proposed in
[1] and detailed in section 2.2, as well as the on-shell actions for the spindle-bolt, can be
derived from an equivariant integration that selects contributions solely from the fixed loci
of the torus action [144, 145, 146]. For instance, the gravitational block decomposition of
the former has been reproduced in [83, 88, 89|, using the equivariant integration of the
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anomaly polynomial, the equivariant (symplectic) volume, or the equivariant localization
of the action. Although the derivation for D4-branes wrapped over M from first principles
is not available, it is remarkable that (most of) the relevant problems related to extremal
functions can be reproduced from (the integration of) simple objects. It would therefore
be interesting to generalize the five-dimensional indices [164, 165, 166] to the case of a
five-dimensional SCFT defined on S' x M and to apply the technique outlined in [48, 49].

There are many open problems in this direction. First, it would be of utmost interest
to reformulate the entire framework in terms of equivariant integration, as was started in
[83, 88, 90, 83, 84, 89, 91, 88, 92, 93, 94, 95|. Furthermore, for the moment, it is coinciden-
tal that many BPS observables, such as the on-shell action, are equal to the integration
of some (equivariantly) closed poly-forms constructed on supersymmetric bilinears'. Tt
might be that is possible to reformulate the problem in terms of superfields and super-
charges, defining an equivariant differential in the superspace formalism. It would also be
interesting to consider the non-toric setting, where the number of expected global U(1)
symmetries is strictly less than half of the orbifold’s (real) dimension®. In this case, the
difficulty arises because the localization formulas now receive contributions from extended
fixed loci, not just fixed points. Another interesting point concerns supersymmetry. In-
deed, since the extremal function is topological in nature, one could wonder whether it
is applicable also without supersymmetry. Although this problem seems generally com-
plicated, as supersymmetry brings many simplifications, a simpler question might be to
understand what types of twists are allowed in a theory. For example, the spindle in the
four-dimensional accelerating black hole [46] realizes only the anti-twist, but on a fun-
damental basis, it is possible to write down an extremal problem also for the twist [52]
(see also (5.4.64)). More generally, for four-dimensional toric orbifolds, one must choose a
vector of twists 0%, as in (2.2.9), but for the moment, only some configurations are found
to be “dual” to existing solutions.

This question falls into the category of “extremization and existence” problems. In
general, one hopes that the existence of an acceptable critical point with a positive ex-
tremal function is sufficient for the (supergravity) solution to exist. In practice, given
a polytope with a set of toric data (5a,ma) in the language of chapter 2, one can run
the extremization problem from section 2.2 and obtain a result, but this does not guar-
antee the existence of a black string solution with that entropy (or central charge). For
the time being, statements regarding existence are only available for the Sasaki-Einstein
case [35, 36, 119], where the extremization of the Sasakian volume with respect to the
trial Reeb vector is sufficient for a Sasaki-Einstein metric to exist. The first step in
this direction should be to better understand the existence of Gauntlett-Kim geometries
[24, 25, 26], studying the conditions under which the fourth-order PDE characterizing the
geometry has solutions, or at least obstructions. Regarding this problem, it should be
relevant to acquire a clearer insight into the results of section 5.4.6, where it is shown that
the on-shell action for the spindle bolt is reproduced by the extremization of an extremal
function Sygsnen only for the twist through the spindle, with a possible connection to
the equivariant volume being proportional to Segshen. A final comment is that it should

! Currently, these bilinears are constructed explicitly by trial and error, theory by theory. It would be
interesting to explore whether there is a systematic method to find them using a G-structures approach.

20One might also consider “non-abelian” localization, or explore why it is sufficient to localize only
with respect to some U(1).
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also be possible to extend equivariant localization techniques to odd dimensions, with
the first work in this direction being [167], where a five-dimensional analogue of nuts and
bolts is considered, in the context of five-dimensional ungauged supergravity. For a later
development in gauged supergravity see [168].

From the gravitational point of view, solutions of the form AdS, x M, naturally lend
themselves to an interpretation in terms of branes wrapped (either completely or partially)
on M, and should be viewed as near-horizon geometries of certain black objects. For
instance, our solution AdSyx X 5 [1], as well as the more general AdSs 3 x My [2], should
be regarded as simplified models (regardless of how sophisticated they may be!). The
prototypical example of this is the AdSs x  solution [46], which arises as the near-horizon
geometry of the Plebariski-Demianski black hole. Identifying the black objects whose near-
horizon geometry matches these solutions would be a significant advancement, as it would
expand the landscape of black holes to include those with exotic horizons. Moreover, the
way in which we have written the off-shell free energy in section 2.2 might suggest the
existence of orbifold solutions with an arbitrary number of fixed points. Currently, only
(holographically relevant) geometries with two or four fixed points have been studied. It
is therefore crucial to test our conjecture on different types of orbifolds. For example,
finding a solution with three fixed points, such as AdS; 3 x WCP@ZMMS}, within a suitable
(super)gravitational theory in D = 6,7 would be an interesting progress. Such a result
would, moreover, hold significant value in its own right. In the same spirit, one could try
to find spindly bolts also in five-dimensional gauged supergravity, generalizing the results
of [167], or search for a multi-bolt solution which generalize the one presented in chapter
5. For example, it is perhaps possible to extend the (anti) self-dual m-pole metrics on
the ball [169, 147| and the scalar-flat bolts [170] to more general non self-dual m-bolt
solutions, possibly with also orbifold singularities.
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Appendix A

Conventions and equations of motion

In this appendix we collect some conventions used throughout the thesis and present the
equation of motions for the D = 6,7 gauged supergravities considered in section 3.1.

In our notation the Hodge star action on a p-form w, in a d-dimensional space(time)
with signature s is defined as

varl i , ,
= —Y 2 _da" AL AdaYrE, e gttt gl
p!(d—p)! et T Ao

i 1
Ko@) = (1P Phwg)  x@ug) Awg) = ﬁ%...upwm“'“” VIgld?z,

K(d)W(p)

where ¢ is the Levi-Civita symbol, with &g (4—1) = +1. The Levi-Civita tensor is obtained
as €. 4y = \/|9|€...uy- Moreover, it holds

(—1)sgmra iy = da AL Adate (A.0.2)

D = 6 gauged supergravity
From the six-dimensional Lagrangian
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1 m? ~3/2
+§B/\ Fl/\F2+EB/\B . Xo=(X1X>)
(A.0.3)
with scalar fields ¢ and potential V given by
_a‘..“ — _1/2 _3/2 _1 Xl
X, =e " <,0’ ayo = (j:2 ,2 ) , 1= —= lOg—, P2 = —\/§log(X1X2) ,

V2 T X
Vs = m? X3 — 492 X1 X — 4mg., Xo(X;+ Xa),
(A.0.4)
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we get the following equations of motion

Einstein’s equations

‘/6 1 : )(»72 : (X1X2)2 m2
R, — —gu = =0,p;0,0" + —T,,(F} —T,.(H —————T,.(B),
m 4gu 9 uP @ + 2 u( (2))"’ ] u( 3)+4(X1X2) u( (2))
(A.0.5)
where, for any p-form we have defined the energy-momentum tensor
1 Wo...o wator b—
= p2Pp _ 1.--0p — w2 — 2
TMV(W(P) - ((p _ 1)!wﬂp2~--PpwV (p _ 2)|p<d _ z)glﬂ/) - |w|,u1/ d - 2gMV’w’ )
(A.0.6)
Equations for the scalar fields
% 1 1
Opy = — + —=X 2|2 — —=X, Y B2,
¥1 5901\/§1|1| \/§2|2|
oV 1 1 1 m?
Opy = — + —X7 2| PP+ —X 2|5 — —= (X1 X)) HP + —= (X1 X)) 7Y B|?,
Y2 509 2\/§1|1| 2\/§2|2| 4\/5(12)|| 4\/5(12)||
(A.0.7)
Maxwell’s equations
s 1 5 1
d(X1 *Fl) — §H/\F2 =0, d(X2 *FQ) — §H/\F1 =0,
2 (A.0.8)
A[(X1X2)? xH] + 2m2(X, X,) " +B — 2(F1 A B+ "B A B) —0,
D = 7 gauged supergravity
From the seven-dimensional Lagrangian
1 X2 X1X,)?
Lp = /_g [R -V — _au%aygpl — ;FZVFZHV _ MHWPUHWPU}
2 47 48 (A.0.9)
1 SV POT Ye
- ﬁgﬂ p /\nB,qu (FloTFQ/\r] - EH(IT}\?]) ;
with scalars and potential given by
L —v/2 X —v/10
Xi — e_ai~90’ &’172 — (:l:2—1/2’ 10—1/2) , ()01 — ;/_ log yl s 902 = 10g<X1X2) s
2
2
Vi = %C (X2 - 8X1 X, — 4X(X1 + X0)],  Xo = (X1 X,) 72,
(A.0.10)
we obtain the following equations of motion
Einstein’s equations
Vz 1 i (XiXp)? X’ i
Ry — Eglw - §au90i ' + TT/W(HM)) + TTW(F(Q)) , (A.0.11)
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Equations for the scalar fields

oV 1 1

Opy = — + —=X7 Y F|? — —=X, 2|2,

©1 5@1 \/§ 1 | 1| \/§ 2 | 2| A0.12
6V 1 2 2 1 2 2 2 2 2 (‘O' )

Opy = — + —X2|Fi|* + —=X; | — — (X1 X0)|H|?,

p2 = 5+ XA =X R - (XX

Maxwell’s equations

d(X;?*F) —HAF, =0, d(X;?+F)—-HAF =0,

A.0.13
d[(X1X2)2*H:| —Fl/\FQ—ngZO ( )
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Appendix B
Old notable NUTs and Bolts solutions

The aim of this section is to explain the table below in figure B.1, namely how our
CP spindle-bolt solution generalizes all the previous known NUTs and Bolts solutions
available in literature [109, 110, 111, 96]. Moreover, the PD spindle bolts contain also
the accelerating black hole [46, 47]. To this end, we will collect firstly some relevant fact
about the old solutions, constructing then a limit which will allow us to recover them
both locally and globally.

1/4-BPS NUTs [ 1/2-BPS NUTs ]
NUTs & Bolts
SU((2) x U(1) [111]
[ 1/4-BPS Bolts ] 1/2-BPS Bolts ]
[ 1/4-BPS Twist ]—[ Splndle Boﬁt:e ]— 1/4-BPS Anti-Twist ]

) NUTs (
) U1) xU(1) [96] (

|\

1/4-BPS Type I

1/4-BPS Type II

Figure B.1: Summary of supersymmetric euclidean AdS, solutions to d = 4, NV = 2 mini-
mal gauged supergravity containing nuts and bolts. In the central column the symmetry
and the bulk content are sketched, while the lateral columns show when a certain super-
symmetric solution is contained in another one by some limiting procedure which will be
explained in detail below.

[96] The first solution we consider is the U(1) x U(1)-invariant two-parameter Euclidean
solutions of [96]. These are 1/4-BPS solutions in the CP family (A = 0) where the
conformal boundary is a squashed S® and have the topology of the ball, namely they
contain a single nut in the bulk. They belong to the class of self-dual solutions [147].
According to the values of the parameters, there is a splitting into two distinct families,
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referred to as Type I and Type II, which are distinguished by the form of their on-shell
action and supersymmetric Killing vectors!

™ ™ 172
- -l
Type I: 2G, Type II : S 8G, ﬁ+ﬁ ’ (B.0.1)
€x (1,-1), e (B%1).

These are consistent with the general results of [147, 171], and also with the results of
chapter 5, with fixed action and Killing vector for a family, and with the dependence on
a single (out of two) parameter for the other.

[111] A similar behaviour is present in the one-parameter SU(2) x U(1)-invariant solu-
tions of [111], where the boundary, this time, is a squashed lens space M3 = L(f,1) =
S3/Z;, while the bulk may be either a nut My = R?* or a bolt My = C < O(-t) — 52,
which is always a round S2. This has been generalized in [137] including a bolt with
topology of X,. For each type of bulk topology, there are again two distinct families, re-
ferred to as 1/4-BPS and 1/2-BPS. The Bolt solutions are characterised by their on-shell
actions as well as the flux of the graviphoton field through the S? bolt, that read

1 1 t i R

—-BPS: - F:—l—l—K,—, Sbolt:i{l—/f—}, t22,

4 21 Jgo 2 2G, 4 (8.0.2)
1 1 t T W42 — 11, {2 -
—-BPS : — F=—k—, Sholt = —— 1—/1—A[s ——} ,

2 21 Jg2 2 2G, st 16

where £ € N, k = 1 is a sign further distinguishing two branches of the solutions (as in
chapter 5) and s is the squashing of the lens space boundary. Here t>2for k =—1 and
t > 3 for k = +1 [111]. We record here also the supersymmetric Killing vector € for these
solutions, which is given (up to an irrelevant normalization constant) by [90]

1 1 t
ZBPS . €x (1,0), Q—BPS DEx (4— — 25 —V4s? — 1,25 + V4s? — 1) :
s

(B.0.3)
For the NUT solutions the on-shell actions and Killing vectors read [111, 147]
T
Q Snu =—A4 27
1 Snut = 5~ 1 ¢ 2G4 °
1-BPS: 2G4 5BPS L1 (B.0.4)
€x (1,-1), €o<<4—,—4—+25+\/452—1).
5 5

[46, 47] Finally we recall the accelerating black hole solution, which has boundary
topology x S'. In this case the underlying metric is PD (A # 0) and it is the acceleration
itself responsible for the conical singularities of the spindle. Allowing the parameters of the
solution to take complex values one obtains a “non-extremal” supersymmetric solution [47]
that in the bulk has a bolt with spindle topology?. We introduce some standard notation

m_+m m_—m m_+m
p= e TG, = e BT (B.0.5)
m_ —my dm_my m_my

!The parameter f3 is related to the parameter ) that appears in (5.3.4) as 2Q = (8% —1)/(8% + 1).
2In the extremal limit the solution in the near horizon becomes AdS, x
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in terms of which

L P 26,0, S.—+2 SOQ 4 (G4Qu)? 2 X in, oc(2m,i2)
m s m y P z 1, y12) -
27 4 * 21G4 4 4 ¢

where z is a complicated function of the two parameters of the solution. Notice that the
supersymmetric accelerating black hole reduces to the Kerr-Newman-AdS one [149] when
the acceleration is turned off. This results in a spherical horizon with m_ = m, = 1,
for which the on-shell action has been computed in [47] and coincides with (B.0.6) for
@m =0 and yg = 2.

Bolt solutions of [111]

After this preview, we now review briefly in more detail some aspects of the spherical Bolt
solutions of [111]. Locally, the solution is given by

r? — s o 452Q(r)

2, 2
5 9 9 9\, 9 (a7 ts ~ 2rs
dsy = o0 dre + (r* — s%) (o] + 03) + 20 A= (Pr2—52 _Qr2—52)03
(B.0.7)
with metric function
Q(r) = (r* — s%)? + (1 — 45*) (1% + s) — 2Mr + P2 — Q?, (B.0.8)
and o; given by
o1+ 10y = e_“z’(dé +isinfdp), o3 = dY + cosfdg. (B.0.9)

As demonstrated in [111], this is the most general local form of the supersymmetric
solutions with SU(2) x U(1) symmetry, which is enhanced with respect to the U(1) x U(1)
symmetry of the spindle bolt. The BPS conditions then split this solution into two classes®

1

§—BPS . M= 77@\/452 -1, P= —nsVids? —1,
1 A A A 4?1 (B.0.10)
ZL_BPS M =2nsQ, P=—-n 7

The range of the radial coordinate is taken to be s < rg < r < 400, where ry is the largest
root of Q(r), with 9 > s for the bolt case. Then, the regularity analysis of the metric in
the two classes leads to the following conditions

1 R 128s% — 1652 — {2 1[4
§—BPS: Q:n( 8 Os )K, 7’0:—<——4m/432—1>, (B.0.11)

6452 8 \s
and
Q 163 \/Q+ts t:l:\/(]ths .
1 :7] 12852 To = =1,
—-BPS: 5 (B.0.12)
4 5 F (£ + 165%)1/G_(E, s) tq:\/g £ s) X
— KR = — ,

12852

3Notice the insertion of the sign 1 = £1 here, which accounts in the two possible choices explained
in [111].
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where
Gi(l,s) = (t £16s%)% — 1285%. (B.0.13)

Notice that here, contrarily to [111], we considered two branches for both the 1/4-BPS
conditions, as pointed out in [137].

Limits to the old solutions

As anticipated, our solution (5.4.1)-(5.4.3) generalizes in various ways the ones presented
in [111, 96]. In this section we study the limits which reproduce those results and show
how to recover their on-shell actions.

U(1) x U(1)-invariant solution of [96]

Let us start from the case [96], which is simpler to be recovered since the local form of
the solution is exactly the same. The main difference from this reference is that therein
the regularity led to P = @, N = M and ¢, = p;. The conditions to come back to [96]
are
o=1: t—0,
G+ > 14z, n=X = k=1, m_—my —0, —2  (B.0.14)

c=—1: t— —uv.
T

The first comes from the condition ¢, = p; in terms of the parametrization (5.4.99);
as a consequence, ¢ and p, must be zeros of the same type of function (5.4.6), hence
the second condition. Since the spindle should disappear, we require the third condition
which together with previous two implies the last condition. Clearly in this limit the
interpretation of ¢ breaks down (and the negative sign is an artefact due to Re(nP) not
being positive anymore). In particular, the Type I and Type II solutions of [96] have
boundary topology of S3, for which more properly ¢t = 1 in both cases.

We can now recover the actions for Type I and Type II given in (B.0.1). For the Type
I case, my — 1 and t — 0 from (B.0.14), for which only the first contribution in (5.4.117)
survives. With ¢t = —2v/x from (B.0.14), instead, and my — 1, we get

™ 1
2G4 1 —4[Q/(py+ +p-)??"

This is equivalent to the one presented in (B.0.1) when p, + p_ = 1, a condition fixed
by the authors of [96] taking advantage of the scaling symmetry (5.3.6). Here we have
restored that factor, since py + p_ # 1 for us.

TypeII:  Sien = (B.0.15)

SU(2) x U(1)-invariant solution of [111]

Now we move to the SU(2) x U(1) invariant solution presented in [111] and summarized
in our conventions in Appendix B. In the spirit of appendix C of [147], we firstly construct
a scaling limit under which (5.4.1) and (5.4.2) become (B.0.7) and, at least locally. Notice
that in our case the solution is not (anti) self-dual, so that [147] must be extended. The
limit is obtained for € — 0 on the coordinates

A ~ % p 1
p=s(l —excosh), T:s(2¢+£> : sz—, (B.0.16)
€x
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as well as on the parameters
N=—s5(4s>—1), E=1-6s*, a=DP*-4 (35> =1+ €2?) | (B.0.17)

where we employed the parametrization (5.4.99) for the roots and g € [0, 7]. Moreover,
we identify
g=r, (M,P,Q)=(M,P,Q), w=s, (B.0.18)

where s is the squashing parameter as before. In the limit, the BPS conditions in (5.4.5)

boil down to (B.0.10), as expected. Notice that under this scaling limit we get p, — p_,

which is in a certain sense the complementary situation to g, — p, of the previous

subsection. As p, — p_, the spindle degenerates and the parametrization variable w is

unconstrained, since m, /m_ = 1+ O(e). However, the limit procedure instructs us that

w = s+ O(e), and applying this on (5.4.100) one obtains

20,2 4 2
! — F s(rp +5 +”P2 ex + O(€%).

2(2s2+nP)  (r} — s?)(2s2 +nP)?

(B.0.19)

Even if it looks odd, using the 1/4-BPS conditions (B.0.10) the first term is exactly 1, as
expected for a spindle which becomes a sphere. This expression makes (5.4.101) infinite

o=1: w=s+4+0() < my =

27 (rg — 5°) 1 +0(e), (B.0.20)

S (44

A:

in the precise way such that vol( ,,) < oo and (5.4.104) coincides with (4.7) in [111].
Plugging the values (B.0.19) in (5.4.102) and inverting the parametrization (5.4.99) to

- P
=1: P=—, ¢=— B.0.21
g %g ) d+ ) ( )
we obtain correctly that (5.4.102) boils down to t = vt 4+ O(e), respectively, for the

appropriate class of regularity conditions (B.0.12) with k = £1. The procedure can be
now repeated also for the anti-twist case, for which

2s[s + (rg — s%)(2s F V4s®> — 1)]

oc=-1: mye=17F R ex + O(€?), (B.0.22)
where we already plugged (B.0.10), and with
_ P(-2s%z +nP
o—_1: po _FP2ertn >, G, =2 (B.0.23)
483 s

one gets again w = s + O(¢) and t = vt + O(e).

After this local scaling limit, we can recover the action (B.0.2). For the 1/4-BPS case,
ms — 14+0(e) from (B.0.19) but ¢ = vt +O(¢) remains non-zero. Thus only the last term
in (5.4.117) vanishes, giving the correct result. The limit to the 1/2-BPS action in more
complicated, since in this limit q is infinite. However, q/m is finite and using (B.0.22)
and t = vt + O(e) we obtain indeed the second line of (B.0.2).

Finally, let us comment on the relation with the supersymmetric nuts of [111]. These
must correspond to the even more degenerate case in which p_, p, and ¢, coincide, thus
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finishing all the possibilities. We shall refrain to construct explicitly this limit, since it
was already observed in [96] that the supersymmetric 1/2 and 1/4-BPS nuts of [111]
are subcases of the nuts in [96]. However, the action of the 1/4-BPS nut in (B.0.4) is
already equal to the one of Type I in (B.0.1). For 1/2-BPS, we can rewrite the Type II
action (B.0.15) using the parametrization (5.4.99) as

2 wt

T IT: ren — o~ 4 a4 1o
ype Sren = G Tt — P2

(B.0.24)

where recall that ¢ = P for Type I and Type II. Then, since w = s and P = P(s)
from (B.0.18) and (B.0.10), we reproduce exactly the second line of (B.0.4).
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