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Abstract

This thesis deals with superconformal and supersymmetric field theories on curved
spaces with a view toward applications to holography and localisation. It contains two

fairly different parts.

In the first (and main) part we classify Euclidean and Lorentzian four-manifolds with
some preserved N = 1,2 supersymmetry, and Euclidean three-manifolds with some pre-
served N = 2 supersymmetry. We take a holographic approach, starting with manifolds
that preserve superconformal symmetries. Preserved supersymmetry for asymptotically
locally AdS solutions implies the existence of a certain (generalised) “conformal Killing
spinor” on the boundary. In the non-conformal case a closely related spinor exists, which
also will be discussed. In this thesis we classify the manifolds in three and four dimensions
that admit such spinors. In particular we find for the case with four supercharges that
supersymmetry can be preserved in four dimensions on every Euclidean complex manifold
and on any Lorentzian space-time with a null conformal Killing vector. In three Euclidean
dimensions we find a condition very similar to complexity in four dimensions. When the
field theory has eight supercharges, supersymmetry can generically be preserved on man-
ifolds with time-like conformal Killing vectors; there are singular cases depending on the
signature, in the Lorentzian there is a degenerate case reducing to the N/ = 1 analysis,
in the Euclidean there is a degenerate case corresponding to the topological twist. The
supersymmetric curvature couplings are systematically understood in the rigid limit of
supergravity. We give explicit formulae for the background fields that one needs to turn
on in order to preserve some supersymmetry. This first part of the thesis is based on the
papers [1-3].

Putting supersymmetric field theories on curved manifolds has led to interesting results
over the past years. In the second part of the thesis we analyse a matrix model for
the partition function of three dimensional field theories on S®, which was obtained by
supersymmetric localisation. In the large N limit one can evaluate the matrix model,
allowing us to perform a non-classical and non-perturbative check of the AdS,;/CFTj
correspondence and Seiberg duality. In particular, we compute the large-N free energy of
various three dimensional quiver gauge theories with arbitrary R-charges, which are dual
to M-theory on Sasaki-Einstein seven-manifolds. In particular, we check that the free
energy functional depending on the R-charges is minimised for the ezact R-symmetry, an
extremisation that is dual to the volume-minimisation of the Sasaki-Einstein manifold in

the gravity sector. The second part of the thesis is based on [4].
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Introduction and Motivations

The curvature of space-time is usually either treated as a dynamical object in the context
of gravity, or it is simply neglected in the context of common (rigid) field theories. The
past years have seen a change away from this snobbish attitude, at least in the case of
supersymmetric field theories. In fact, there has been quite a boom of activity involving
rigid supersymmetric field theories on various curved manifolds. Before we get to discuss
the issues and difficulties of the very definition of supersymmetry on curved space, we
want to dedicate this section of introduction & motivations to review some of this recent
activity, providing a physics context for the rather formal questions we will pursue in the
rest of this thesis.

Much of the progress seen in the last years in the subject of supersymmetric field
theory on curved spaces is tightly connected to the beautiful concept of supersymmetric
localisation. Introduced by Witten in the context of topological field theory [5], it turns
out a powerful tool applicable in many other scenarios, too. Localisation relies on the
existence of a nilpotent symmetry @), for us this will be supersymmetry. One can argue
that, when the Lagrangian is deformed by any ()-exact term, the path integral does not
depend on the size of the coupling of such a deformation. We can thus evaluate the path
integral at any coupling of the deformation we want, the answers should be equivalent. If
we take the coupling to infinity only the zero locus of the deformation term contributes to
a meaningful path integral and that can lead to drastic simplifications. Often, the path
integral reduces to a matrix model, which is an integral over a finite number of variables.
Crucially, in order to have a finite and well defined matrix model, one typically needs to

consider a compact space-time manifold.

The most prominent example of such a matrix model obtained by supersymmetric
localisation on a curved space was found by Pestun [6], who considered N’ = 2 and N = 4
supersymmetric field theories on the four-sphere. Let us report on one specific discovery
that has emerged from Pestun’s work (yet there are many others). Quite remarkably, the
authors of [7] (AGT) observed that a particular S* matrix model can be identified with



four-point correlators in two-dimensional Liouville theory on the sphere. Roughly speak-
ing, the formula for the four-point correlators is composed of three-point correlators, which
can be identified with the perturbative piece of the matrix model, and of conformal blocks
which are identical to the non-perturbative part of the matrix model, being Nekrasov’s
instanton sum [8]. In [7] the comparison is generalised to n-point correlators and an entire
class of Gaiotto theories [9]. Note also that one way of refining the correspondence, which
is tightly related with the subject of supersymmetry on curved manifolds, is obtained
by considering the partition function on a four dimensional ellipsoid [10]. The squashing
parameter of the ellipsoid corresponds to varying the central charge in Liouville theory.
In fact in section 7 we will come back to this example. Over the years, the whole business
has now established a much unexpected collection of dualities between field theories in

different dimensions.

Much work has been done also in three dimensions. The authors of [11] have gener-
alised Pestun’s work to NV > 3 ABJM-like theories on the three-sphere, again yielding
a matrix model for the path integral. This matrix model has been evaluated at large
N and the puzzling N3/? scaling of the free energy, which had been predicted long time
ago [12] for theories with a gravity dual, has indeed successfully been observed [13]. The
analogous matrix model for field theories with A/ = 2 supersymmetry has been found in
[14, 15]. In that case the matrix model depends explicitly on the R-charges of the fields
as supersymmetry does not fix them to canonical values.

Jafferis [14] conjectured that in three dimensions the ‘free energy’ F' = —In Z, where Z
is the partition function on S3, is extremised for the values of the R-charge that correspond
to the exact R-symmetry at the superconformal fixed point. This solved a longstanding
problem in conformal field theory, as it had been predicted from gravity [16] that, at least
for SCFTs with a gravity dual, some analogue principle to the a-maximisation in 4d [17]
should exist also in 3d. Since there is no anomaly in three dimensions, it had not been
clear what other object could play the role of a, though. In a sense, now F' came to a
rescue there. Moreover, it was also suggested [18] that F' obeys a c-theorem [19] in three

dimensions, decreasing monotonically along the RG flow.

This thesis contains holography in the title and that is for two reasons. In part I,
chapter 1 we will learn about one way how holography enters the story of supersymmetry
on curved space, which in fact will be the main focus. Here we want to review another
one. As mentioned, a/F-maximisation for superconformal field theories has a beautiful
counterpart on the gravity side [16, 20, 21]. The field theoretical ‘c-function’ corresponds

to a ‘Z-function’ for the dual geometry, which is a functional depending on the choice



of a certain vector field. Being able to identify these two functions amounts to a very
non-trivial check of the AdS/CFT correspondence.

The whole three dimensional story has been a very active field of research, in part
IT of this thesis we will in fact report on our small contribution to it, much of it in the
context of AdS,/CFTj3. This will also include a more complete list of references and a

more detailed review of the recent activity.

Supersymmetric partition functions have also proved useful for checking Seiberg dual-
ity. As the resulting formulae often are exact, non-classical and non-perturbative, compar-
ing them for two different phases represents some of the most profound accessible checks
of these dualities. The partition function defined on S* x S® computes what is known
as the supersymmetric index [22, 23] of the theory. For the physicist after the mid-90ies
an almost trivial thing, identifying the index for two Seiberg dual phases of the same
theory turns out to be at the edge of knowledge for the mathematicians [24, 25]. In fact,
it involves recently discovered identities on elliptic hypergeometric integrals [26, 27]. A
similar story holds in 3d. The S® partition function for N = 2 theories involves hyperbolic
gamma functions and the most simple Seiberg duality for the field theory translates to

highly complicated and only recently studied [28] integral identities amongst them [29].

A remarkable exact result extracted from a rigid field theory on a curved manifold has
also been obtained in two dimensions. In [30, 31] the partition function for N' = (2, 2) the-
ories on the two-spere has been calculated by supersymmetric localisation. Subsequently
it was conjectured in [32] that, when the CFT, is related to a GLSM with Calabi-Yau
target space X3, the localised path integral computes exactly the quantum Kahler moduli
space of X3, see [33] for a proof that this indeed is true. It is worth pointing out that this
computation does not involve any usage of mirror symmetry. In fact, in [32] the authors
have computed new Gromov-Witten invariants for Calabi-Yau manifolds without known

mirror.

Finally we want to briefly report about the progress in higher dimensions. Most
mysterious is the infamous (2, 0) theory in six dimensions, whose Lagrangian — if existent
at all — is not known. Every ever so tiny grain towards its understanding is celebrated
like a treasure by the community. There exist intriguing conjectures, that maximally
supersymmetric Yang-Mills in 5d, naively power-counting non-renormalisable as it is,
might already itself be UV complete, if one includes the non-perturbative sector in the
spectrum [34, 35]. It is hence of double interest to look at the partition function of five
dimensional field theories on S®, this has been done in [36, 37]. These results are not yet

entirely complete, as there is also an instantonic contribution to the matrix model, which



so far no one has been able to compute. The subject is very active field of research and
various related results have been obtained in the recent past, we will briefly mention only
a few. Neglecting the contribution from instantons, the matrix model shows nevertheless
a N3 scaling behaviour for the free energy [38], which is the sought-after 6d prediction
from gravity [12]. Another interesting idea is to extend the S° partition function to
the six-dimensional index, which is discussed in [39], also here a N3 behaviour could be
observed. Less immediately related to the (2,0) theory, there are even localisation results

directly in 6 dimensions [40].

It is a good motivation to our work to keep these manifold applications in the back of

our minds. Let us now give an overview about the contents of this thesis.

In part I we will take one step back from the applications and address a more basic
question. We have seen that a compact manifold seems fundamental for the recent devel-
opments and in part I of this work will address the question when and how it is possible to
put a supersymmetric field theory on a general curved space-time, preserving some of the
fermionic symmetries. We take a holographic point of view starting with superconformal
theories in chapter 2, where we show that superconformality on curved spaces is governed
by (sometimes generalised) conformal Killing spinors. In chapters 3 - 7 we then explicitly
classify the geometry of ' = 1 and N/ = 2 supersymmetry in various dimensions. We
will also show how our results extend to the non-conformal case. In chapter 1 we have
outlined the general strategy pursued in part I, including a summary of the classification
results. Here the reader not interested in technical details can find an overview over the

information contained in the first part of the thesis.

Part II considers the aforementioned matrix model for N = 2 superconformal field
theories on the three-sphere. In chapter 8 we give an introduction to the whole subject
and summarise our general findings. We present some necessary material about the field
theories in question and the AdS,/CFTj3 correspondence in chapter 9. In chapter 10 we
review a large N saddle point ansatz for the matrix model of the theory on S®. We
then solve this ansatz for various examples and match the result with the gravity duals.
In chapter 11 we show how, for theories with multiple gauge groups, the saddle point
equations are invariant under Seiberg duality. We conclude with a more speculative
chapter 12, about a curious observation of an alternative ‘geometric’ formula for the free

energy.



Part 1

Supersymmetry on curved spaces



Chapter 1

Introduction, Outline and Summary
of the Results

Statement of the problem

Field theories that are supersymmetric in flat space generically loose all their fermionic
symmetries if we naively put them on a curved manifold without adding extra couplings.
This is most easily seen by considering the extra contribution within the covariant deriva-

tives stemming from the non-vanishing spin connection.

Nevertheless, supersymmetric theories on curved spaces have been constructed since
a long time, see e.g. [41, 42] for early accounts of AdS spaces. One has to add extra
terms to both the flat-space action and the flat-space supersymmetry variations, in order
to render the theory supersymmetric. This can be done, most straightforwardly, by a
perturbative construction in 1/r, where r is the scale of the curved space. A priori it is
not clear, however, for which manifolds such a construction can be performed successfully
and the problem needs to be studied case-by-case. Moreover, it is a cumbersome exercise
to determine the deformed Lagrangian and the supersymmetry variations in this way.

Anyhow, the problem can also be studied more systematically:

A clever solution

We can understand the field theory on curved space as arising in the rigid limit of super-
gravity [43]'. The bosonic fields of the gravity multiplet are frozen to a supersymmetric

configuration and treated as background fields for the matter sector. In this way, they

! Similar but less systematic ideas have appeared earlier in the literature, see e.g. [44] and [45].



naturally generate the additional curvature couplings that ensure preserved supersymme-
try. Thus one gets, in a sense, the Lagrangian and the supersymmetry variations “for
free”, as the supergravities are often well known. Note that the metric is part of the
supergravity multiplet, its background value can be considered as an external input. It is
worthwhile to point out that the gravity is treated non-dynamically, in the sense that we
do not impose the equations of motion for the background fields. In particular, we keep
the auxiliary fields and freeze the full off-shell multiplet to supersymmetric values. The
problem of determining the manifolds supporting a supersymmetric theory can now be
solved very systematically by determining the class of spaces on which one can find such
a supersymmetric configuration of the gravity multiplet. As we will show in this thesis,

in many cases this boils down to the existence of a (charged) conformal Killing spinor

(CKS)
1
A A A
Pl.e=(V, _E%D Je=0 (1.1)
where 4 denotes twisting with the R-symmetry gauge field, Vﬁ =V, —1A,, and D is the
Dirac operator D = «*V,,. When the flat space theory has more then 4 supercharges, the
condition for unbroken supersymmetry amounts to a generalised version of this conformal

Killing spinor, including various extra background fields.

Hello, holography!

If the field theory is superconformal, there is yet a different approach to supersymmetry
on curved spaces. In that case we can study the problem using holography. Now, the
curved space-time arises as boundary information of the dual gravity in the bulk. Clearly,
the supergravity in the bulk has a proper physical interpretation as the holographic de-
scription of the field theory in one more dimension. Nevertheless, we argue that there
is a tight connection between this gravity and the “auxiliary” gravity in one dimension
less that we described in the last paragraph. Before we do that, we want to give a few
more details about the nature of these two theories. The natural auxiliary supergravity
that couples to a superconformal field theory is conformal supergravity”. Recall that in
conformal supergravity the entire superconformal group is gauged, as opposed to Poincaré
supergravity. In particular, there are gauge fields for the R-symmetry, for special con-
formal and for Weyl transformations. On the other hand, in the bulk, we will assume
minimal gauged supergravity. That basically contains the metric g,,, the gravitino 1,

and a graviphoton A,,, which are the appropriate gauge fields dual to the three symmetry

2 See [46] for a nice review of conformal supergravity. Some original papers are [47-53].



currents of a generic SCEF'T, being the energy-momentum tensor 7,

w, the supersymmetry

current 7, and the R-symmetry current J,,.

Conformal Killing spinors from the bulk

Remarkably, it turns out that this minimal gauged supergravity in an asymptotically,
locally AdS space-time reduces to conformal supergravity on the boundary [1, 2, 54, 55].
We will explicitly perform this computation in the next chapter, here we report only few
details. If one assumes the metric of asymptotically, locally AdSy,1,

dr?

d3§+1 =7 + (r2ds?\/[d + O(r))

where M, is any curved d-dimensional manifold, one can expand the supersymmetry
variations of minimal gauged supergravity in 1/r,

55'¢M r—>—oo> Vf € — ’7“7]

where the indices p; and , run in ALAdSgy, and My, respectively, and the bulk supersym-
metry parameter £ has the asymptotic expansion & = rie+ 7“_%7]. Upon identifying the
boundary profile of the graviphoton appearing in V4 with an R-symmetry gauge field, and
the asymptotic spinors € and 1 with - and S- supersymmetry parameters respectively, we
uncover the supersymmetry variation of conformal supergravity in d dimensions. Setting
to zero this variation actually implies the existence of a charged conformal Killing spinor
on the boundary manifold as in (1.1), which can be seen by gamma-tracing Vﬁe = Yun
and plugging back the expression obtained for n. The treatment is generalised appropri-
ately in the case of extended supersymmetry, where other background fields and also the
dilatino variation need to be included. In this outline section we will focus on the simplest
case with four supercharges, the generalised CKS is discussed in detail in the chapters 6
and 7.

Classifying geometries with conformal Killing spinors, a.k.a. SUSY

We now have established that manifolds which admit a charged conformal Killing spinor

(1.1), preserve some supersymmetry”. In this thesis we want to classify such manifolds

3 Again, if the flat space theory has extended supersymmetry, the manifolds need to admit a generalised
version of CKS.



in various dimensions. The strategy which was applied in [1-3]" is based on the following
idea. By looking at all possible spinor bilinears one can determine the geometry that
is defined by a generic spinor. Restricting on the bilinears made from conformal Killing
spinors then gives certain constraints on this general geometry. We want to make some
of the ideas outlined in this chapter more explicit by (repeatedly) discussing a concrete

example.

Ex.: Let us consider N' = 1 in four Euclidean dimensions. The complete
analysis of this example will be presented in chapter 3 (see also [43]), here we
will be very sketchy. A chiral spinor in four dimensions defines a real two-form

j and a complex two-form w °
.4 T
Jmn = €4 Ymn€+ Wmn = €4 Vmn€+ -

They fulfil w? = 0 and w A @ = 252. Note that if €, is charged under a U(1)
gauge field, so will be w. In the language of G-structures, a charged chiral

spinor in four dimensions thus defines a U(2)-structure.

Next we want to get a handle on the geometry. To this end one can parameterise the
derivatives of the forms which are defined by the spinors, in some natural base. The

coefficients are often called intrinsic torsions.

Ex.: In our example, they look like
dj =W*Aj do=W>Nw+W?A@© (1.2)

where the one-forms W' are the intrinsic torsions. As we see, the natural base

for us is given by the forms themselves.

The last step is to impose that the spinor defining the forms is conformal Killing. This will
give certain geometrical constraints on the manifold. Moreover, in all cases studied in this
thesis we will also solve for the values of the background fields in terms of the geometrical

data. That allows us not only to determine the class of manifolds which preserve some

4 There are several related works [40, 56-69] in some of which a similar strategy has been applied and
some of which significantly overlap with the results presented in this thesis. Supersymmetric backgrounds
have been classified in [1, 2, 56, 57, 62] for A' = 1 theories in 4d, in [1, 58, 59] for N' = 2 theories in 3d
and in [3, 69] for A/ = 2 theories in 4d. We will point out the precise overlap in the respective chapters.

5 Note: In order to make most clear the underlying structure, we omit here and in other formulae of

this overview section various factors. All formulae are given in their full blossom in the detailed sections.



supersymmetry, but it also tells us how we can preserve it, i.e. which background fields we
need to turn on in order to generate the curvature couplings. An important observation
is that in the Euclidean we allow these background fields to take complex values. This
is justified as we do not consider their physical fluctuations. In consequence, however,
the resulting Lagrangians for the field theory possibly are not reflection-positive. On the
contrary in the Lorentzian analogue, a non-unitary theory clearly would not be acceptable

and we require the background fields to be real.

Ex.: More explicitly, in our example, we need to impose the differential con-
straint P2 - e, = 0, where the conformal Killing operator has been defined in
(1.1). Here, d =4 and A,, is a U(1) gauge field, which being in the Euclidean
we allow for taking complex values. It is slightly technical to translate the
spinorial CKS condition (1.1) into a differential condition on the forms. The

result is roughly®
W3 =0 Ay = W2+ W (1.3)

The first equation is a geometrical constraint. Looking at (1.2) shows that it
enforces M, to be complex. The second equation does not impose additional
conditions on the geometry, it simply determines the value of the gauge field
A,, in terms of the torsions W* and W3, which are unconstrained geometrical
data. As a word of caution we should mention here that this analysis is local,
we assumed that the spinor €, has no zeros. In order to obtain a global solution

one needs to analytically continue the results into the vanishing locus.

This example, though the simplest one and with all technicalities omitted, yet captures
the main conceptual features of the analysis performed in part I of the thesis. We have
identified the class of Euclidean four dimensional manifolds that preserve some supersym-
metry and we have given the values of the background fields, which generate the necessary

curvature couplings in the field theory.

The curved space Lagrangian

Conformal supergravity has the important feature that the matter sector does not ap-
pear in the supersymmetry variations of the gravity multiplet. Hence a configuration of

(Guvs Ay, tpy) is supersymmetric independently from arbitrary matter couplings. In the

6 see (3.25) for the exact formulae for A,,, including a contribution from the norm of the spinor e

10



matter sector, the frozen background values of the gravity multiplet generate extra cou-
plings which are not present in the flat space theory, as we have discussed above. On the

linearised level one has for instance
1 5 _
59;“,7 "+ Ay + b TN (1.4)

where T}, is the energy momentum tensor and .J, and J;" are respectively the R-symmetry
and the supersymmetry current in the boundary field theory. The non-linear level works
conceptually the same and the matter coupled Lagrangian for conformal supergravity

freezes to the curved space Lagrangian of the rigid theory.

Ex.: Coming back to our case study of N/ = 1 theories in four dimensions,
one simple example for a complex manifold is the Hopf surface S x S® 7. This
manifold has been prominently used to study superconformal indices, see e.g.
[22-24]. If we choose the metric ds® = dt? + ds%,, we can compute the torsions
in (1.2) as dj = —2dt A dj and dw = —2dt A w. One confirms that indeed
W3 = 0. Moreover, for a t-independent spinor ¢, , we find from (1.3) a purely

imaginary gauge field with a leg along the S! circle,
A=—ldt.
2

Via couplings as in (1.4) or inside the covariant derivative, this value for A,,
indeed generates the extra terms in the Lagrangian and the supersymmetry
variations of the field theory on S% x S!, see e.g. [22].

We have thus seen how we can start with a geometry, extract the background fields from
that, and then determine the curved space Lagrangian and supersymmetry transforma-

tions.

From CFT to QFT

So far, formally we only discussed conformal field theories. We coupled them to conformal
supergravity, and gave a physical interpretation of this coupling as boundary residue of
the holographic bulk dual. It turns out that many of the results extend to the case where
the rigid field theory is just supersymmetric, without necessarily being conformal. In that
case, one would naturally couple the theory to a suitable version of off-shell Poincaré

supergravity. Recall that all known off-shell formulations of Poincaré supergravity can be

" The complex structure works by pairing the Hopf fibre in S3 with the S! factor.

11



obtained from conformal supergravity via the old-established formalism of superconformal
tensor calculus. There, the conformal symmetry is removed by introducing “compensator
multiplets”, upon which the unwanted gauge freedom is fixed [70, 71] (see also [46] for
a review). Some components of these compensator multiplets remain unfixed, they cor-
respond to additional background fields. Different choices for the compensator lead to
the various off-shell formulations. We found that often the same additional background
fields can be introduced by identifying them with a particular combination of the intrinsic
torsions (1.2), without loosing any degrees of freedom. In this sense, their value also is
determined by the geometry; and together with the CKS in that geometry they constitute

a solution to the corresponding Poincaré supersymmetry condition.

Ex.: In the case in which the Euclidean N' = 1 field theory preserves R-
symmetry, it is natural to couple it to "new minimal supergravity” [72], which
is a Poincaré supergravity with a U(1) gauge field. In the formalism of su-
perconformal tensor calculus it is obtained by choosing a tensor multiplet as
conformal compensator. Fixing the conformal symmetry introduces a tensor
bnn as an additional background field. It turns out that this freedom exists
also in the conformal supergravity. To see this, note that we can rewrite the

CKS equation (1.1) by expanding D“¢ in the basis 7™¢ for chiral spinors,
Dle = 2ipe

where at this point the 2iv,, are arbitrary expansion coefficients. In the form
language, this translates® to 2iv = W3, — W'y = —i* dj , where ¢; and 1
denotes the (anti-)holomorphic part with respect to the complex structure of
M,. Tt is straightforward to see that the CKS equation becomes (we stress

that this is formally just a re-writing)

1
Ve = —i <§v"%m + (v — a)m) €, a=A+ ;v : (1.5)

When v, is the dualised tensor, v,, = (*db),,, this is precisely the super-
symmetry condition of new minimal supergravity. Since this is the case for
our v, the conditions for some preserved supersymmetry in a theory with an
R-symmetry is indeed in a one-to-one correspondence with the condition for

supersymmetry in a superconformal theory.

8 The translation is no equivalence, though. There is an ambiguity in the definition of v,,, the

discussion of which we postpone to sec. 3. Also, our discussion needs to be refined wherever € has a zero.
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In summary, if we can identify a particular combination of the intrinsic torsions with
the background fields specific for an off-shell version of Poincaré supergravity (and we
often can), the geometrical conditions for unbroken supersymmetry are exactly the same

whether the theory is superconformal or just supersymmetric.

Manifolds that allow supersymmetry - Results

We have obtained a classification of manifolds that admit supersymmetry in three and four
dimensions with varying signature and for different amounts of flat-space supersymmetry.

In this paragraph we will summarise our results.

N =1 in Euclidean 4d This situation has been worked out in [1], see also [56] which
has a big overlap, and [57, 62]. It has been the case study of the outline section so far

and we will only state the final result.

On any Euclidean four manifold which is complex one can define an N' = 1 conformal
field theory that preserves some of its four flat-space supercharges. The same is true
for supersymmetric but not superconformal theories whenever the theory has an U(1)

R-symmetry.

N =1 in Lorentzian 4d This situation has been worked out in [2], similar results have
also appeared in [63]. A chiral spinor in four Lorentzian dimensions defines a real null
vector z and a complex two-form w = z A w, where w is a complex one-form. Up to a
shift symmetry by a complex parameter, this set of forms is equivalent to a (null) vierbein
with line element ds? = ze™ +ww. Supersymmetry requires that the chiral spinor is CKS,
which in turn implies that the null vector z must be conformal Killing, i.e. V(,2,) = Ag..
That is the only geometrical constraint. In addition, the supersymmetric values of the
background fields are determined by the geometry. In the case when z becomes Killing” we
can choose a general set of coordinates. We give explicit expressions for the background

fields in these coordinates.

To sum up, on any Lorentzian four manifold with a null conformal Killing vector
one can define an A/ = 1 conformal field theory that preserves some of its four flat-
space supercharges. If the theory is only supersymmetric (with an R-symmetry) and not

superconformal, the vector needs to be Killing instead of conformal Killing.

9 We can always achieve this by a conformal rescaling. As discussed in section 4 this actually becomes

an additional constraint when the theory is supersymmetric but not conformal.
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N =2 in Euclidean 3d This situation has been worked out in [1], a broad analysis has
also appeared in [58]. Any (charged) spinor in three dimensions defines a dreibein (up to
a phase). Supersymmetry requires again that the spinor is charged CKS, which gives a
condition on the geometry looking very similar to complexity in 4d, namely do = W Ao
where 0 = e! +ie? and W some one-form.' The CKS condition also determines the
value of the background gauge field in terms of the geometrical data. The supersymmetry
condition for an A/ = 2 non-conformal theory with an R-symmetry can be obtained from
the four dimensional N' =1 case by dimensional reduction. As in 4d, the analysis is very

similar to the conformal one and the resulting condition on the geometry is the same.

To sum up, on any Euclidean three-manifold with a dreibein €2, 0,6 which fulfils do =
W Ao with W some one-form, one can define a N’ = 2 theory which preserves some of its

flat-space supersymmetry.

N = 2 theories in 4d This situation has been worked in [3], similar results had also
appeared in [69]. If the flat-space theory has 8 supercharges, the analysis is a little bit more
complicated. That is because the gravity multiplet is richer and so are the supersymmetry
conditions. Albeit major technical differences, the analysis for Euclidean and Lorentzian
signature runs fairly parallel and in this sketchy summary we will not discuss the two
cases separately. A chiral spinor doublet of the U(2) R-symmetry defines, amongst other
things, a tetrad e}, where a = 0,1,2,3. The core of the supersymmetry condition remains
the existence of certain generalised conformal Killing spinors, involving other background
fields in the definition and also additional differential constraints. With one of the spinors
vanishing identically, we get degenerate solutions, including the topological twist in the
Euclidean. In the generic case the differential equations don’t constrain the space-time
and the sole geometrical constraint is that 62 is a time-like conformal Killing vector. The
set of remaining equations fixes again the values of the background fields, leaving three
unconstrained degrees of freedom in the gauge field. Upon a special choice of coordinates

we could explicitly solve the differential equations.

To sum up, on any four dimensional manifold with a time-like conformal Killing vector,
one can define a N' = 2 theory which preserves some of its flat-space supersymmetry.
As somewhat degenerate cases arise also the possibilities of topological twisting on any
manifold in the Euclidean and manifolds with a null CKV in the Lorentzian (which is
basically the reduction to the N'=1 case).

10 The geometries are known in the math literature as transversely holomorphic foliations with a

transversely hermitian metric, see the discussion and maths references in [73].
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From bulk to boundary

Sometimes the solutions to our bulk theory, i.e. minimal gauged supergravity, have been
classified in the literature, see e.g. [74, 75]. To check whether the holographic understand-
ing of the curved manifolds is more than a curious observation, it is useful to expand the
results of such a bulk-classification in asymptotically locally AdS space and compare
against the classification done on the boundary, reported about in the previous para-
graphs. We have in fact done such a comparison for five dimensional minimal gauged
supergravity (in Lorentzian signature), whose solutions have been classified in [74]. There
the authors have found that all solutions fall into two classes, which have a time-like
or a null Killing vector, respectively. We showed that on the boundary of ALAdS both
classes reduce to solutions with a null conformal Killing vector, in agreement with our
four dimensional findings. Furthermore, all other differential and algebraic constraints
of the 5d classification reduce to the set of equations which we found in the purely four

dimensional analysis.

Organisation of the rest of part I

The rest of the first part of this thesis is organised very straightforwardly. In chapter 2 we
discuss locally asymptotically AdS space-times and superconformal theories on the curved
boundary. In particular, we show how conformal Killing spinors emerge from the bulk.
In the chapters 3 — 7 we classify geometries with (generalised) conformal Killing spinors
in various dimensions and for different amount of flat-space supersymmetry, according to
the chapter’s titles. In each case we discuss issues, particularities and examples that are

specific for that dimension/supersymmetry.

15



Chapter 2

The Holographic Perspective —
Conformal Killing Spinors from the
Bulk

In this chapter, we review how supersymmetry in the bulk implies the existence of a “con-
formal Killing spinor” on the boundary [54]; a very similar version of this computation
has also appeared in [76, App. E]. We will focus on the case with 8 bulk supercharges,
which correspond to boundaries with A/ = 1 supersymmetry in four, and A/ = 2 in three
dimensions. The analogous case of extended supersymmetry, where the bulk-to-boundary
analysis gives rise to a generalised version of the CKS, together with an extra supersym-
metry equation, is discussed in detail in [55] for asymptotically AdS, the generalisation
to asymptotically locally AdS is straightforward and we will not review it here. We will
describe the emergence of a CKS from five-dimensional gravity in section 2.1, and in sec-
tion 2.2 for four-dimensional gravity. In section 2.3, we will interpret the result in terms

of the superconformal theory at the boundary.

The material presented in this chapter has appeared originally in the papers [1, 2]
2.1 From five-dimensional gravity to CFT,’s
We will mainly discuss the Lorentzian signature case here, eventually discussing the Wick
rotation to the Euclidean. Our starting point is N' = 2 gauged supergravity with an

AdS, vacuum corresponding to the dual of a four-dimensional conformal field theory on

flat space. According to the holographic dictionary, other solutions of the bulk theory
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which are asymptotically AdS describe deformations (or different vacua) of the CFT. We
are interested in studying the CFT on a curved manifold M, and therefore we look for
solutions of the bulk theory with a conformal boundary M. This can be implemented by
assuming for the asymptotic bulk metric the Fefferman—Graham form
o dr? 272
d85 = 7 =+ (7" d8M4 + O(T)) . (21)
This describes a locally asymptotically AdSs space-time. For our further analysis, it will

be useful to compute the asymptotic fiinfbein

d
e =re®+0(1), & = 77” , (2.2)

«
“w

for M. We denote with a hat five-dimensional quantities that might be confused with

where a = 0,...,3 are flat four-dimensional indices and e* = e%(z)dz" is a vierbein

four-dimensional ones. Similarly, the associated spin connection to leading order in r is
0P =W, " =re”. (2.3)

In general, in order to define the theory on the curved manifold in a supersymmetric
way, we will need to turn on a non trivial background for the R symmetry current. This
corresponds to a relevant deformation A, J* of the CFT and we expect a non trivial profile
of the graviphoton field in the bulk. On the other hand, we do not want to include explicit
deformations induced by scalar operators so we can safely assume that all the scalars in
the bulk vanish at the boundary.

It is hence natural to look at minimal gauged supergravity in the bulk. In Lorentzian

mostly plus signature the bosonic part of the action is'

1 1~ 3 1~ A 2 . A .
S=m | ((GR+5)s1-SFAef— —ZFAFAA), 2.4
G (4+€2* 2 N3 > (2.4)
where F' = dA and ¢ # 0 is a real constant.
The Killing spinor equation corresponding to a vanishing gravitino variation is
~ ) A 1 A
[VA + 42% (’VABC — 45570) FBC} el + §€IJ (i’yA + 2\/§AA)6J =0, (2.5)

!We use notations adapted from [74], to which we refer for details. To compare with [74], one has
to identify y = 2v/3. Moreover, one needs to switch between mostly plus and mostly minus signature,
which means flipping the sign of the metric and taking 'y]‘ﬁere = —q 7§?aere- Also, for ease of reading we set

¢ =1 in most other formulae.
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where we are using flat A, B, C' five-dimensional space-time indices. Our conventions for
the spinors, which are symplectic-Majorana, can be found in Appendix A.1.
We want to expand this in the asymptotic metric (2.1). For the bulk gauge field we

assume the asymptotic behaviour

Au(x>r) = _%

which is compatible with the equations of motion. Here and in the following, u,v, ...

A (x)+06™Y, Ax,r) =0, (2.6)

are curved Lorentzian indices on M,. From the point of view of the gravity solution, this
corresponds to the non-normalisable mode for A, which indeed is interpreted in AdS/CFT
as the deformation of the theory induced by a background field for the R-symmetry. We
can also turn on the bulk fields corresponding to global symmetries of the CFT but,
allowing for a redefinition in A, this will not change the form of the supersymmetry
transformation. It follows that £, = O(1) and F,, = O(r~2).

At leading order in the asymptotic expansion in r, the radial part of the Killing spinor

equation (2.5) gives rise to
Oy’ + 2Z—T”Y5 7 =0, (2.7)

where the index on 75 is flat. Note that the contribution of the gauge field strength
obtained from (2.6) is sub-leading and therefore drops out. Eq. (2.7) implies that the two

symplectic-Majorana spinors take the asymptotic form

el = r'2e 4 7"’1/277 ,

12, _ =12

; (2.8)

€ = ivs(r n) ,

where € and 7 are independent of r. Plugging these expressions back into the remaining

components of (2.5), one finds that at leading order the spinors obey the following equation

(V“ _ Z'Au’y5)€+”)/u’7577 — 0. (2.9)

Here, a term from the covariant derivative relative to the metric ds? has combined with
the term linear in v4 in (2.5). In the gamma matrix representation we adopted (see
appendix A.1), the symplectic-Majorana condition in five dimensions implies that the
four-dimensional spinors obey €* = € and n* = —n. We can also use 5 to define the
chirality for the boundary spinors,

e=¢ep e, n=mn+n-, (2.10)
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where y5e. = +e and 514 = £n. Taking the trace of (2.9) allows us to solve for 7:

1 :
n = _Z(%V” + 1A, e . (2.11)
Finally, inserting this back into (2.9), we find
1
Vie, = Z%DAQ , (2.12)

where Vf} =V, —iA, and DA = VHVﬁ- This is the equation for a (charged) conformal
Killing spinor, and will be the starting point of our subsequent analysis. In the math
literature such a spinor is also known as twistor spinor. We will review the mathematics
behind it and classify its solutions in section 3.1 for Euclidean and in section 4.1 for
Lorentzian signature. Note that in the Lorentzian a similar equation is given for e_ by

complex conjugation.

Let us comment on the Euclidean case. Upon Wick rotation we drop the Majorana
condition €* = e. This implies that €, and e_ are not charge conjugate any longer and we

have two independent equations,
1
anei = Z_L,ymDAEi s

where VAey = (V,, FiA,,)ex and we allow for complex values of A,,. m,n,... will
denote curved indices for Euclidean M,. As usual, in the Euclidean the spinors have been
doubled.

2.1.1 Generalisation to extended supersymmetry

The analogous case with A/ = 2 supersymmetry on the boundary is slightly more involved.
Minimal gauged N = 4 supergravity in five dimensions [77] contains more fields, and so
does N = 2 conformal supergravity in four [78, 79]. In particular, there is an additional
spinor, but also a tensor and a scalar in the off-shell multiplet. Nevertheless, it is still
true that the latter can be obtained from the former in an asymptotical AdS background,
see e.g. [55]. We will not review this here. The structure and supersymmetry conditions
for NV = 2 conformal supergravity will be discussed in detail in section 6.1 for Lorentzian
signature and in section 7.1 for the Wick rotation to the Euclidean. Here we just want
to briefly report on the fact that also for extended supersymmetry, superconformality
is ensured by the existence of a somewhat 'generalised’ conformal Killing spinor. More
explicitly, the vanishing of the gravitino variation gives

. 1 . 1 .
V;‘ei +7 e = Z%DAGQ , (2.13)
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where Ve, = Ve, — iA, ;€ is twisted with the U(2) R-symmetry gauge field, i = 1,2
is a U(2) index and 7T}, is the tensor field mentioned above. We recognise the similarity to
the CKS equation (2.12) found above. There is another equation (see (6.4b)) coming from
the vanishing of the aforementioned ‘additional” spinor in the gravity multiplet, which a
priori gives extra conditions for the generalised Killing spinor reported here. We will

discuss these conditions in detail in the later chapters.

2.2 From four-dimensional gravity to CFTj’s

The analysis of N' = 2 gauged supergravity in four dimensions is very similar and we
will be brief here. In one dimension less, the asymptotic bulk metric we will be using is,

analogously to (2.1),
dsi = — + (r’ds3;, + O(r)) , (2.14)

where Mj; is the Euclidean® three dimensional boundary manifold we are interested in.
The asymptotic behaviour of the gauge field parallels that of the four dimensional one
and we find again that to leading order in % the curvature of the gauge field drops out of
the Killing spinor equation on the boundary. In frame indices (a,4), a = 1,2, 3, we get

for the leading order asymptotic Killing spinor equation

1 B A T B
(84 + 5’74) e=20 s <Va + 5’}/@(1 + ’74)) e=0 s (215)

where Vf =V, —iA, is now the covariant derivative with respect to the metric ds?ws.

Since 7, squares to one, we can divide spinors into eigenspaces of eigenvalue =+1,

v4€+ = Fex. The first equation in (2.15) then gives
1 1
E=Tr2e_ 41 2e; . (2.16)
Plugging this into the second equation of (2.15) gives, at leading order,
Ve 47,60 =0. (2.17)

We can use v* to reduce spinors from four dimensions to three. In a basis where

0 o L (0
. | _ , 2.18
! <o—a 0) ! (—@0) (2.18)

2 For a discussion of supersymmetry on Lorentzian three-manifolds, see [59]
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the spinors €4 can be rewritten as €4 = (iﬁi ), where x4 are three-dimensional spinors.

This gives
VaN_ = —ioaxy (2.19)

We can get an expression for y, by taking the trace:
X+ = %DAX— , (2.20)
where D? = 0%V, is the Dirac operator. We have obtained again

<vg‘ — %UQDA) x-=0. (2.21)

Which we recognise as three dimensional version of the (charged) conformal Killing spinor.

We will classify the spaces that admit a solution to this equation in section 5.1.

2.3 Conformal Killing spinors and superconformal the-

ories

The appearance of the equation (2.21) and (2.12) for a conformal Killing spinor at the

conformal boundary of the gravity solution can be easily explained.

As we reviewed in the outline section, if we want to define a supersymmetric theory
on a curved manifold M, an efficient strategy [43] consists in coupling the theory to
supergravity and then freeze the fields of the gravitational multiplet. The value of the
auxiliary fields determines the coupling of the theory to the curved background.

For a superconformal theory, one can proceed similarly and couple the theory to the

fields of conformal supergravity ¢,., ¥, and A,,. At the linearised level, these fields
couple to the superconformal currents:
- %gmnT’“" + A"+ U T (2.22)
where J™ is the R-symmetry and J™ is the supersymmetry current. For us, the fields
of conformal gravity will play the role of background fields; since we work in Euclidean
signature, we will allow the auxiliary field A,, to be complex.

In order to preserve some supersymmetry, the gravitino variation must vanish. For

simplicity, we write the variation for a four-dimensional theory where they read (with
obvious redefinitions) [46, 50]

O = (Vi — iAm7s) € + Ym Y51 (2.23)
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where € is the parameter for the supersymmetries ) and 7 for the superconformal trans-
formations S. It is crucial for our arguments that, as stressed many times in the old days®,
the algebra of the superconformal transformations of g, ¥m, A, closes off shell. There-
fore the variation (2.23) depends only on the background field A,, and is not modified
by the coupling to matter. Moreover, the supergravity action for the fields ¢mn, ¥m, Am
is separately invariant and can be safely omitted without spoiling the superconformal

invariance of the matter part.

The vanishing of the gravitino variation constrains the manifolds where we can have
supersymmetry. As expected, equation (2.23) is identical to (2.9) which, in turn, is equiv-
alent to the conformal Killing equation. Notice that ¢ and 7 in our bulk computation
appear in the asymptotic expansion (2.8) with a different power of r corresponding pre-

cisely to the conformal dimension of the supercharges ( and S.

3See for instance [80] for a very simple example of the logic we will be using in this thesis.
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Chapter 3

The geometry of A =1 in four

Euclidean dimensions

In this chapter, we focus on the four dimensional case with one of the four NV = 1
supercharges preserved in Euclidean signature. We saw in section 2.1 that starting from
very mild assumptions on the structure of the gravity dual, the boundary manifold will
have a conformal Killing spinor, namely a solution of the conformally invariant equation
(V;i — évaA) € = 0, where D = v™V,, is the Dirac operator, and 4 denotes twisting by
a gauge field, in general complex. Following the same logic as in [43], applied this time to
conformal supergravity [47-53], the existence of a conformal Killing spinor is exactly the

condition one needs in order to preserve one supercharge for a superconformal theory!.

We show that a conformal Killing spinor exists on any complex manifold (Ké&hler or
not)?. Thus, a superconformal field theory on any complex manifold preserves at least
one supersymmetry, if we turn on a background field (in general complex) for the R-
symmetry. In fact, conformal supergravity gives rise to ordinary supergravity once one
breaks conformal invariance by giving expectation value to fields in auxiliary compensator
multiplets (as for example in [70]; for a review see [46]). In particular, applying this
idea to a tensor multiplet gives rise to “new minimal supergravity” [72]. This suggests
that one might extend our results to any supersymmetric theory with an R-symmetry

(not necessarily conformal); and we indeed show, using again the method in [43], that a

! The relevance of conformal Killing spinors was also realised for superconformal o models in [81, 82].
2 There exist many complex manifolds which are not Kahler. The most famous example is perhaps

the Hopf surface, which is diffeomorphic to S x S!, or more generally all “class VII” Kodaira surfaces.
Primary and secondary Kodaira surfaces in the Enriques—Kodaira classification are also non-Kéhler (see
for example [83, Ch. VI]).
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supersymmetric theory preserves at least one supercharge on any complex manifold. A

very similar analysis has been presented for the “old minimal supergravity” in [57, 62] °.

Our analysis can also be used to identify concretely the Lagrangian of the theory dual
to a given supergravity background. Suppose we have a supergravity theory whose AdS
solution is dual to a given CF'T in flat space. If one has another solution of the same
supergravity theory which is asymptotically locally AdS, it is possible to read off the
value of the boundary metric and of the background field for the R-symmetry, and to
write the Lagrangian of the CFT on the resulting curved space using our discussion in
section 2.3 (and in particular (2.22)), in agreement with the standard AdS/CFT dictio-
nary. Moreover, from (3.30) one can also identify the background field appearing in new
minimal supergravity, which is crucial to write the Lagrangian for any supersymmetric

but non-conformal deformation of the CFT.

This chapter is organised as follows. We did already review how conformal Killing
spinors arise from holography in section 2.1, now in section 3.1 we will study the geometry
of such spinors; in the charged case, we find that any complex manifold admits one. In
section 3.2, we show that any supersymmetric field theory preserves one supercharge on

a complex manifold.

The material presented in this chapter is based on the paper [1]. Similar results have

appeared in [56].

3.1 Geometry of conformal Killing spinors

We have seen in the previous chapter that preserved supersymmetry implies the existence
of a charged conformal Killing spinor. In this section, we will review some geometry

behind the defining equation

1
Pie = (Vf1 - c_ﬂmDA) e=0, (3.1)

and classify its solutions. Notice that the conformal Killing operator P4 is covariant

under Weyl rescaling. The operator P2 of the rescaled metric g = efg is indeed given by

PAel/t = el/ApA (3.2)

3See also [61].
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3.1.1 The A =0 case

In the uncharged case (A = 0), the conformal Killing spinor equation reads

1
(Vm — E'ymD) e=P,e=0. (3.3)

One way to think of the operator P,, is the following. The covariant operator V,, goes
from the bundle of spinors ¥ to the bundle T" ® X of vector-spinors. The sections of
the latter are a reducible representation of the orthogonal (or Lorentz) group. It can be
written as the direct sum of two representations: a “trace”, defined by taking a section
Y, and multiplying it by 4™, and the traceless part.* The orthogonal projector on this
second irreducible representation can be written as 4;’, — é’ymfy". Now, projecting V,,, on
the trace representation gives the Dirac operator D, while projecting on the traceless part

gives
1 1
O — =" n=Vm— =D =P, . 4
(m dvv)V Vim = =7 (3.4)

So in a sense P, is the “complement” of the Dirac operator. Some of the properties
of P,, (and of its zero modes, the conformal Killing spinors) have been studied by math-
ematicians; see for example [84] in the Euclidean case and [85] in the Lorentzian case.
In particular, some of these results can be used to classify completely the manifolds on

which a conformal Killing spinor can exist, as we will now review.

Consider a conformal Killing spinor €. One can show that D?c o< Re, where R is the
scalar curvature. Using the solution to the Yamabe problem [86, 87], one can make R

constant by a conformal rescaling of the metric. € is then an eigenspinor for D?; namely,
(D? — p?)e = (D = p)(D + p)e = 0, (3.5)
for some p. The spinors

1 ~ 1
Y =e+ —De , Y =¢— —De, (3.6)
u u

are then eigenspinors of D. A theorem by Hijazi [88] now tells us that any eigenspinor of

D is also a Killing spinor, namely a spinor € that satisfies

V€ = WYme . (3.7)

4This is familiar from the NS®R sector of the NSR superstring, which decomposes into a dilatino (the

trace) and the gravitino (the traceless part).
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Such spinors are familiar from the supergravity literature; for example, one can find
explicit expression for Killing spinors on the sphere S™ in [89]. One can readily check that
every Killing spinor is a conformal Killing spinor; thus, a priori (3.7) would seem to be
more restrictive than (3.3). However, as we have just described, existence of a solution to

(3.3) is in fact equivalent to existence of a solution to (3.7) (with a Weyl rescaled metric).

In fact, manifolds which admit Killing spinors have been classified. Notice first that
the usual compatibility between different components of (3.7) gives Ry = —24%Gmn-
This implies that p should be either real or purely imaginary. The real case can be shown
[90] to be realised only on non-compact manifolds, which are in fact a warped product
of R with any manifold M, with metric dr? + e *"ds3,. When pu is purely imaginary,
one can observe [91] that the existence of a Killing spinor on M, implies the existence of
a covariantly constant spinor on the cone C'(My). Such manifolds are in turn classified

using their restricted holonomy.

For example, in dimension four, the cone C'(M,) would be a five-dimensional manifold
with restricted holonomy, which can only be R®. This tells us that S? is the only four-
manifold with Killing spinors, and thus the only four-manifold with conformal Killing
spinors (up to Weyl rescaling).

The case of S* is also instructive in other respects. It is known that there is no almost
complex structure on this manifold. A chiral spinor defines at each point an almost
complex structure; thus, there can be no chiral spinor without zeros on S*. On the other
hand, a Killing spinor has no zeros, because (3.7) implies that the norm of € is constant.
There is no contradiction: a Killing spinor is never chiral; so € = €, + €_, where e, are
chiral. Both e, and e_ have one zero, which explains why there is no almost complex
structure on S*, but the norm of e is still constant. In fact, [84, Th. 7] shows that, in any
dimension, the sphere S? is the only manifold on which a conformal Killing spinor can

have a zero.

In dimension three the situation is similar. Since R* is the only four-manifold with
restricted holonomy, S* (or quotients thereof) is the only compact three-manifold with
Killing spinors. Unlike in the four dimensional case, the conformal Killing spinors on S3
never vanish. In higher dimensions, we have a larger class of possibilities. The existence of
Killing spinors identifies Sasaki-Einstein manifolds in five dimensions and nearly-Kéhler
manifolds in six [91]. The corresponding cones with restricted holonomy are Calabi-Yau
three-folds and G5 manifolds, respectively. Only in the case of S® the conformal Killing

spinor is allowed to have a zero.

Let us summarise the results we have reviewed in this subsection. If a manifold
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admits a conformal Killing spinor (uncharged, namely with A = 0), it also admits a
closely related Killing spinor. Manifolds with Killing spinors, in turn, are also completely
classified; they are either warped products of a manifold with R, or bases of cones with

covariantly constant spinors.

3.1.2 The A # 0 case in four dimensions

We will now turn to the case with A # 0:

1
(v;‘;—c—ﬂmDA)e:P,;‘e:o, m=1,...,4. (3.8)
In general, A will be a connection on a bundle. We will actually take ReA to be a
connection on a U(1) bundle ¢, and ImA to be a one-form. Accordingly, € will be not

quite a spinor, but a “charged”, or Spin¢, spinor; namely, a section of
U, (3.9)

where ¥ is the spinor bundle.

(3.8) has also been considered by mathematicians (see e.g. [92, Part III]), but in this
case it is no longer true that existence of its solutions is equivalent to the existence of
charged Killing spinor (which have been studied for example in [93]). Thus a complete

classification of the solutions to (3.8) is currently not available.

We will thus study (3.8) here. In this section, we will deal with the four-dimensional
case. Since (3.8) does not mix different chiralities (unlike (3.7)), we can consider its chiral
solutions separately. For simplicity, we will assume that ¢ = e, is a spinor of positive

chirality.

Intrinsic torsions

We can borrow some of the tools that have been successfully used in the analysis of
supersymmetric solutions in supergravity. The first idea is to parameterise the covariant
derivatives of €, in terms of a basis of spinors. This strategy has been used for a long
time (for example [94, (2.2)]); in the case of a four-dimensional Euclidean manifold, this
was used recently in [62, 95]. In the case at hand, a basis in the space of spinors with
positive chirality is given by

€, ¢ =Ce | (3.10)
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where C' is the intertwiner such that 4% = C~'4,,C. A basis for the space of spinors of
negative chirality is given by either
Ym€+ (3.11)

or by
e (3.12)

as we will see shortly, this second choice is related to (3.11). Using the basis (3.10), we

can expand
Vm€s = Py + qmei . (3.13)
Pm, @m are locally complex one-forms. Globally speaking, Imp is a connection on U, Rep
is a one-form, and ¢ is a section of U? ® T*.
An alternative, perhaps more transparently geometrical, point of view, consists in

noticing that €, defines an U(2) structure on My. We can express it in terms of forms by

considering the bispinors

1 o 1
€+ ® 61 = Z—leBe’” ) €L Qe = ZeBw , (3.14)
where € = 7 C™!, P = ||e,||?, and j is a real two-form. w is locally a complex two-form;

globally, it is actually a section of

U @00 (3.15)

where recall U is the U(1) bundle for which A is a connection. j and w satisfy
wWwr=0, wAw=2j*, (3.16)
or, more symmetrically,

JANRew =Rew Almw =ImwAj =0,

3.17
7% = (Rew)? = (Imw)? . (3.17)

One can use these forms to relate the two choices for a basis of spinors of negative chirality,
(3.11) and (3.12):

1
VYm€y = éwmn’y”eg . (3.18)

Notice that this also implies that e, and eg are annihilated by half of the gamma matrices’:

" Yper =0, IL, "y, =0, (3.19)

5In other words, they are pure; it is indeed well-known that any spinor in even dimension < 6 has this
property [96, Rem. 9.12].
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n—1
=2
complex structure I,,," = jnpg™").

where II,,, (07 —il,"™) = Fwmpw"™ is the holomorphic projector (relative to the almost

Strictly speaking, the previous discussion should be taken with a grain of salt in the
case where ¢, has zeros. In general 7 and w will not be well-defined on any zero z;, and
will define a U(2) structure only on My — {z;}.

Similarly to (3.13), it is easy to parameterise the derivatives of j and w, by decomposing
dj and dw in SU(2) representations. A three-form a3 can always be written as a3 = a3 A7,
where 7 is a one-form; or, it can be decomposed into its (2,1) part and its (1,2) part,
which can in turn be re-expressed as w A By ; and @ A Bl,o- These two possibilities can be

exchanged with one another by using (3.18).
We follow both strategies to write

dj =wAj, do=wANw+w* ANw . (3.20)

w? is a real one-form. w® and w? are locally complex one-forms; globally, Imw?® is a

connection on U?%, Rew® is a one-form, and w? is a section of U* ® T*.

The w' are collectively called “intrinsic torsion”. Our choice to write dj using j and
dw using w and @, and our names for the one-forms w?, might seem mysterious. We made
these choices to be as close as possible to a notation commonly used for U(3) structures on
six-manifolds, where the intrinsic torsion consists of forms W7, ..., W5 of various degrees
(a notation which is also not particularly suggestive, but which has become traditional;
see [94, 97]). Notice that ws can be assumed to have (0, 1) part only, and w3 to have only
(1,0) part.

Our parameterisation of Ve, in (3.13) is nothing but a spinorial counterpart of the
intrinsic torsions w; in (3.20). In fact, we can easily compute a relation between the two,
using the definitions (3.14) of j and w. We get:

1 1
w* = —2Re(qLw) , wgy = 2i(Imp)o — §QI_(IJ : wi, = Jaew (3.21)
As a byproduct, we also obtain a relation on B (which was defined earlier as e = ||e||?):
dB = 2Rep . (3.22)

General solution

In supergravity applications, it is usually straightforward to compute dj and dw directly

from the spinorial equations imposed by supersymmetry. In this case, it is more convenient
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to compute first the torsions p and ¢ in (3.13) from the conformal Killing spinor equation

(3.8). The computation involves the action of ~,,,:

.. C
Ymn€tr = V)mn€t — Wmn€y
oo (3.23)
TYmn€L = —mn€L + Wimn€ -
This allows us to rewrite (3.8) as®

Pro=0, 2 taow=0, qi=0. (3.24)

where p; = pp — 1An.

(3.24) can also be translated into equations for the intrinsic torsions w; defined in
(3.20):

w’ =0, (3.25a)
iAo = —wi, + qwio + 508, (3.25b)
iAoy = +§wo,1 — g Wou + 563 : (3.25¢)

We see that (3.25b) and (3.25¢) simply determine A and do not impose any constraints

on the geometry. On the other hand, w? = 0 has a geometrical meaning: namely,
(dW)LQ =0. (326)

When € has no zeros anywhere, this is just a way of saying that the manifold M, should

be complex.

Let us briefly review why’. From its definition as a bispinor in (3.14), we know that

the two-form w is decomposable, i.e. it can locally be written as a wedge of two one-forms:
w=e Ne. (3.27)

These one-forms e can be taken as generators of the holomorphic tangent bundle 70;
this defines an almost complex structure I,,. Clearly, if I, is integrable, dw is a (2, 1)-form,
and hence (3.26) holds. To see that the converse is also true, observe that (3.26) can only

be true if d of a (1,0) form never contains a (0,2) part; or, by conjugation, if

(de') (20 =0 , (3.28)

SWriting (3.8) as El e, + E;eﬁ = 0, one would expect two vector equations; decomposing each into
(1,0) and (0,1) parts would give four equations. However, Ej ; and Ef ; can be shown to be equivalent.

This can also be seen from the fact that multiplying (3.8) by ™ is automatically zero, and from (3.18).
"This idea is usually attributed to Andreotti.
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where ¢ = 1,2 is a holomorphic index. Consider now any two (1,0) vectors E;, E;. We

have the following chain of equalities:
(IE;, Exluie)ee’ = [{d, E;L}, Byl|ee’ = —Ep{d, EjL}e’ = —EpLEjide’ =0 . (3.29)

In the first step, we have used Cartan’s magic formulas relating d, Lie derivatives and
vector contractions. (3.29) means that the Lie bracket of any two (1,0) vectors is still
(1,0), which is the definition of integrability. So I, is a complex structure, and the

manifold M, is complex.

Conversely, if M, is complex, there exists a solution of (3.8). Given a complex structure
I, let wr be a section of its canonical bundle K = ATy. I defines a GI(2,C) structure
on My; but Gl(2,C) is homotopy equivalent to U(2), and for this reason there is actually
a U(2) structure on M. This means that there always exists a two-form j compatible
with w, in the sense that j Aw = 0 (as in (3.16)), or in other words that j is a (1, 1) for
I; this also implies that j and I define together a metric via g = 5.® The volume form
of this metric is just —% 4%, by choosing an appropriate function B, we can now define

By so that w A @ = 252 is also true (again as in (3.16)). We can

a normalised w = e~
now define the w’ from (3.20); since I is complex, w? = 0. Finally, as remarked earlier,
(3.25b) and (3.25¢) simply determine A in terms of the w’ and B; it can be checked that

it transforms as a connection.

If € has zeros z;, only My — {z;} will be complex, and not the whole of M,. This is
for example the case for S*. As we discussed at the end of section 3.1.1, in this case a
chiral conformal Killing spinor €, has a zero at one point; the complement of that point is
conformally equivalent to R*, which obviously admits a complex structure. Conversely, if
one finds a complex structure on My —{z;}, one can determine A through (3.25b), (3.25¢),
and one should then check whether it extends smoothly to the entire M.

To summarise, the charged version of the conformal Killing spinor equation, (3.8),
is much less restrictive than the uncharged version studied in section 3.1.1. We found
that the only requirement on the geometry is (3.26), which can be solved for example
by requiring that the manifold is complex. Moreover, A is determined in terms of the
geometry by (3.25b), (3.25¢).

80ne can alternatively reason as follows. Given any metric § on My, the ‘projected’ metric ¢, =
(I1,, P11, + f[mPan)gpq = %(an + I,P1,%G,,) is hermitian with respect to I. One can then define a
two-form via Jy,,, = InPgpn, which is indeed antisymmetric, as one can easily check.
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3.2 Supersymmetric theories on curved spaces from

new minimal supergravity

In the previous section, we have studied the constraints imposed by the presence of at
least one supercharge in a superconformal theory, by coupling the theory to conformal
supergravity. We will now show that those results can be interpreted very naturally also
as the coupling of a supersymmetric theory to “new minimal supergravity” [72, 98]. In
particular, we show that every solution of the new minimal equations is a conformal Killing
spinor. Vice versa, every conformal Killing spinor (without zeros”) gives rise to a solution
of the new minimal equations. We can then use the results in section 3.1 to understand
when we can consistently define a supersymmetric, but not necessarily conformal, theory

with an R-symmetry on a curved manifold.

3.2.1 Equivalence with conformal Killing spinor equation

We start with a solution of the conformal Killing spinor equation (3.8) without zeros,

charged under a connection A.

As a first step, notice that D%, is a negative chirality spinor, and as such can be
expanded in the basis (3.11):
DA, = 2ive, (3.30)

where v = v™7,, and v™ is a vector.'” Since € has no zeros, v™ is defined everywhere. An

easy computation now shows that (3.8) can be rewritten as'!

1
Vmey = —i (51)"%7” + (v — a)m> €4, a=A+ gv . (3.31)

This is exactly the condition for the existence of at least one unbroken supersymmetry in

new minimal supergravity [72, 98]. When this condition has a solution, we can consistently

define supersymmetric theories on the four-manifold M, using the strategy in [43].
Actually, v starts its life as the auxiliary field of a tensor multiplet; so one should

impose that it can be dualised back:

dxv=0. (3.32)

9We thank the authors of [56] for a useful comment about this point.

OTts (1,0) part is immaterial because of (3.19); its (0,1) part can be written in terms of the intrinsic
torsions in (3.13) as vo1 = —5 (ph) — 5q.®).

HWe use lower-case letters a and v for the auxiliary fields of new minimal supergravity, in order to

avoid confusion with the A of conformal supergravity we have been using until now.
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We can use the ambiguity in the definition of v to arrange this condition. Since v is
defined only up to its (1,0) part, we have two arbitrary complex parameters that can be
used to enforce (3.32). An alternative geometrical perspective is the following. We can

first choose v imaginary and then perform a conformal rescaling of the metric
2f —f d—1 m
Imn — € gpn = D — e/ D+ Tﬁmf’y : (3.33)

In d = 4, this transforms v — v — i%df , and one can use the freedom in choosing f to
arrange so that (3.32) is satisfied.

Hence we have shown that one can take the charged conformal Killing spinor equation
(3.8) to the condition of unbroken supersymmetry in new minimal supergravity (3.31).
The fact that one can bring (3.8) to (3.31) was to be expected because of the formalism
of conformal compensators (for a review see [46]). In that formalism, one obtains new
minimal supergravity by coupling a tensor multiplet to conformal supergravity, and by

then giving an expectation value to the tensor multiplet.

By reversing the previous argument, it is clear that every solution of the new minimal

equation (3.31) is also a solution of the conformal Killing equation (3.8).

We have now two ways of defining a conformal field theory on a curved background,
either by coupling to conformal supergravity or by coupling to new minimal supergravity.
The resulting theory is however the same. The coupling to new minimal supergravity will
add linear and quadratic terms in the auxiliary fields a, v, as discussed in [43] At the linear
level in the auxiliary fields the bosonic action contains the coupling to the supercurrent
multiplets [43, 72]

1 3 - 1
- §gmnTmn + (am - §Um> Jm + wmjm - §bmntmn ; (334)

where J™ and J™ are the R-symmetry and the supersymmetry current, respectively. In
the non conformal case, the multiplet of currents also contains a conserved t,,,, (V™t,,n, =
0) which measures precisely the failure of the theory at being conformally invariant. t,,,
couples to the dual of the auxiliary field v: v™ = €™""9,,b,,. In the conformal case t,,, = 0
and the linear coupling to v,, vanishes. The remaining terms reproduce the couplings to

the conformal supergravity 2.22 since A = a — %v. The quadratic terms work similarly.

3.2.2 One supercharge

Even though we have already analysed the geometrical content of the conformal Killing

spinor equation (3.8) in section 3.1.2, it is instructive to repeat the analysis starting

33



directly from (3.31).

We again introduce j and w as in (3.14). This time it is most convenient to calculate

directly dj and dw from (3.31). First of all we compute

1
d(epel) = (=2Ima A +iRevL )e el + §eB(Imv — i * Rev) ,

(3.35)
d(e €7) = 2ia N e € .

Using (3.14), we get expressions for dj and dw, which in turn give us
Vo1 = —%wfil : (3.36)
ao = —5(9B +uf,) | (3.36D)

3 1 1— 1
(a - 51}) y = —Zwio + §w871 - 583 : (3.36¢)
as well as

(d(A))LQ =0. (337)

Not surprisingly, these relations are consistent with (3.25), which we found by directly
analysing the conformal Killing spinor equation (3.8). In particular, we have found again
that the vector A = (a — %v) is completely determined in terms of the geometry and B,
and that the constraint on the geometry can be solved by taking the manifold complex,

by following the steps described in section 3.1.2.

The vector v must satisfy dxv = 0. We can actually solve this condition for v explicitly:
although A, = (a — %U)LO is fixed by (3.36¢), a1 and vy are not. By choosing a4 g
and vy in a convenient way we can impose (3.32). There is a particularly simple choice

that always works. By choosing a9 = —30B + (wi, +wj,), we get v1 9 = S, which
together with (3.36a) gives
1
V=g dj . (3.38)

This obviously satisfies (3.32).

Due to the ambiguity in choosing a; o and vy 9, we can have different pairs (a,v) that
solve all constraints for supersymmetry. For particular manifolds, for example R x Mj,

there can be different and more natural choices for v, as discussed below.

To summarise, using new minimal supergravity and the strategy in [43], a super-
symmetric theory with an R-symmetry on any complex manifold M, preserves at least
one supercharge. This is in agreement with our result in section 3.1 for superconformal

theories.

We will now comment in particular on the important subcase where M, is Kahler.

34



Kahler manifolds

A very simple case is v = 0 and a real. The new minimal condition 3.31 reduces to the

equation for a covariantly constant charged spinor
(Vi —tay)er =0, (3.39)

which is well known to characterise Kahler manifolds. In our formalism this can be seen

easily from equations (3.35). Using (3.14) we learn that B is constant and
dj =0, dw =2ia ANw . (3.40)

The second condition implies, as already stressed, that M, is complex and the first that

it is a Kahler manifold.

It is interesting to consider the case of conical Kahler metrics
ds = dr® +r?dsy,, . (3.41)

The three dimensional manifold Mj is, by definition, a Sasaki manifold. The cone is
conformally equivalent to the direct product R x Ms through the Weyl rescaling ds? —
T%dsi. R x M3 will also support supersymmetry but with different a,v. If we keep the
norm of the spinor fixed, the new minimal conditions (3.36) for a Weyl rescaled metric

e/ ds? will be satisfied with the replacement
v — v —idf a— a—idf . (3.42)

In the case of R x M3, we see that a and v have acquired an imaginary contribution idt
in terms of the natural variable r = e' parameterising R. Notice that v is not of the form
(3.38) but that it nevertheless satisfies d x v = 0.

The theory on R x Mj3 can be reduced to give a three dimensional supersymmetric

theory on M3. We will return to the study of three dimensional theories in chapter 5.

3.2.3 Two supercharges

It is interesting to consider the case where we have two supercharges e, of opposite
chirality. The Euclidean spinors should satisfy the new minimal equations [43] which in
the Euclidean read

1

Vm€+ = —1 <§Un7nm + (U — a)m> €+,
(3.43)

1
Ve = +i <§v"’ynm + (v — a)m> €_ .
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With two spinors, in addition to (3.14), we can construct the odd bispinors

1 1
€L (029 ET_ = ZQB (22 + *22) s €t ReE_ = ZeB (21 + *Zl) y (344)

where {2’} is a holomorphic vielbein, in terms of which w = z!'Az? and j = % <z Azt 4 22 A z2>

It is easy to show that z}!, = € v,,e, is a Killing vector. In fact
V{mzib} =0, V[mzn] = —i€mn 20y - (3.45)

We thus learn that we always have two isometries when there are two supercharges of
opposite chirality.

The commutator of the two supersymmetries closes on the isometry generated by z!.
For example, if we take the transformation rules for a chiral multiplet [43, 62]:

0p = &1y 6 = —e_tp_ ; (3.46a)
Spy = Fey + V2 dy™e_ S = Fe, — V% oy ey ; (3.46b)
0F = (V“ — —vm) (. OF =ey™ (Va + vm) W (3.46¢)

a straightforward use of Fierz identities shows that
[0cy s 0 JF =L F (3.47)

where F is any field in the multiplet (¢, 1+, F') and the Lie derivative £ is covariantised
with respect to a.
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Chapter 4

The geometry of A =1 in four

Lorentzian dimensions

From the point of view of rigid supersymmetry, the Lorentzian signature case has so far
been less studied; one exception is anti-de Sitter, which has been considered for a long
time, since e.g. [41, 42, 99], and more recently in e.g. [45, 61] (which also contain a more
complete list of references). In this chapter we consider the same question as in the last
one, namely under what conditions a N' = 1 supersymmetric field theory can preserve
any supersymmetry on a curved space, in Lorentzian signature.! We begin by considering
superconformal theories. In section 2.1 we found very generally that the boundary M,
needs to admit a conformal Killing spinor (CKS) €, possibly charged under a gauge field
A,. The smallest amount of supersymmetry corresponds to € being chiral; since the
equation is linear, whenever ¢ is a conformal Killing spinor ¢ is one too. So the minimal
amount of supersymmetry is two supercharges; we focus on this case. As we will show, the
condition on the geometry of M, for this to happen is very different from the Euclidean
case. Namely, M, has a conformal Killing spinor if and only if it has a null conformal
Killing vector z. The gauge field A, can then be determined purely from data of the

metric on My.

As usual, one can also study supersymmetric theories on curved spaces using the
method proposed in [43]. We recall that this consists in coupling the theory to supergrav-
ity, and then freezing its fields to background values. For a superconformal theory, the
appropriate gravity theory is conformal supergravity the result of this procedure is again

that M, should admit a conformal Killing spinor. For a supersymmetric theory with an

1 One might also attack this question using superspace, as in [100, Chap. 6].
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R-symmetry which is not superconformal, it is natural to use new minimal supergravity
[72], where the off-shell gravity multiplet contains g, and two vectors a,,, v, (the former
coupling to the R-symmetry current). For the theory obtained by this procedure to be
supersymmetric on a curved My, one should then solve an equation for € which is (locally)
equivalent to the CKS equation, with a suitable map of a,, v, with A, and some data of
the geometry. This map in general produces a v, which is complex, which in Lorentzian
signature is not acceptable; imposing that it should be real turns out to require that the
conformal Killing vector z is now actually a Killing vector. As we will see, this stronger
condition arises automatically from the bulk perspective when a certain natural choice of

coordinates is used.

After having determined that supersymmetry leads to clear geometrical requirements,
one naturally wonders how this is related to the geometry in the bulk. The geometry of
supersymmetric solutions of (Lorentzian) five-dimensional minimal gauged supergravity
was considered in [74], and it is interesting to compare our result to their classification.
Indeed, one of the conditions found in [74] in the bulk was the existence of a Killing vector
V', which may be time-like or null. We will show that this vector always becomes null at
the boundary, and reduces to the conformal Killing vector z. We will also check that the
other conditions from the bulk become redundant at the boundary, in agreement with our

results.

The rest of this chapter is organised as follows. Recall that in section 2.1 we have
shown that supersymmetric asymptotically locally AdS solutions in the bulk imply the
existence of a charged conformal Killing spinor on the boundary M,. Here in section 3.1
we will show that such a spinor can exist if and only if M, has a null conformal Killing
vector, and thus that this is the condition for a superconformal theory on M, to preserve
some supersymmetry. In section 4.2 we extend our analysis to theories which are not
necessarily superconformal, but simply supersymmetric with an R-symmetry; we show
that the condition on M, is now that it admits a null Killing vector. In sections 4.3 and
4.4 we compare our results on M, with the bulk analysis of supersymmetric solutions of

gauged minimal supergravity performed in [74], and find agreement.

This chapter is based on the paper [2].
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4.1 Geometry of conformal Killing spinors in Lorentzian

signature

In this section we will analyse the geometrical content of conformal Killing spinors (2.12),
charged under a gauge field A, in Lorentzian signature. This equation is also known as
twistor equation, and it is well-studied in conformally flat spaces [101]. The case where
A = 0 has already been analysed in [102]: all possible spaces on which a conformal Killing
spinor exists were classified. It turns out that they fall in two classes: Fefferman metrics,
and pp-wave space-times. We will review these two as particular cases (with A = 0) of
our more general classification in section 4.2.4. As stated in the introduction, we will find
that a charged conformal Killing spinor exists if and only if there exists a null conformal
Killing vector. To explain the computations that lead to this result, we need to review

first some geometrical aspects of four-dimensional spinors in Lorentzian signature.

4.1.1 Geometry defined by a spinor

In this section we review the geometry associated with a Weyl? spinor e, in Lorentzian
signature. As in section 2.1, we work in the signature (—, +, +,+) and with real gamma
matrices. We start with a spinor of positive chirality e, and its complex conjugate e_ =
(e4)*. We can use e; and 7,e_ to form a basis for the spinor of positive chirality and
e— and 7,ey for those of negative chirality. A convenient way of choosing the basis is
obtained as follows. At every point where €, is not vanishing, it defines a real null vector

z and a complex two form w. We can express this fact in terms of bispinors *
€(LRE . =2+ix2, LR =w, (4.1)

where, as usual, € = €/7°. Equivalently, as spinor bilinears the forms read

1 1

fp = 164—'7#6-1- ; W = _ZE—'Y/W@- : (4.2)

It can be shown easily that z A w = 0, which implies that we can write

w=zAw (4.3)

for some complex one-form w. The form w looks very similar to the holomorphic top-form

of an almost complex structure; in section 4.2.2 we will make this similarity more precise

2We could also use a Majorana spinor.

3We are using conventions where xa A @ = ||a||2Voly and Voly = 0123 = Let+-23
2
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by introducing the concept of CR-structure. One can then show that the spinor €, is

annihilated by z and w, namely
zoep=w- €4 =0, (4.4)

and

P=z-w=w"=0, wew=2. (4.5)

We can think of z and w as elements of a local frame: z = e*, w = ey — ie3. In order to

complete the frame we can introduce another real one-form e~ such that
(e7)*=0, e z=2, e ~w=0. (4.6)
The four-dimensional metric then takes the form
ds® =ze +ww . (4.7)

Notice that the pair (z,w) is uniquely defined by the spinor, while the frame {z,e~, w, w}
is not. This is because, given a w that satisfies (4.3), any other one-form of the form w+az
still satisfies it. After having fixed w, e~ is uniquely determined by the conditions (4.6).
Alternatively, one can pick any null e~ such that e™ - z = 2; a complex w orthogonal to

e~ and z and such that w? = 0, w - @ = 2 is then uniquely determined.

In summary, the vielbein {z,e~, w,w} is not uniquely determined by e ; rather, it is

determined up to the ambiguity
w—w+ oz, e” —e —aw—aw— |a’z . (4.8)
The complex function o has to do with the fact that e, by itself describes an R? structure?,
rather than the identity structure that would be described by the vielbein {z, e~ w, w}.
4.1.2 Intrinsic torsions
We are now ready to define a basis of spinors. For the positive chirality we can take
€4, e e (4.9)

and for negative chirality
€, e -€q. (4.10)

4The stabiliser of the light-like vector z is SO(2) x R?; w breaks the SO(2) to the identity. For more

details see [103]. See also section 4 of [104] for a similar discussion in six dimensions.
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It follows from (4.4) and the previous definitions that
L, -
Yre, = —wte_ + 52“6 CEq . (4.11)
Using the basis (4.9), we can expand
Vyer =puey +que -e_ . (4.12)

Pu, ¢u are (locally) complex one-forms. They can be interpreted as intrinsic torsions
for the R? structure defined by e,.> It is also possible to express p and ¢ in terms of
exterior differentials. In order to do so, we can use the auxiliary piece of data e~, which
allows to define a vielbein {z,e~, w,w}, as described in section 4.1.1. This vielbein is an
identity structure. The intrinsic torsion of an identity structure e® is expressed by the
“anholonomy coefficients” c%,. defined by de® = c%.e” A e¢. As shown in Appendix B, we

can parameterise the de® as

dz =2Rep A z + 4Re(q¢ N w) , (4.13a)
dw = —=2pNz+2ilmpAw—2qNe (4.13b)
de” = 4Re(p ANw) —2RepANe™ . (4.13¢)

Here p and ¢ are precisely the one-forms appearing in the covariant derivative of the
spinor (4.12), while p is a new one-form which is an intrinsic torsion for the identity
structure {z,e~, w,w} but not for the R? structure defined by €. In four dimensions, we
have 4 x 6 = 24 real anholonomy coefficients, which we can identify with three complex
one-forms p, ¢ and p.

Alternatively, we can extract p and ¢ from the forms z and w defined in (4.1). One

can indeed derive the following differential constraints

dz =2Rep A z 4+ 4Re(¢ A w) , (4.14a)
dw=2pANw—2qN(zNe +wAw), (4.14b)
(e Viw=20p-e)w—2(qg-e)(zNe +wAw), (4.14c¢)

which allow to determine p and ¢ from the geometry. Notice that dz and dw alone would
not be enough to determine p and gq.

SFor a G-structure, one decomposes A?T = g@® k (where g is the Lie algebra of G); the intrinsic torsion
is then given by k ® T. In our case, G = R?, so k is 4-dimensional, and k£ ® T is 16-dimensional. These

are precisely the eight complex components of the complex one-forms p and q.
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4.1.3 Conformal Killing spinors are equivalent to conformal Killing

vectors

In this section we study the geometrical constraints imposed by the existence of a charged
conformal Killing spinor e€,. On the resulting curved backgrounds one can define a su-
perconformal field theory preserving some supersymmetry, see section 2.3. We will show
that existence of a charged conformal Killing spinor is equivalent to the existence of a
conformal Killing vector. In turn, this allows to introduce local coordinates, in which the
metric (or equivalently the frame) takes a canonical form, generalising the one discussed
in [102], corresponding to A = 0. We shall present this metric in section 4.2, in the case
when the conformal Killing vector becomes a Killing vector. The two metrics are simply

related by a Weyl rescaling.

First of all, notice that not only does a spinor €, determine a null vector z (via (4.1)
or (4.2)), but also that in a sense the opposite is true. Indeed, let us study the map
e; — z. The space of spinors with fixed €', e, is an S® in the four-dimensional space of all
spinors. This is mapped by (4.2) into the space of all null vectors z with fixed 2°, which is
an S? (the so-called “celestial sphere”). This is the Hopf fibration map, whose fibre is an
St. So, to any null vector z one can associate a U(1) worth of possible spinors €, whose

bilinear is z.
Let us now move on to differential constraints. We consider the equation defining a
charged conformal Killing spinor, or twistor-spinor,

1
Vie, = Z%DAQ , (4.15)

where V;‘ =V, —iA, and D4 is the covariantised Dirac operator D4 = fy”V;‘. Note
that the equation does not mix chiralities, and we consider the case of a positive chiral
spinor. A is a real connection and e, is a section of the U(1) Hopf fibration described in

the previous paragraph.

We can expand equation (4.15) in the basis (4.9). Using (4.12), we obtain a set of
linear equations for p, ¢ and the gauge field A. Since the gamma-trace of equation (4.15)

is trivial we find a total of six complex constraints

-_o, =20, (416)

pt-e
pA~ZT):0, pA-w:—Zq-e’,

where pf} =p, — 1A,

Two of these conditions will determine the real gauge field A. The remaining eight
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real conditions are constraints to be imposed on the geometry. We now show that these

constraints are equivalent to the existence of a conformal Killing vector.

A short computation shows that
V.2, = 2Re (pu2, +2q,w,) . (4.17)

Taking the anti-symmetric part of this equation we reproduce the first equation in

(4.13). Taking the symmetric part and imposing that z is a conformal Killing vector,

(ﬁzg),uu = 2v(uzu) = >\g,uzz ) (418)
we obtain the conditions
Rep-e” =0, z=q-w=0,
g e (4.19)
Rep -z =2Re(q-w) , Rep-w=—q-e |,

with

A = 4Re(q-w) . (4.20)
This set of eight real conditions is precisely the subset of the constraints (4.16) not in-
volving A, as previously stated.

To summarise, we showed that on any manifold M, with a null conformal Killing
vector we can find a charged conformal Killing spinor. In section 4.1.5 we will give an

expression for the gauge field A under which the conformal Killing spinor is charged.

Notice that the presence of a conformal Killing spinor also implies
dw:i<2A—3*(q/\6_/\w)>/\w. (4.21)

In the Euclidean signature case, we found a very similar condition (3.26), dw = W A w,
where w is the (2,0) form of a complex structure. While in that case that condition turns
out to be necessary and sufficient for the existence of a charged conformal Killing spinor,
in the present case of Lorentzian signature this condition alone is not sufficient to imply

supersymmetry.

4.1.4 Conformal Killing spinors are equivalent to conformal Killing—

Yano forms

Our two-form w satisfies an interesting property, namely it is a charged conformal Killing—
Yano form (CKF). In general, a p-form ¢ on a d-dimensional space(-time) (M, g) is con-

formal Killing—Yano (or simply conformal Killing) if it satisfies the equation
Volursy = VipPurony) T #%[MVU%JW,,,MP] . (4.22)
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This is a conformally invariant equation: if ¢ is a conformal Killing form on (M, g) and
the metric is rescaled as ¢ — § = /g, then the rescaled form ¢ = eP*1/ is conformal
Killing on (M, g).

In the uncharged case (A = 0), it is known that the bilinears of conformal Killing
spinors are conformal Killing forms, see e.g. [105]. We already saw that this is true for
z, since a conformal Killing one-form is just the dual of a conformal Killing vector. For a
two-form in four dimensions, this is easiest to check in the two-component formalism for
spinors. Because of its definition in (4.1), w can be written as w® = ¢*¢”, and the CKF
equation (4.22) reads

DPw =0 . (4.23)

The CKS equation reads in this formalism Déﬁ ¢”) = 0, which implies obviously (4.23).
Since for us the CKS is actually charged under A, we obtain that (VA)E-XB w? =0, where

Vﬁ =V, — 2iA,; or, going back to four-component language,
A A Ao
Vioww = VW) — %gp[uv Wilo (4.24)

which is a charged version of the standard conformal Killing form equation.

It is interesting to ask to what extent this property can be used to characterise our
space-time, similarly to what we saw in section 4.1.3. First of all, we should ask when a
two-form w can be written as a spinor bilinear as in (4.1). One possible answer is that
the form should define an R? structure; namely, that the stabiliser of w in SO(3,1) should
be R?2. We can also give an alternative, more concrete characterisation by using again
the two-component formalism for spinors. The two-form w should be imaginary self-dual,
which means it is in the (1, 0) representation of SO(3,1); the corresponding bispinor then
is a symmetric matrix w®. As a 2 x 2 matrix, this can be factorised as e*¢® if and only
if it has rank 1, which is equivalent to det(w) = %eagewgwwwﬁ‘s = 0; in the original form
language, w,,w"” = 0. So we have obtained that a two-form w can be written as a bispinor
as in (4.1) if and only if it is imaginary self-dual and null:

W = 1w

w=e€ey Qe_ = { (4.25)
W

M =0 .

Remarkably, it turns out that the content of the equation (4.24) for a CKF is exactly
the same as the content of the system (4.15) for a CKS. Indeed, if one uses (4.12) in
(4.24) (or in (4.23)), the system one finds is exactly (4.16). Thus, we can conclude that a
choice of metric and gauge field A admits a charged CKS if and only if it admits a null,
imaginary self-dual charged CKF.
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This reformulation is slightly less interesting than the one involving a null CKV in
section 4.1.3. Although CKF’s do have physical applications (such as helping in finding
first integrals of the geodesic equation, see for example [106]), their geometrical meaning
is less compelling than that of a CKV. Moreover, one needs both the data of the geometry
and of the gauge field A to check the condition (4.24), whereas in the previous section
we saw that the presence of a null CKV tells us that a geometry can admit a charged
CKS for some A (without having to guess its form, which will actually be determined in
section 4.1.5). Last but not least, the CKV condition is computationally easier to check
than the CKF condition (4.24).

4.1.5 Determining the gauge field

The gauge field A can be determined by the four equations in (4.16) involving A. One
possible expression is
A=Im(p+i*(ghe Aw)) . (4.26)

Here, p and ¢ are intrinsic torsion forms that can be computed for example from (4.13).
The fact that (4.26) involves e~ might look puzzling, since, as we stressed in section 4.1.1,
e~ is an auxiliary degree of freedom, not one determined by the spinor €,. More precisely,
the vielbein {z,e™,w,w} is only defined up to the freedom (4.8). From the definition of
pand ¢ in (4.12), using (4.11) we see that under (4.8)

Pu = Pp — 20—‘(];1 ) Qu — Qu - (427)

Using this and (4.26), we can show that A is invariant under (4.8). This means it is

independent on the choice of e™, and is in fact determined by e, alone.

We now show that the gauge curvature is invariant under the action of the vector field

z, namely that
L.F=0. (4.28)

We first compute the Lie derivative of a set of vielbein with respect to the vector z.
Using equation (4.13) and the constraints (4.16) imposed by the conformal Killing spinor

equation we find
L.z=1,dz= Nz,
Low=1,dw=—-2(Rep-w+p-2)z+ (g +iz - A+ 3ilm(q - w)) w, (4.29)

L.e”=1,de” =2(Rep-w+p-2)w+2Rep-w+p-2)w,
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where A has been defined in (4.20). In order to simplify these expressions we can make

use of the freedom in the choice of a basis (4.8) to set
Rep-w+p-2=0 (4.30)

and the gauge invariance to impose

z-A = —-3Im(q-w). (4.31)
At this point, the Lie derivative of the vielbein simply becomes®

L.z2= Mz, L,w= gw , Le =0, (4.32)

which is consistent with (4.18). We can also take the Lie derivative of (4.13) to compute
the Lie derivatives of the torsions

1 1
L.p = Z(d)\ - z)e” + Z(d)\ Cw)W

A 1 1
L.q = 54~ g(d)\ cz)w — g(d)\ w)z, (4.33)
A1 1
Lop = —5p—gldA-w)e + o(dr-eTw.

It is then straightforward to check from equation (4.26) that in our gauge £,A = 0. It
follows that
F=LA—d(z-A) = d(3Im(qg-w)) . (4.34)

Notice that this expression is independent of the choice of gauge and frame (due to (4.16))
and it is valid in general. It follows from (4.34) that F' is invariant, £,F = 0.

4.2 Supersymmetric theories with an R-symmetry

In this section we will discuss an alternative supersymmetry equation, that arises as the
rigid limit of new minimal supergravity [72, 98]. This formulation is particularly well
suited to describe supersymmetric field theories with an Abelian R-symmetry, and it may

be thought as a special case of the CKS equation.

6As we will see in section 4.2, in the new minimal case A = 0, hence z is a Killing vector and the Lie
derivative of the vielbein vanishes, £,z = L,w = L,e~ = 0. In the notation of section 4.2 the gauge
condition (4.31) reads a - z = 0.
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4.2.1 New minimal supersymmetry equation

Solutions of the conformal Killing spinor equation (4.15) are closely related to solutions

of the supersymmetry equation

1
V€ = —i (51)”%“ + (v— a)u> €t (4.35)

arising from the rigid limit of new minimal supergravity’ [72, 98]. Here a and v are
real vectors and v is required to satisfy d * v = 0. When this condition has a solution,
we can consistently define supersymmetric field theories on the four-manifold M,, with

background fields v and a, using the strategy of [43].

It is simple to see that a solution of (4.35) is a conformal Killing spinor associated
with the gauge field A = a — %v. It follows from our analysis in section 4.1.3 that there
should exist a null conformal Killing vector. It is in fact straightforward to see with a
direct computation that equation (4.35) implies that z, = %lEyyuq is not only conformal

Killing, but actually even Killing.

Vice versa, if we start with a solution of the conformal Killing spinor equation (4.15)

without zeros, charged under a connection A, we can define a complex vector v through
D%, = 2iv-e, . (4.36)

Every spinor of negative chirality can indeed be written as a linear combination of gamma
matrices acting on €. If €, has no zeros, v is defined everywhere®. Using (4.12) we can

express some components of v in terms of ¢
w-v = 2iq-e zov = —2iq-W. (4.37)

All other components of v are immaterial and v itself is not uniquely determined, since
we can always add to it a term along z and w (recall that z - e, = w - e, = 0). We can

use this freedom to make v real, except for an imaginary part given by

A
Imv = ——e, (4.38)

4
where \ was defined in (4.20). This rewriting of ¢ in terms of v will be useful in section
4.3, where we will perform a comparison between bulk and boundary solutions. It is now

easy to show that (4.15) can be rewritten as equation (4.35) with a = A+ 3v.

"We use lower-case letters a and v for the auxiliary fields of new minimal supergravity, in order to

avoid confusion with the A of conformal supergravity we have been using until now.
8Conformal Killing spinors with zeros do exist; see for example [107] for a characterisation.
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So far, all we have done is rewriting the equation for conformal Killing spinors (4.15)
as (4.35); v, however, is potentially still complex, with imaginary part given by (4.38),
and in general d x v # 0. We will now show that v can be made real by an appropriate
Weyl rescaling g, — e* g,,. To see this, remember that 2 is a conformal Killing vector,
namely a vector satisfying (4.18). However, a null conformal Killing vector can always be

made a null Killing vector by a Weyl transformation. In particular,
Lo = A = La(€gu) = (A +22-df g (4.39)

In coordinates where z = a%v it is then enough to solve 23—5 = —\. This is possible as long
as there are no closed time-like curves. In the rescaled metric €2/ g,,, 2 is now a Killing
vector, which implies that A = 0; from (4.38), we then see that v is real. Moreover,
a similar argument shows that we can use the remaining ambiguity in shifting the z
component of v to arrange for

dxv=0. (4.40)

Hence we have shown that, by a conformal rescaling of the metric, one can take the
charged conformal Killing spinor equation (4.15) to the condition of unbroken supersym-
metry in new minimal supergravity (4.35). The fact that one can bring (4.15) to (4.35)
was to be expected because of the formalism of conformal compensators (for a review
see [46]). In that formalism, one obtains new minimal supergravity by coupling a tensor
multiplet to conformal supergravity, and by then giving an expectation value to the tensor

multiplet.

To summarise, the geometrical constraints imposed by the new minimal equation just
amounts to the existence of a null Killing vector z. As a check, we can count components.
The new minimal equation (4.35) brings 16 real constraints and the existence of a Killing
vector brings 9 real conditions. The remaining 7 real constraints can be used to determine
the components of the gauge fields: 4 for a and 3 for v. a and v can now be computed as
follows. v can be computed from (4.37), and from (4.40), while a = A+ 2v, where A was
given in (4.26). Recall that the intrinsic torsion p and ¢ can be computed for example
from (4.13).

Finally, we observe that a solution e, of the new minimal equations is defined up to
a multiplication by a complex number. We can form two independent Majorana spinors
€1 = €4 +e_ and €5 = i(e; — €_) corresponding to two independent real supercharges.

The commutator of these two supersymmetries closes on the isometry generated by z:

[0c,,06,|P = LD | (4.41)
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where ® is any field in the Lagrangian and the Lie derivative £ is covariantised with
respect to a. The superalgebra can be easily extracted from the transformation rules of
matter fields in the new minimal supergravity or from the algebra of local supergravity

transformations [72, 98].

4.2.2 Introducing coordinates

We can obtain more explicit expressions for v and A after introducing a local set of
coordinates, as promised earlier. First, notice that, using (4.37), (4.38) and the fact that
A =0, equations (4.13a) and (4.21) simplify considerably:

dz = =20, % 2, (4.42a)
dw =2ia ANw . (4.42Db)

As noticed at the end of section 4.1.3, the second of these equations is similar to the
equation that in Euclidean signature implies that the manifold is complex. (4.42) can be
used to compute all the components of a and v not along z. In particular, (4.42a) can be

inverted to give
1
(e”-v)z = —gle * dz. (4.43)

N |+

vt =wv —
As discussed before, the component of v along z is ambiguous and is determined by
requiring (4.40).

Given a null Killing vector, there exists a set of natural coordinates adapted to this.

We will follow the discussion in [104]. We can introduce a coordinate y such that as vector
field

;= 2 (4.44)

and then the vector field dual to the one-form e~ introduced earlier can be parameterised

as

_ 0 0

for some H and F. Taking as coordinates on the four-dimensional space (y,u,z™), the
functions H and F do not depend on y, and are otherwise arbitrary functions of v and

x2™. In these coordinates, the four-dimensional metric can be written as

ds® = 2H Y(du + f) (dy + o+ Fldu+ 5)) + Hhyppdz™dz", (4.46)
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where h,,, is a two-dimensional metric, while 8 = (,,dx™ and o = p,,dz™ are one-forms.

Everything depends on u and 2™, but not on y. Therefore, as one-forms,

z = H Ydu+pB), e =2(dy+o+ FHz) . (4.47)

2 3

The remaining elements of the vielbein can be complexified as w = e* — ie”.

Our four-dimensional manifold M, can be seen as an R fibration (with coordinate
y) over a three-dimensional manifold Mj; (spanned by {z,w}). The latter admits a CR
structure: namely, a one-dimensional complex subbundle T o C T'M3, such that 779 N
Tio = {0}. Roughly speaking, this can be thought of as a complex structure on two of
the three dimensions of Mj. For us, T is spanned by the vector dual to the one-form
w. From a dual point of view, the subbundle of 7" M3 spanned by one-forms which are
orthogonal to E has dimension two, and it is spanned by the one-forms we have been
calling z and w; so its volume form is z A w, which is the form we have been calling w,
and which in a sense can be used to characterise the CR structure. The role of z A w
actually becomes clearer in higher odd dimension 2n + 1; the bundle 7} is now an n-
dimensional bundle which should be closed under Lie bracket (just like for a complex
manifold). The subbundle of T*Mj orthogonal to T} o now has dimension n + 1, and it is
spanned by forms z, wy,...,w,. Integrability of T} is equivalent to the statement that
dzAwy A...ANwp) =a A (zAwy A...Aw,) for some one-form a. Summing up, on our
three-dimensional manifold Mj the form z A w is the analogue of a holomorphic volume

form for a CR-structure, and can be used to characterise it.

Let us now present expressions for v and A in these coordinates. Evaluating (4.43) we
find

v = H (308 — e+ SH e [(HTE) ~do(H] (0

where we defined dy = dz™0,, and %5 is the Hodge star operator with respect to the metric

P Inserting a = a* + (a - e”)z into (4.42b), we determine a* as

ot = i ko [do(H™'0) — 0,(H B A @) w + c.c. (4.49)

where c.c. denotes the complex conjugate’. The remaining component of the gauge field
is given by a-e” = A-e” + %v -e~. As already noticed the component v - e~ is ambiguous;

A - e~ can be extracted for example from the second and third equations in (B.7) and

9Comparing with section 4.1.5 we see that a - z = 0 is a consequence of the Lie derivative £, of our

vielbein being zero, and corresponds to the gauge condition (4.31) (see footnote 6).
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reads
1
Ao — §H71 %9 [dyo + FdofB + (00 + FOLL) A B+ HRe(w A dyw)] . (4.50)

Perhaps it is worth emphasising that the data entering in the metric (4.46), gauge
field A and v (H,F, (3, 0, hmn) are completely arbitrary. This is in stark contrast with
the typical situation in supergravity, where e.g. the Bianchi identities and equations of

motion impose more stringent constraints on the geometry.

4.2.3 Non-twisting geometries

In the special case that z A dz = 0 everywhere, z is hypersurface orthogonal, in the sense
that the distribution defined by vectors orthogonal to z is integrable (by Frobenius theo-
rem). As we will show in section 4.4, this corresponds to the case where the Killing vector
in the bulk is null. Since z is hypersurface orthogonal, there exist preferred functions H
and u such that

z=H 'du . (4.51)

Comparing with equation (4.47), we see that in these particular coordinates = 0. After
performing a further local change of coordinates to eliminate g, the metric can be brought

to the pp-wave form, namely

ds* = 2H 'du (dy + Fdu) + Hhy,dz™dz"™ (4.52)
In addition we have
vt = —%H x9 do(H ™) (4.53)
at = % [#2d2(H ")) w+ c.c. (4.54)
Ao = % +3 [Re(iD A D)) (4.55)

where in particular notice v - z = 0.

4.2.4 The case A =0

It is interesting to study what happens in the particular case A = 0. Actually, as we
showed in this section, every solution to the new minimal equation (4.35) is also a solution

to the CKS equation (4.15), and hence must be included in the classification of uncharged
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conformal Killing spinors obtained in [102]. We will first consider the case z A dz # 0,
and then the case z A dz = 0.

When 2z Adz # 0, z is a contact form on the three-dimensional manifold M3, spanned
by {z,w}. It follows from (4.42a) that $z-v = v_ # 0; using (4.8), we can then make
w-v =0, so that'’

v=uv_e +1,2. (4.56)

Since A = 0, we have that a = A + 3v = 2(v_e™ + v.2). Moreover, from (4.34) and

(4.37), we see that v_ is actually constant. Our (4.42) now become

dz =2iv_wAw, (4.57a)
dw = 3iv_e” Nw . (4.57Db)

Moreover, from (B.7) and the fact that Re(o - w) = 0 as a consequence of (4.57a), we also
have )
e NdwANw = g(LwL@de_)G_ ANzANwWAW. (4.58)

A metric of the form (4.7), such that (4.57) and (4.58) hold, is called a Fefferman metric

[108]. Tt has the property that, if one rescales the one-form z — z = e**

z, where \ is a
function on the CR manifold M3, and one computes new @, €~ so that (4.57) and (4.58)
are still satisfied, the new metric Zé~ +ww is equal to e**(ze~ +ww).!! Notice that (4.57)
are very similar to the conditions for Sasaki-Einstein manifolds (which have Euclidean
signature rather than Lorentzian, and odd dimension rather than even). The fact that
we found a Fefferman metric in the A = 0, 2 A dz # 0 case is in agreement with the

classification in [102].
Let us now consider the case 2 Adz = 0. Using (4.53) and (4.54) it follows that A+ =0
implies

dy(VHw) =0 . (4.59)

Hence, we can choose a complex coordinate ¢ and a function a so that locally v Hw =
d¢+adu. We can then rearrange (4.52) as ds? = H Ydu(2dy + d(a+ dCa+ Fdu) +d{d(],
after suitably redefining F. Moreover, from (4.55) we learn that the component of do

along w is real. This implies in turn that the one-form d¢a + dCa is closed, up to terms

10 As pointed out after (4.37), the component v, is immaterial, and can be used to set d * v = 0.
1 Such a characterisation of Fefferman metric can be found in [109]. The metric is defined there by

[109, (3.7)]. The term Ly in that equation is defined composing (4.57a) with the complex structure
associated to 77 o, the one-dimensional complex subbundle of T'M3 defining the CR structure on M3, and
corresponds to our term ww in (4.7). Moreover, the term 26c in [109, (3.7)] is identified with the term
e~z in our (4.7), once we compare our (4.57b) with [109, (3.5)]. Finally, [109, (3.6)] is (4.58).
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du A (...); locally, we can then write d(a + d(a = df + gdu, for some functions f and g.

We can now further redefine y and F to obtain
ds® = H '[du (2dy + Fdu) + d¢d(] , (4.60)

which agrees (locally) with the classification in [102, Eq. (41)].

4.3 Boundary geometry from the bulk

The general analysis of the supersymmetry conditions in the minimal gauged supergravity
in five dimensions was performed in [74]. Here we would like to asymptotically expand
these results, to extract a set of conditions on a four-dimensional boundary geometry.
Not surprisingly, at leading order we find agreement with the conditions that we derived

from the CKS equation on the boundary in sections 4.1 and 4.2.

4.3.1 Asymptotic expansion of the bilinears

The analysis in [74] uses the following set of five-dimensional bilinears:

fel =ide |

VAEIJ - EI’YAGJ P

(1) -y (2) -] 1 ;) 2\ (4‘61)

Xoup +iX, 5 = —i€yape = —(i€yape’)",
Xy = @vape® = Eqape’.

Here, f is a real scalar, V is a real one-form, and X®, i = 1,2, 3, are real two-forms'?.
We will also define Q = X@ — ;X ®),

We can expand the bulk bilinears (4.61) near the boundary using (2.8). In order to
facilitate the comparison with the boundary results, let us again define a complex one-form

v via the covariant derivative of € as in (4.36), which when plugged into (2.11) yields
1
n =i1y"Re(v,e;) = 57“ (iRev,e — Imuv,ys€) , (4.62)

where we have used that the Majorana condition on € implies that €} = e_. Recall that
v has a complex part given by (4.38). Recall also the definition of the boundary bilinears

(4.2), which together with the Hodge dual of z correspond to the four-dimensional bilinears

12They satisfy a set of algebraic relations that can be found in equations (2.8)—(2.12) of [74] (changing
the sign of the metric in order to take into account the opposite choice of signature).
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defined by a single chiral spinor e, and determine an R? structure. Note also that using

the properties of the 4d gamma matrices, one can check that
kW = iw (4.63)
where the Hodge star is four-dimensional and the metric is the boundary metric g, .

With these definitions, it is straightforward to compute the asymptotic expansion of

the bulk bilinears (4.61) at leading order in r, namely

f/8 ~ —Rev-z, (4.64a)
W8 ~ riz4r Hmou- 2 dr, (4.64b)
(2XW/8 ~ rdrAz—1*Ret, xz+ImvAz) | (4.64c)
072Q/8 ~ irtwdr A w . (4.64d)

Using (4.63), as well as the identity *i,w = v A w, one also finds that at leading order
073%Q/8 ~ —ir*fvAw—ridrAw, (4.65)

where % denotes the five-dimensional Hodge star.

4.3.2 Differential conditions from the bulk

The conditions for the existence of supersymmetric solutions in the bulk can be written
in terms of a set of differential conditions on the bilinears [74]. We will now expand these
conditions near the boundary where the metric is given by (2.1) and the gauge field by
(2.6). They read

i = —%z’vF (4.66)
VaVp = x4 (4.66b)
VaXHl = 207 napVe +- - (4.66¢)
VaQpe = —il™! (2\/§AA§BC+(*§)ABC>+--- (4.66d)

where we omitted terms containing F, whenever they are manifestly sub-leading in r.*

We can now further expand the bulk differential conditions (4.66) near the boundary.
In the computation, we will need the expressions of the Christoffel symbols for the five-
dimensional metric with expansion given in (2.1). We have the following identities
L L1
rh=T,=0, rr=-——, (4.67)

r

13Full expressions can be found in egs. (2.15), (2.17), (2.18), (2.19) in [74].
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as well as the expansions
r - N 1 v - o
ry, =rp+00"), Iy = -3 +0(r™Y), T, =—"g.,+00?%), (4.68)

where I'f, denotes the Christoffel symbols of the four-dimensional metric g,,. Let us start
with equation (4.66b). Its symmetric part is simply

ViaVe = 0, (4.69)
which states that V4 is a Killing vector in the bulk. It is an easy check to see that, at
leading order in r, this just says that z* is a conformal Killing vector on the boundary.
To this end, note that the equations having components along r do not give rise to any
conditions on the boundary, while the ones without leg along r imply
A
This is the same condition that we found from the purely four-dimensional analysis in
(4.18) and (4.38).

V2 = —gulmv -z =

Having reproduced the existence of a boundary conformal Killing vector from the grav-
ity analysis, let us now consider the other differential conditions. We have reformulated
the conditions on the boundary geometry in (B.8) and (B.9) in such a way to make the
comparison with the bulk analysis of this section most straightforward. Plugging (4.64b)
and (4.64c) into the anti-symmetric part of (4.66b), we find that again the only non triv-
ial information at leading order in r comes from the four-dimensional part. We get the
condition

dz=—2(Ret, *z+Imov A 2) | (4.71)

which is just the anti-symmetric part of (B.8). Next on the list are equations (4.66¢)
and (4.66d). At leading order, (4.66¢) and the (uv5)-part of (4.66d) do not give any new
information. On the other hand, upon using (4.65), the four-dimensional part of equation
(4.66d) yields

(V,—2iA)wy = (v AW)up+ 1 (GpuWie — Gpuwue) V7, (4.72)

which is precisely the equation (B.9).

The final equation (4.66a) would seem to be more problematic. It involves the scalar
bilinear in the bulk which has no correspondence in the boundary and involves the cur-
vature of the gauge field which we usually neglected because sub-leading in r. However,

equation (4.66a) expands to
16

df = —5 1. F (4.73)
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a relation that we also found on the boundary. It corresponds indeed to (4.34), as we can
see by using (4.37) and (4.64a).

We have thus shown that, as expected, all the conditions for supersymmetry in the
bulk reduce to conditions that can be derived from the CKS equation on the boundary.
In other words, any supersymmetric bulk solution that can be written asymptotically in
the Fefferman—Graham form (2.1) and with a gauge field A satisfying (2.6) reduces to the
boundary to a metric with a null conformal Killing vector. This vector is associated with
a conformal Killing spinor €, charged under A. Vice versa, any Lorentzian metric with
a null conformal Killing vector gives rise to a bulk metric (2.1) that solves, at leading
order, the supersymmetry conditions of gravity. In this regard, we expect to be able to
find a supersymmetric bulk solution with a given boundary condition order by order in
r, in the spirit of the Fefferman—Graham construction. It is then a very hard problem to
determine which boundary metrics give rise to regular solutions in the bulk. Few examples

are known in the literature and they will be reviewed in the next section.

4.4 Time-like and null solutions in the bulk

In this section we will analyse in more detail the classification of supersymmetric solutions
of minimal five-dimensional gauged supergravity given in [74]. We will demonstrate how
to extract the boundary data from a bulk solution and we will discuss how the examples

found in [74] fit in the general discussion of supersymmetric boundary geometries.

Let us analyse some general features of the bulk solutions that can be written asymp-
totically in the Fefferman—Graham form (2.1) and with a gauge field A satisfying (2.6).
As discussed in the previous section, the five-dimensional vector V is Killing and its

asymptotic expansion (written here as the dual one-form),
2 -1 1
Ve~riz+r  Imo-zdr+-- - Imv~z:—§)\, (4.74)

gives rise to a null conformal Killing vector z on the boundary. As in [74], we can introduce

a coordinate y such that

_9
-5

In this (particularly natural) coordinate system the metric is independent of y and so

1% (4.75)

will be the boundary metric. This means that z is actually Killing and we can identify
the bulk coordinate y here with the coordinate y introduced in section 4.2.2. We also

learn that the term Imv - z = —%)\, which controls the failure of z at being Killing (recall
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(4.38)), must vanish and
Vooriz 4o, (4.76)

There is no loss of generality here. As discussed in section 4.2, one can always make z
Killing by a Weyl rescaling of the boundary metric. But Weyl rescalings in the boundary
are part of diffeomorphisms in the bulk and they can be arranged with a suitable choice
of coordinates. In a different coordinate system, for example with an (unnatural) choice
of radial coordinate depending on ¥y, we would find that z restricts to a conformal Killing

vector on the boundary.

The boundary data can be easily extracted from the bulk metric. It follows from our
discussion that the natural framework where to discuss the boundary supersymmetry is
that of the new minimal equation. The boundary metric and gauge field A can be read off
from equations (2.1) and (2.6). To have full information about the supersymmetry realised
on the boundary we also need the vector v. This is real and satisfies equation (4.42a).
It can easily be computed starting from z, using for example (4.43); the component of v
along z is ambiguous and is determined by requiring (4.40). We will see explicit examples

of this procedure in the following.

Note that while z is always null with respect to the boundary metric, the five-
dimensional Killing vector V' can be null or time-like [74]. This follows from the algebraic
constraint (equation (2.8) in [74])

Vie —f7. (4.77)
For f # 0, V is time-like while, for f = 0, V is null. The time-like and null solutions
have different properties and, following [74], we will discuss them separately. Recall from
(4.64a) that

f~—8v-z, (4.78)
so the time-like and null bulk solutions correspond to v -z # 0 and v - z = 0, respectively.
As already noticed in section 4.2.3, these correspond to z Adz # 0 and z A dz = 0,
respectively. It then follows that the null bulk case corresponds to the non-twisting
geometries discussed in section 4.2.3. In the following, we consider these cases in turn,

also discussing two explicit examples as an illustration of our general results.

4.4.1 Time-like case

In the time-like case, the bulk metric can be written as a time-like fibration over a four-

dimensional base By, as

ds®* = —f*(dy +7)* + f'ds*(B,) , (4.79)
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where f, 7 and ds*(B,) do not depend on y. As a one-form, V reads
V=—f(dy+r). (4.80)

Supersymmetry in the bulk requires the base B, to be Kéhler [74]; in particular, as shown

in [74], this is equivalent to the equations'?

dXM =0,  dQ = il"Y2V3A-3fV)AQ. (4.81)

We are interested in metrics that can be written in the Fefferman—-Graham form (2.1).
As already discussed, such metrics have the properties that at large r, f is independent
of r and V ~ r?z. Tt then follows that 7 = O(r?). The boundary supersymmetry is
determined by the background fields a and v. v is extracted from (4.42a), while a = A+%v,
where A can be read off from (2.6). Once again, we can check that v is real in such
solutions. Indeed, a non-vanishing term r~'Imv - zdr in (4.74) would contradict the

mutual consistency of the two metrics (4.79) and (2.1) by introducing dydr terms.

It is interesting to write explicitly the asymptotic Kihler structure (X Q) on the
base manifold By. Using the freedom to take v = v_e~ +v,z, combining (4.64) with (4.81)

we get

(72X~ rdr Az —20_rPwAw = 1d (r*z) , (4.82)
0720 ~ (2u_dr —ir*z) Aw, (4.83)
and correspondingly the Kahler metric reads
072ds*(By) ~ 2v d_7"2 + r*ww | + L7“422 (4.84)
* o\ r? 20_ ' '

Eq. (4.82) characterises Kéhler cones, however the asymptotic metric is not homogeneous
in 7, and this is reflected by the (2,0)-form €. Equations (4.82)—(4.84) may be thought
of as boundary conditions that a Kéahler base B, should satisfy. We also note that on
surfaces of constant r, Q pulls back to a form proportional to z A w, which characterises
the CR structure on M3, as we saw in section 4.2.2.

In [74, 110], an explicit time-like solution was presented, in which AdSs is deformed by
a gauge field, and two supercharges are preserved. The Kéhler base of the five-dimensional
space-time is the Bergmann space, which is an analytic continuation of CP%. The five-
dimensional metric takes the asymptotic form (2.1), with boundary metric

1 1
ds? = -7 (dt + pl’or) o3 + Z(Uf + 05 +03), (4.85)
4 These equation are valid in the gauge 1y A = —§ f, used in [74]. (4.81) are therefore equations on

the base Bjy.
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where the ¢’s are right-invariant one-forms on S3:

o1 = sin@df — sin 6 cos opdy) ,
09 = cos@dl + sin 0 sin pdy) | (4.86)
o3 = d¢+ cosfdi .

This is a non-Einstein, non-conformally flat metric on R x S3. In our conventions, the
gauge field at the boundary reads
3
A= ﬁ(dt + pl?oy). (4.87)
Here, p is a parameter of the solution. When p = 0, the gauge field is trivial, the boundary
metric becomes the standard one on R x S? (after a coordinate transformation), and the

bulk space-time is just AdSs.
Identifying the frame as

+_ 03 -_ 2

1
== e g(dt + plPoy) + % , w = 5(01 — i03y), (4.88)
we see that (4.85) agrees with our general description of section 4.2.2) with the coordinate
identification {y, u, 2!, 2?} = {~t/¢, ¢, 0, v}. We also need to identify

1

H=2, ]::4_1’ B = cosOdiy, 0= —uloy, (4.89)

and the metric h,,, with the round metric on S%. One can also check that the gauge field

in (4.87) is consistent with our general formulae in section 4.2.2. Using (4.48), we find

that vt = %e‘ and this can be completed by choosing e™ - v = —1, so that
1
v = 5(6_ —et) = =¢° (4.90)

satisfies d * v = 0. Finally, a = A + 2v = 0 is consistent with (4.49) and (4.50).

We checked that with these values of v and a, the new minimal equation (4.35) is
solved by a constant spinor e, satisfying the projection v°y'e, = e,. This shows that the
background preserves precisely two supercharges'”. Finally, we note that from the point
of view of the boundary geometry we could deform the metric on S® in various ways.
However, which deformations can be completed to a non-singular solution in the bulk is

a very hard question to address.

5Note that in order to map the frame chosen in [110] into the five-dimensional frame used here, one
needs to perform an r-dependent Lorentz transformation. Acting on the spinors, this transforms the
spinors in [110], which are independent of 7, into r-dependent spinors, with asymptotic form given in
(2.8). Note also that the t-dependence of the spinors in [110] arises as a consequence of a different gauge
for A. In particular, in [110]: A-z = 0.
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4.4.2 Null case

In the null case, f = 0 and the bulk metric can be written as [74]
ds? = —2H 'du (dy + $Fdu) + H?ypnda™da™ (4.91)
where H , Ymn and F depend only on w and 2™, m = 1,2, 3, but not on y. Here
V = H 'du (4.92)

and by comparison with (4.76) we see that ' = r2H '+ ..., and z = H 'du, in
agreement with the results of section 4.2.3.

Explicit asymptotically locally AdS solutions in the null case are also discussed in [74].
These are the magnetic string solutions of [111, 112]. The boundary is R x M,, with

metric (after some obvious rescaling)
ds® = 2 dudy + ds*(Ms) , (4.93)

and the gauge field is
k
F = —EVOKMQ) : (4.94)

Here, M, is S? if k > 0 (with radius k='/2), T? if k = 0, or the hyperbolic space H? if
k < 0 (with radius (—k)~'/2). The bulk space-time has a regular horizon when k < 0,
while it has a naked singularity when k£ > 0. Setting H = 1, F = 0, we find that the
formulae in our section 4.2.3 are consistent with v = 0 and F' = da.

Notice that these bulk solutions can be easily Wick-rotated to FEuclidean signature,
giving boundary metrics on R? x Ms, or T2 x M,. In the case My = H?, the Wick-rotated
bulk solution is non-singular, and interpolates between Euclidean AdS; asymptotically
and H? x H? in the interior. Indeed in [62] these four-dimensional geometries were shown

to preserve supersymmetry in Fuclidean signature.
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Chapter 5

The geometry of N/ =2 in three

Euclidean dimensions

A big part of the excitement that recent years have seen about exact results in super-
symmetric field theories has been due to the ability of computing partition functions of
various theories on three dimensional curved spaces, see the discussing in the introduc-
tion & motivations chapter. One in the context of holography particularly interesting
result are the gravity duals [113-116] to field theories on various squashed three-spheres
[117, 118] and Lens spaces . These are amongst the first examples of AdS/CFT dualities

with a conformally non-flat boundary.

In this chapter we want to address the same question as in the last two chapters,
namely on which general curved spaces we can define a supersymmetric field theory with
some residue fermionic symmetry. Our interest will be in Euclidean space-times and three
dimensional N' = 2 theories. The analysis will parallel closely the one of chapters 3 and

4 and we will hence be brief with the introduction.

Again we will start with the superconformal case. We have seen in section 2.2 that also
in three dimensions, holography tells us that supersymmetry is equivalent with the exis-
tence of a charged conformal Killing spinor (2.21). Alternatively, following the strategy
of [43] we can couple the theory directly on the boundary to three dimensional confor-
mal supergravity [119]. In consistency with the holographic approach, the condition for
unbroken supersymmetry is again the existence of a conformal Killing spinor. We find
that such a spinor exists on every manifold with dreibein e, that fulfils the condition
do =W Ao where o = e! +ie? and W some one-form. The condition we find is very simi-

lar to the one for complexity in four dimensions. As was discussed in [73], it is equivalent

61



to what is known in the mathematic literature as transversely holomorphic foliation with
transversely hermitian metric.

We can also get the three dimensional analogue of new minimal supergravity by di-
mensional reduction of (3.31) and study the condition for unbroken supersymmetry with-
out necessary conformal invariance.! As it turns out the geometrical condition that one
finds is exactly the same as for the conformal case. We also determine the values of the
background fields in terms of the geometrical data. As an application for our formulae we
discuss various examples, such as round and squashed spheres, which had been so popular

in the context of supersymmetric partition functions.

The rest of the chapter is as follows. In section 5.1 we classify manifolds with charged
conformal Killing spinors in 3d. In section 5.2 we discuss the reduction of new mini-
mal supergravity to three dimensions and solve again the supersymmetry equations. To

illustrate our findings we provide various examples.

This chapter is based on the paper [1], a detailed analysis with some overlap has also

appeared in [58].

5.1 Geometry of conformal Killing spinors

In this section, we will deal with equation (3.8) in d = 3. The arguments are very similar

to those in d = 4, and we will be brief.

Given a spinor y, we can complete it to a basis with its complex conjugate:

X, X“=0x", (5.1)

where C~10,,C = —oL. Any nowhere-vanishing y defines an identity structure. If it is
charged this is true up to a phase. We can indeed construct the bispinors

1
—eB(

xex =5 s —ivoly) , x®X=-3o  (o=etie),  (52)

2

where e, are a vielbein for the metric on Ms. We defined ¥ = xTC~!. Notice that in
odd dimensions the map between bispinors and forms is not bijective; a bispinor can be
identified both with an even or an odd differential form. In writing (5.2) we opted for

odd forms. In terms of this vielbein, one can also show

o™y = edx —io™x¢ m=1,2,3. (5.3)

!This problem has been studied very detailed also in [58].
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We can now define “intrinsic torsions” by expanding V,,y in the basis (5.1):

VX = PmX + @ X© - (5.4)

Alternatively, we can simply use the “anholonomy coefficients” c¢%,. defined by de® =

c"ee? A €. Tt is more convenient to work with €3 and o = e! + ie?, and to organise the

% as
des = Re(w'es A o) +iw*o Ao, (5.5)
do=wdes No+wroNo+w’es Ao . .
Here, w? is real, while all the other w’ are complex, which gives a total of nine (which is the

correct number for the ¢*,.). Together with dB, these are in one-to-one correspondence
with the p and ¢ in (5.4):

dB = 2Rep , wh = —2iG - e5 , w? = Re(q - 0) (5.6)

wd=ig-o0, w' = —iImp - 0, w® =iq -0+ 2ilmp - e5 . '
We are now ready to impose (3.8). Using (5.4) and (5.3), we get

o2t es=iq- 0, pto=—2ig-e; , pto=0=gq-o0. (5.7)

The first three simply determine A. The last can be written as w® = 0, which means that

the sole geometrical constraint is that
do=wAo (5.8)

for some w, in analogy to (3.26).

5.2 New Minimal Supergravity reduced to Three Di-

mensions

It is also of some interest to reduce the condition of supersymmetry to three dimensions,
where partition functions of Euclidean supersymmetric theories have been recently studied
and computed using localisation.

In this section we will study the solutions of the dimensionally reduced new minimal
condition

VX = =i (00w + (0 = ) X+ Gomx . min =123, (5.9)
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where x is a two-component three-dimensional spinor on the manifold Ms, v and a are
vectors and vy is a scalar. Similarly to four dimensions, v is subject to the constraint
d(xv) = 0. A discussion of the off-shell ' = 2 new minimal supergravity in three

dimensions can be found in [120, 121].

Every solution of (5.9) can be uplifted to a solution of the four-dimensional new

minimal condition (3.31) on a manifold with metric
ds® = e *ds3;, + €* (do + w? (5.10)
with connection p determined by
v—l—z’db—%eb*du (5.11)

and background fields vyy = (v4,v), a4q = (v4,a) satisfying d(xvyy) = 0. We split all
four-dimensional vectors in a component along e* = €®(d¢ + p) and a vector on Ms. We
used the basis (2.18) and wrote the chiral spinor €, as e; = (’5) Notice that we identified
ay = V4.

More general reductions from four to three may exist and a more general analysis can

be performed, but (5.9) will be sufficient to illustrate various examples.

To characterise the geometry, we can use the bispinors we defined in (5.2). The

equations they satisfy follow readily from the new minimal condition (5.9):

des = —(dB + 2Ima) Aes + 4« Rev + i Imvgo NG, (5.12)
do= (2v4e3+2ia —dB) Ao, (5.13)
dB =2Im(v — a) +iRevi (o A 0) + Revyes . (5.14)

As in four dimensions, the problem of finding solutions of the new minimal condition
(5.9) is closely related to the problem of finding solutions of the conformal Killing equation
(3.8). In fact, any solution of equation (3.8) without zeros in 3d is also solution of (5.9)
with the scalar and vector (vs,v) defined by D4x = 3 (iv™0,, + 2v4) x and a = A + 2v.
It should come as no surprise that all results obtained in section 5.1 are consistent and
equivalent to the set of equations (5.12-5.14). It is also obvious from this discussion
that not all components of the auxiliary fields (vy,v) are independent and there is some
redundancy in their use.

We will now discuss some simple examples.
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5.2.1 Spheres, round and squashed

Supersymmetric theories on the round sphere have been considered in [11, 14, 15]. Local-
isation leads to a matrix model for the partition function, whose applications have been
a very active subject of research in the past years. In part II of this thesis we will discuss

some aspects of this.

On S? we have Killing spinors satisfying V,,e = j:%ame and we can satisfy the new
minimal condition (5.9) with @ = v = B = 0 and v, = %i. It is easy to see how this
translates in terms of forms. We can define left- and right-invariant vielbeine:

3

3
ds* = 12=> "rl. (5.15)
a=1

a=1

They satisfy dl, = €upely Al and dr, = —€4perp A 7. The equations (5.12) simplify to
des = 2Imuvg e; N ey do =2vse3No , (5.16)

which can be solved by taking e, to be a permutation of the [, for Imvy, = +1 or a
permutation of the r, for Imv, = —1. It is worthwhile to notice that, if we define a
superconformal theory on S2, there will be no couplings linear in v, in the Lagrangian,
and the theory will be invariant under all the supersymmetries with V,,e = j:%ame; they
obviously close to the superconformal algebra on S3. If we instead consider a generic
supersymmetric theory, vs will appear explicitly in the Lagrangian and we can only keep

half of the supersymmetries.
One can also consider the squashed three-sphere

1

ds* =13 + 15+ ?lg : (5.17)
Several different supersymmetric theories have been constructed on the squashed three-
sphere [117, 118] and have attracted some attention in the context of localisation and the
AGT correspondence [7]. For the interested reader, we quote the corresponding back-
ground fields. The simplest theory [117] is based on a deformation of the left invariant

vielbein l
63:—3 5 61211 y 62212 3 (518)

s
which corresponds to the background fields vy, = ﬁ, a = (1 — s%) Isand v = B =0. A
different theory has been constructed in [118] and it is based instead on a deformation of

the right invariant vielbein
€q = €08 0r, + sin B¢ penpre (5.19)
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where n, is a unit vector on the sphere and e = @ The background fields
%‘/?lg and B = 0. The squashed three-sphere lifts to a
four-dimensional bundle (5.10) with connection proportional to v, as also discussed in
[118]. The gravity dual of the theory in [118] have been identified in [114], where also an

analytical continuation of the theory, (0,v,a) — i(6,v,a), has been considered. One can

are vg = —5-,a = UV =

explicitly check that the asymptotic behavior of the spinors in the gravity dual [114] is

consistent with our general discussion in section 2.2.

Using the v and a computed for these examples to couple to the reduction of new

minimal supergravity, one can check that one gets the same Lagrangians as in [15, 118].

5.2.2 Sasaki Manifolds

Another very general class of solutions is provided by Sasaki three-manifolds Mg. The
spinorial characterisation [93] of a Sasaki manifold is the existence of a solution of the
charged Killing equation .

(Vi — i) X = %Umx (5.20)

with real a. The new minimal condition (5.9) provides a characterisation in terms of a
vielbein {e,}:

des = 2e1 N ey, do=2iaNo. (5.21)
where a = o — e3. Notice that ez has the property that es A des is nowhere zero, which

makes it a contact form on Mg.

An equivalent characterisation of a Sasaki manifold is the fact that the cone
2 _ 592 272
dsy = dr” +r7dsy, (5.22)

is Kéhler. Let us briefly review why the two characterisations are equivalent. First
of all, it is easy to check that the spinorial equation (5.20) lifts to the condition for a
charged parallel spinor on the cone (equation (3.39)) whose existence is equivalent to
the Kéahler condition, as discussed in section 3.2.2. Alternatively, using the differential
conditions (5.21), we can construct a Kahler form j = 3d(re3) and a complex two form

w = r(dr +ires) A o with dw = w® A w.

We can generalise this example and include squashed Sasaki metrics [122]
|-
ds® = e + 720505 (5.23)

where e3 and og satisfy (5.21) and h is a function with no component along the contact

form (esdh = 0). We can easily solve the new minimal conditions (5.9) with background
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fields vy = ih? and

a=a— h;+ # (Dosh — Dsgh) (5.24)

where 0,.h,05,h are the components of dh along og and og, respectively. This class
of manifolds is quite general and include for example Seifert manifolds, which are U(1)
bundles over Riemann surfaces. On all these spaces we can easily define a supersymmetry

field theory with at least a supercharge.

Notice that the new minimal condition here reads

h2
(Vi —tam) x = i;amx ) (5.25)

This kind of generalised Killing equations with a non-trivial functions on the right hand-

side have solution only in dimensions less than or equal to three [122].
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Chapter 6

The geometry of A =2 in four

Lorentzian dimensions

In this chapter we analyse the A/ = 2 case in four Lorentzian dimensions and we determine
the general couplings to auxiliary backgrounds fields that preserve some of the extended
supersymmetry. The case where part of the superconformal invariance is gauge fixed by
compensators has already been analysed and completely solved in [69] for applications to

black hole entropy'. Here we generalise the result to the full CKS equation.

For theories with higher supersymmetry, the analysis done so far is more involved
since the conformal gravity multiplet contains another dynamical fermion in addition
to the gravitino. Its supersymmetry variation leads to additional, differential equations

which should be added to a generalised CKS equation involving various background fields.

Although some of the constraints are differential, we show that they can always be
solved by choosing appropriate local coordinates. We give very explicit expressions for
the auxiliary fields that we need to turn on to preserve some supersymmetry. In general,

the auxiliary fields are not unique and there is some arbitrariness in their choice.

Our strategy is as in the last chapters to couple the theory to some background super-
gravity [43]. We mainly focus on superconformal theories, where it is natural to couple
to N = 2 conformal supergravity [78, 79]. As usual, this can be understood also from
the holographic dual. As discussed in section 2, minimal supergravity in asymptotically

locally AdS spaces reduces to conformal supergravity on the (non-trivial) boundary.

The condition for preserving some supersymmetry for an AN/ = 2 theory in four di-

! We thank Sameer Murthy for pointing out to us their results, which have substantial overlap with

this chapter.
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mensions is equivalent to a ‘generalised’” CKS, involving additional background fields and
differential constraints, see (6.4). We show that these equations are equivalent to the
existence of a conformal Killing vector (CKV). Of course, it is simple to see that the
existence of a (charged) CKS implies the existence of a CKV. The converse is also true:
the geometric constraints following from supersymmetry just amount to the existence of
a CKV, all other constraints determine the background auxiliary fields of the gravity mul-
tiplet. Analogously to three dimensions [59], the CKV can be null or time-like, the null
case being related to the existence of an A/ = 1 subalgebra, the case discussed in detail

in chapter 4.

In general, Poincaré supergravities arise from conformal supergravity through the
coupling to compensator multiplets which gauge fix the redundant symmetry. Some of
our results can be used also to define general supersymmetric field theory on curved
space, although we do not discuss this issue in this chapter. The case where the spinor n
associated with the conformal supersymmetry vanishes has been analysed thoroughly by
[69] in the context of the study of black hole entropy. When 1 = 0, the conformal Killing

vector actually becomes Killing.

The chapter is organised as follows. In section 6.1 we review the field content of N' = 2
conformal supergravity and we write the supersymmetry variations which include a gen-
eralised conformal Killing spinor equation. In section 6.2 we then discuss the geometrical
structure induced by a pair of chiral spinors and the technical tools we will be using in
this chapter. Section 6.3 contains the main results for this chapter: the proof that any
manifold with a conformal Killing vector supports some supersymmetry and the explicit

expressions for the background auxiliary fields.

This chapter is based on [3], it overlaps at various points with the paper [69].

6.1 The multiplet of conformal supergravity

The structure of conformal supergravity in 4 dimensions is nicely reviewed in [123]*. The

independent field content of the gravity (Weyl) multiplet is

Guw v Ta d X' Ayo A (6.1)

2 In our discussion of conformal supergravity in 4 dimensions, we mostly follow the conventions of
[123] with few changes that are discussed in the Appendix. We have also redefined the gauge field and
the scalar.
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where Ao and A,'; = A,,0""; are the gauge fields of the U(1) and SU(2) R-symmetry,
respectively (with @ the usual Pauli matrices), T is a (complex) self-dual tensor, d a
scalar field and x* the dilatino. The fermions are chiral spinors in the 2 of U(2). The
fermionic part of the supersymmetry variations is

! : 1 v _i %
0], = Ve + T e =

A+ ,u, 1/ z' i SU(2) ¢ J 21 u@@) i d 1 17580 (62)
5 —EVMT _—gR j'E_,_"‘gR '€++2 +12Ty'7 Ny
with
Vﬁei = Ve, —iA,,0" ]eJ'r
VTt = (v# — 2iA,0) T
RSV®) L= (0uAvy + ApyAy.€¥%3)0” Lk
RU(I) = a}LAl/O’Y#V
where we have introduced
oy = (1,3)). (6.3)

The spinor doublets €' and 7° are the Q- and S- supersymmetry parameters, respectively.
Our conventions are summarised in appendix A.2, in particular o, 3,--- = 0,1,2,3 and
x, Yy, =1,2,3.

To preserve some supersymmetry on a manifold with metric g,, we need to find a
configuration of auxiliary fields of the Weyl multiplet that solves (6.2). Obviously, this
is not always possible and we now want to analyse in which cases it can be done. The
special case where n° = 0 has already been analysed in [69], in the following we extend
this result to the general case.

We can eliminate 1’ by taking the y-trace of the first equation n* = }lDAei, with DA =
’y“VZ‘. Note that 7" drops out of the computation since v, 7+ty* = 0. The supersymmetry

condition can then be re-written as®

1 1 .
Vi€ + 4Tmyel = Z—l%DAe; =0 (6.4a)
VaTH# 4"e + DADYE, + 40V, Aoy e, + 2d € =0 (6.4b)

where we have used the first equation and we have redefined d = d+ %R, with R being
the curvature scalar.

3 See also [10] for a similar presentation.
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The gravitino equation (6.4a) can be seen as a generalisation of the charged conformal
Killing spinor equation found in the A” = 1 case of chapter 3. For T = 0 we simply obtain
a non-abelian version of the CKS equation. In general, the situation is more involved due
to the presence of the tensor 7", however the equation (6.4a) shares many similarities
with the CKS equation, in particular, it is conformally covariant. If the doublet €’ is a
solution to the equation with metric g,,, the rescaled doublet e 261 is a solution to the

equation with rescaled metric e”‘g,w. In particular, the tensor has conformal weight +1
A
T;; — e T;; .

A further complication that affects all extended supergravities is the presence of the
dilatino equation. As a difference with the generalised CKS equation (6.4a) which can be
analysed in terms of a set of algebraic constraints for the geometric quantities involved, as
in the previous chapters, the dilatino equation contains derivatives of the auxiliary fields
and it seems to be more complicated to analyse. However, we will show how to extract
the relevant information from it. It turns out that it is only the gravitino equation that
restricts the geometry of the space-time, while the conditions coming from the dilatino

equation (6.4b) merely fix some of the background field values.

We stress that the supersymmetry variations of conformal supergravity do not depend
on the explicit matter content of the field theory. Our result will therefore be valid
for any conformal theory with rigid supersymmetry. We also notice that all Poincaré
supergravities arise from conformal supergravity through the coupling to compensator
multiplets which gauge fix the redundant symmetry. Some of our results can also be
used to define general supersymmetric field theories on curved space, although we do not
discuss that issue further in this thesis. The close relation between N' = 1 CKS and
new minimal supergravity spinors is described in detail in chapters 3 and 4. For the
N = 2 case we just observe that we can always set 1" = 0 after a partial gauge fixing of
the superconformal symmetry using a hypermultiplet compensator. The results in [69],
where this gauge fixing is done, can therefore be used to define general supersymmetric
field theories on curved space. As can be seen in [69], or by specialising the results in
section 6.3 to the case n° = 0, the conditions of supersymmetry now requires that the
conformal Killing vector is actually Killing. This is similar to what happens in the A" = 1

case of chapter 4.

The supersymmetry transformations and the most general Lagrangian for matter cou-

plings to conformal supergravity can be found in [123]*. For completeness, here we give

4An analysis of supersymmetry Lagrangians using conformal supergravity has also appeared in [124]
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the Lagrangian for the vector multiplet (¢, W, ¢4, Y7),

- — 1 . 1
L1 = d g+ VgV G+ YV — g [6.6]" + S Fu ™
1_. 1 -, 1 1
+{ 0D i+ S gt [00-i] = OFW T — SO TLTHY +he} (65)

where Y;; = (Y¥)" = €€, Y is a triplet of real SU(2) scalars.

In the next sections we will classify the geometries in which one can solve (6.4).
The background fields that we will determine in terms of the geometry can be coupled
to arbitrary vector and hypermultiplets as in (6.5), giving rise to supersymmetric field

theories on curved space.

6.2 The geometry of spinors

In our analysis we follow a similar formalism as in the previous chapters and [59, 69]. We
want to analyse the geometry that is defined by a chiral spinor doublet of U(2). To this

end, let us look at the two spinor bilinears

1 )

= N
S = —€ € €,

2

1 ‘ (6.6)
Z# = §€+i’}/u€+

with z,2# = —||s||*>. It is a simple consequence of the generalised CKS equation that z is

a conformal Killing vector. To proceed, we need to distinguish two situations.

When s = 0, the two spinors in the doublet are linearly proportional €} « €% and z,, is
null. We essentially fall in the N' = 1 case that has been studied in chapter 4. In fact, by
a gauge transformation we can always set one of the spinors to zero. By further restricting
the gauge fields to a suitable abelian subgroup and by setting the tensor T to zero, we
obtain the charge CKS equation discussed and solved in chapter 4. In that reference it is
shown that any manifold with a null CKV supports supersymmetry. It is enough to turn

on a background abelian gauge field whose explicit form is given in chapter 4°.

We therefore refer to chapter4 for the case with s = 0 and from now on we will discuss

the non-degenerate situation where s = eP+%# =£ (0. Apart from the complex scalar s, a

where various explicit solutions have been discussed.
5Tt is not excluded that more general solutions with non abelian gauge fields and a non-vanishing
tensor exist but we will not discuss this case in this thesis.
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generic chiral doublet of spinors in four dimensions defines four real vectors ej; and three

self-dual two-forms 77,
e’ Z e o = €+J7u€+

B—i—z,B T CCZ] _
2e Nw 0~ = é ”ywe+

(6.7)

where 0% = 0¥ and ¢, = e7Pz,. The self-duality condition reads

V09l €m0 = 20y,

where ¢ is the determinant of the metric.

Using the Fierz identities one can show that e} is a tetrad, e* - e? = n*. One can also

show that in this frame the 7,’s have components
el = eelnt = 65078 — 650 — e, . (6.8)

We give some details in the appendix.
Note that the information contained in the spinor doublet can also be written in

bispinor language®

P = « . « ai
€& = E (e*+ixe*)o
«

6.9
~ B+ip (6.9)
U [e%¥]
e e 0
where 79 = — (1+7), 7le = 370wV and e* = efy*. Here, i x e® = ~e®.

From the definition in (6.7) we see that e* and n” transform as vectors under the action
of the SU(2) R-symmetry. From (6.7) it also follows that we can gauge away ( by a U(1)
R-symmetry transformation. Similarly, since our equations are conformally covariant, we

can — at least locally — also set B to zero by an appropriate Weyl rescaling.

We will find useful to work in the frame defined by e™ where the action of the gamma

matrices on the spinors takes a very simple form. For example it is easy to show that

’)/aﬁi —e zﬁo,azj d}-
,yaﬁez _ naﬂ i 6 (610)
+ = +

From (6.10) it readily follows that, in the frame defined by €”, the spinors are constant,

up to an overall norm factor.

6See [103], in particular Appendix A, for a nice review of the formalism.
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Before we attack the supersymmetry conditions, note that it is useful to choose a

covariant basis for the space of chiral spinor doublets’
U‘”'jei . (6.11)
We can expand in particular the covariant derivative of a spinor in this basis
V€' = Pac® ;e (6.12)

where we call the coefficients P intrinsic torsions. More explicitly, in our frame with

constant spinors one has

1 1 |
P,ua: = z_lw“ ana/ﬁ P/LO = 58#(3 + ZB) (613)

where 7,45 projects on the self-dual part of the spin connection. A similar parameterisa-
tion has appeared in [125].

6.3 Solving the supersymmetry conditions

In this section we show that all manifolds with a timelike conformal Killing vector (CKV)

admit a solution to the equations (6.4).

Let us analyse the two conditions for unbroken supersymmetry (6.4) separately. We

define the symmetric traceless part of the torsion®

EPJ

pOé/B = P(aﬁ) - 4

and the gravitino equation (6.4a) is readily solved by requiring

Re(pag) =0 (6.14a)
o

Im (pag) = Ats) = 5 4] (6.14b)

Ty = —4e” (Pl —iAZ,) . (6.14c)

The first line is a constraint on the geometry of the manifold, while the second and the
third line are merely fixing some of the background fields in terms of this geometry. Let

us discuss this more explicitly.

T Another obvious choice of basis would be 7,€" . The two bases are related by (6.10).
8Tt will be convenient to consider Py and A(,p) as four-by four matrices where the indices are raised
and lowered with 77,5. All our formulae will be valid in the frame define by the e®.
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The geometrical interpretation of (6.14a) is very simple, it is equivalent to z = eBed

being a conformal Killing vector, i.e. fulfilling
Via28) = AMag - (6.15)
To see this, note that (6.15) written in our frame reads
A= —ePB w(z'y) = OzyOo B wo’y = 0, B (6.16)

where we defined 0,8 = e#0,B etc. Then, using (6.13), it is easy to see that this is
equivalent to Re (pos) = 0.
The other two equations determine the “symmetric traceless” part of the gauge field

and the value of the tensor field, respectively. In our frame, (6.14b) reads

Na 1 w Na 2
Atap) = TﬁAl - _4<€m(awﬁ +5 5 2998 — B<€yz we'” + a‘)ﬁ)> (6.17)

while (6.14¢) fixes T in terms of the “antisymmetric” part of the gauge field, which we

will determine in the next paragraph.

It actually turns out that z being a CKV is the only geometrical constraint for un-
broken supersymmetry. The dilatino equation (6.4b) gives no extra conditions for the
manifold, in fact it has exactly the right amount of degrees of freedom to fix the back-
ground fields which are yet undetermined. There are 8 components and we still have to

determine the values of A, AY and d.
To this end it is useful to parameterise the gauge fields satisfying (6.17) as

1
AIO = _bx + 5836/8

1
AOm = ba: - Zemuvwouv
Ly (6.18)
AOO = —ZOJ + 5805

z 1 1 uv
Ay = €7a, + Zéxyoz — Zeuvywm

The new quantities «, a, and b, parameterise the “trace” and the “antisymmetric” part
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of the gauge field A,g *. Then, the background value for the complex tensor T becomes

1 . 1 1
56715T+0x = Z(bx - ZexyzwyOZ) + (am + §8$B> : (620)

The spatial components are given via self-duality ij = i€y, Ty

In this language the dilatino equation can be re-written in a particularly simple form.
This re-writing is a bit lengthy but straightforward. As a result we find eight real equa-

tions, coming from the real and imaginary part of (6.4b) in the basis (6.11)

1
a(]azv + (meo - woyz)ay = —56_3896(63803)
a()bx + (u}xyo — w()y.z‘)by = 0 (621)
(90(6304) =0
1
d =20, +w,"s + az)a” — (exyzwyoz + 2b,)0" + ~a?
4
1 1 5 (6.22)
+ Z(ony)2 + 0000 B — 5(@03)2 + Z(GOB)Q

where expressions like JydyB are to be understood as e{d,(efd,B) etc. The seven equa-
tions (6.21) determine the missing parts of the gauge field in terms of the geometry, while

equation (6.22) fixes the scalar d.

Note that we can solve these equations, at least locally, by choosing a particular set of
coordinates. So far, (6.21) is valid for any frame in which z is conformal Killing. We can
choose a Weyl representative of the metric such that it becomes Killing instead. Then,

one can choose coordinates such that z = 9/0t and the metric can locally be written as
ds® = —e*B(dt + 2F)? + Hyjdx'da’ (6.23)

where B, F and H do not depend on t. F is a one-form on the spatial part transverse to

z. As a one-form, we have
z=e*B(dt +2F). (6.24)

In such coordinates we have additional symmetries of the spin connection. If we also

choose a t-independent frame for the spatial dimensions, we have ¢ - de® = 0, which

9Note that a,, b, correspond precisely to the imaginary antisymmetric part of the (“twisted”) intrinsic
torsions .
P4 =P =ib, + 50
(6.19)
0

Paé; = *’I:(Exyzllz + iﬁxya) — 5(4.)33 y

where the superscript A denotes twisting with the U(2) gauge field P(;?ﬂ = P, — 1Aas.
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implies
Wo"a + wa™ =0 (6.25)
and we gain more explicit expressions for the spin connection
W’ = 0, B e* + eP(dF,.) e W'y = &%, — eP(dF)zy e° (6.26)

where 0™ = w,™e? is the spin connection on the three-dimensional space transverse to z.

Taking into account the symmetry (6.25), the differential constraints (6.21) boil down

to
3toz = at% = (9th =0. (627)

We see that we have the freedom to choose arbitrary values for a,,b, and « as long as
they do not depend on the isometry coordinate . One simple solution can be obtained

for example by requiring T to vanish, yielding

T, =0

Ay = =5

Ao = %(axﬁ — P (%dF),) (6.28)
Age = B(3dF),

Auy =~ (w4 260,708 — b.0)

where * is the three-dimensional Hodge dual, acting on forms living on the spatial part.

The value for the scalar field follows immediately from (6.22).
We can explicitly check that, by restricting to the case where n* = 0, we reproduce the

results found in [69]. In this particular case the conformal Killing vector becomes Killing.

To summarise, we can preserve some supersymmetry on any manifold with a time-like
Killing vector. To this end, we have to turn on the “symmetric traceless” part of the
background gauge field as determined in (6.17), the background tensor field as in (6.20),
and the background scalar as in (6.22). Upon picking special coordinates (6.23), we are

free to choose a t-independent “trace” and “antisymmetric” part of the gauge field.
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6.4 Examples, comments and possible extensions to

higher dimensions

We have seen that any metric with a non-vanishing timelike Killing vector (and all con-
formally equivalent metrics) supports some supersymmetry. The general form of such
metrics, up to Weyl rescaling, is given in (6.23).

In the particular case where the manifold is the direct product R x M3 with M3 being
an Euclidean three-manifold we can just use the SU(2) gauge group and set A,y = 0 and
T* = 0. This is obvious from our solution (6.28), which for a direct product space collapses
to Ay, = —%‘ewz@ﬁ”, with all other background fields vanishing. We have taken the spinor
to be constant. The SU(2) R-symmetry background field is identified with the SO(3) spin
connection on M3, making the spinor covariantly constant. This is a particular instance
of the Euclidean Witten twist applied to the three-manifold Mjs. These kind of solutions
have an interesting application in holography as boundary theories of supersymmetric
non-abelian black holes in AdSs [126].

We should mention that we have assumed up to now that the norm of the Killing
vector were nowhere vanishing. In the cases where it becomes null on some sub-manifold
more attention should be paid to the global properties of the solution. Examples of this

kind are discussed explicitly in the three-dimensional case in [59].

We can also make some speculations about extended supersymmetry in higher dimen-
sions. Curiously, a counting of degrees of freedom in the Weyl multiplet of conformal
supergravity suggests the possibility that theories with 8 supercharges generally preserve
some of their supersymmetry precisely on manifolds with a conformal Killing vector. It
is easy to check that in 4,5 and 6 dimensions the number of conditions coming from
the vanishing of the gravitino and dilation variations, i.e. the d-dimensional analogue of
(6.2), is exactly the same as the number of conditions corresponding to the existence of
a conformal Killing vector plus the number of components of the bosonic auxiliary fields

in the Weyl multiplet.

Lat us discuss for example the 5d case. The generalised CKS equation of the gravitino
imposes 4 x 8 conditions'” and the dilatino brings another set of 8, making a total of
40 constraints coming from supersymmetry. This is to be confronted with the auxiliary
bosonic background fields, which have a total of 26 components [123]. The SU(2) gauge
field has 15 components, the scalar 1 and the tensor 7}, additional 10. The remaining 14

degrees of freedom can be stored in a traceless symmetric degree 2 tensor, corresponding

10 Note that in 5d, we have symplectic Majorana spinors.
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to the CKV condition , V(,2,) = Ag,,. The analysis is analogous in 6d. In some sense, the
CKYV condition takes the role of the degrees of freedom in the graviton, the tracelessness
being related to the Weyl invariance of the equation. The previous counting can be then
reformulated as the equality of the fermionic and bosonic off-shell degrees of freedom in
the conformal gravity multiplet. The off-shell closure of the algebra is actually true only
modulo gauge transformations and the previous argument should be taken as an analogy,

although it probably can be made more precise.

The previous argument suggests that extended supersymmetry can be preserved on

spaces with a conformal Killing vector also in 5 and 6 dimensions.
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Chapter 7

The geometry of A =2 in four

Euclidean dimensions

Supersymmetric theories on curved Euclidean manifolds have attracted much interest in
the last years. This is mainly due to the possibility of calculating the partition function

on some of these spaces, using supersymmetric localisation techniques.

A word of caution should be spend for the case of N = 2 in four Euclidean dimensions.
Of course, it is well known that we can define a consistent N' = 2 theory on any Euclidean
four manifold by a topological twist [5]. The twist was analysed in the language of this
thesis long time ago [44]. However this is not the only way of preserving supersymmetry.
For example, we can define a SCFT on any conformally flat curved space just by a
conformal mapping from flat space. This is the case of the theories studied in [6], for
example. In between these two extreme situations there is a full spectrum of possibilities

with different auxiliary fields that is investigated in this chapter.

The different ways of putting a theory on curved space have lead to very different
results. For instance in the topological twist the energy-momentum tensor is ()-exact
and the quantum field theory is topological, i.e. the partition function and correlators
are independent of the metric. In fact, the correlation functions compute the Donaldson
polynomials of the four-manifold, which are topological invariants. Instead in [6] the
partition function was used to find a matrix model description for certain Wilson loops
in the N' = 2 theory. Curiously, [7] observed that the basic matrix model in [6] can be
identified with four point functions in two dimensional Liouville theory. The construction
of Pestun has been generalised in [10] where the same theories were put on a squashed four-

sphere, preserving some supersymmetry. The generalisation allowed for a more detailed
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comparison with the 2-dimensional duals'. In this more general example background

gauge and tensor fields take non-trivial values.

In this chapter we want to systematically discuss the Euclidean geometries preserving
N = 2 supersymmetry and the possible background fields we need to turn on for this. The
general result turns out to be very similar to the one we found for Lorentzian signature

in chapter 6, with the exception of few degenerate cases.

The conditions for supersymmetry involve two symplectic Majorana Weyl spinors of
opposite chirality. A degenerate case arises where we preserve supersymmetry by using
spinors of one chirality. The conditions of supersymmetry collapse to a non-abelian version
of the CKS equation. The topological twist [5] falls in this class; the spinor is made
covariantly constant by identifying the SU(2) R-symmetry of the theory with the spin
connection of the four manifold. This works for any four-manifold. In this thesis we
analyse in detail the general case where supersymmetry is preserved using spinors of
both chirality. In this case, as in Lorentzian signature, the condition for preserving some
supersymmetry is equivalent to the existence of a conformal Killing vector (CKV), all
other constraints determining the background auxiliary fields for which we provide general

expressions.

It is worth mentioning that in the case of extended supersymmetry the results turn
out to be almost independent of the space-time signature. In fact, the Euclidean results
are actually similar to the ones for Lorentzian theories with four supercharges in three
and four dimensions, see chapter 4 and [59], and somehow different from the Euclidean
results with four supercharges where the geometric constraints require the manifold to be
complex in four dimensions (see chapter 3 and [56]) and to possess a suitably constrained

contact structure in three, see chapter 5 and [58].

The chapter is organised as follows. In section 7.1 we discuss the field content of
the Euclidean version of N' = 2 conformal supergravity and we write the supersymmetry
variations which include a generalised conformal Killing spinor equation and a Lagrangian
for vector multiplets coupled to gravity. In section 7.2 we discuss the geometrical structure
induced by a pair of chiral spinors and the technical tools we will be using in this chapter.
Section 7.3 contains the main results of this chapter: the proof that any manifold with
a conformal Killing vector supports some supersymmetry and the explicit expressions for
the background auxiliary fields. Finally in section 7.4 we discuss some examples, ranging
from various topological twists to the supersymmetry on round and squashed spheres are

then discussed.

! See also [127] where further details in this context have been studied.
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This chapter is based on [3].

7.1 Wick rotation of the conformal supergravity

In order to obtain the Euclidean supersymmetry conditions we have to Wick rotate (6.2).
Our strategy is to double the equations and then impose a symplectic Majorana-Weyl

condition on the spinors
(€)= ieye, (€)= —ie“e_ (7.1)

where (€)° = B~'e*. = still denotes chirality. See the appendix A.2.2 for more details.

We get two real equations for the gravitino

; l , 1 A
Vae + Tl v — =v,D%, =0

4" 4
o ] A (7.2)
Vie + ZT,;n'y”eﬁr — ZVWDAEZ— =0.

Note that we have redefined A,,, and T which are now both real. The vanishing of the

dilatino gives the two conditions

iVATT™ A" + DADA, — 2V, Auy™ e +2d €. =0

iVAT™ ™", + DADA + 2V, Ay ™ et +2d e = 0. (7-3)
We have
VA =V, + %Ama5aijeﬂ'+ VATY = (Vo + Apa) T
Ve =v,.6 + %Amaaaijej VAT = (Vi — Apd) T
where we have defined
o = (3,i) 5 = (&, —i)';. (7.4)

After Wick rotation, A,,; becomes an SO(1,1) gauge field, the total R-symmetry
being SO(1,1) x SU(2). This is consistent with the R-symmetry group coming from
compactifying R on R® to four Euclidean dimensions, see e.g. [6] and with the known
classification of Euclidean superconformal algebras. The non-compactness of A,,4 is also
necessary to make equations (7.2) and (7.3) consistent with the symplectic Majorana

condition.
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Similarly, we can Wick rotate the Lagrangian and the supersymmetry transformations
of arbitrary vector- and hypermultiplets coupled to the Weyl multiplet above. Here we

note the form of the Lagrangian for a vector multiplet
. - - 1. - 1
EEuChd _ d¢¢ + V;;Xl(vamqb + gyzjyki —g [¢7 ¢}2 + gFHVFMV
1, - _ . i - -
+ Z(W_DAIMi + ;DM ) + 59(1/11_ [0, Vi) — ¥yi [0, 04 ] )

_ i(¢anT+mn + <ganTfmn) i (¢2TntnT+mn + (EZTT;anmn) (75)

1
16
where the Euclidean SU(2) triplet satisfies (Y?;)" = —Y;/ = —¢/*Yj;. We will comment

on the supersymmetry transformations below.

In the following we want to discuss on which manifolds we can solve the equations
(7.2) and (7.3). There is a degenerate situation where the spinor of one chirality is set
to zero. In this case the equations collapse to a non-abelian version of the CKS equation
for the remaining spinor, which we can always solve by a twist, as discussed later’. From
now on we will focus on the general case where supersymmetry is preserved using spinors
of both chiralities. In this case the result is very similar to the Lorentzian one: the only
geometrical constraint imposed by supersymmetry is the existence of a CKV. We will
solve explicitly the condition of supersymmetry and determine the auxiliary fields for any
manifold with a CKV.

7.2 The geometry of spinors

It turns out that —albeit the technical details are quite different — many of the equations
that we have seen in the Lorentzian describing the geometry defined by the spinors have
a very close analogue in the Euclidean. In fact, two chiral Majorana-Weyl spinors define

two scalars, two sets of real (anti-)selfdual two-forms 77 and 7%, and again a tetrad e.

2We can not exclude that more general solutions may exist.
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To see this, note that we can construct the following spinor bilinears

A _ T
e = geric,
1 ..
eB = —eT_’e,z
2
—b
e ) .
a _ % 1 i —aj .
Cm = ~ 5 € Ym0V (7.6)
—A
e ) .
—r . t i _xj
Nn = _Z7€+jﬁym”6+0' (
—B
e . .
r . T i _x
T = i€ e 0",

where b = (A + B)/2. As opposed to the Lorentzian, in the Euclidean all the forms are
real. The n* and 7* are (anti-)selfdual, respectively

|g| Emnpqﬁ;q = _2ﬁ7xnn |g| Emnpanq = 27]7?7,71 :

Applying the Fierz identities, one can show that, similarly to the Lorentzian case, the
e2’s form a tetrad,

e e =,

In this frame, the two-forms have components
nh, = 0467 — 650} + € ap nh, = —020F 4+ 60) + € ap (7.7)

and we give more details in the appendix. For completeness, let us mention how the forms
defined by the spinors can be stored elegantly into the bispinors

b
. e .
eleij =7 Z (e + xe®) 0"}
a

- A
j e i 7.8
dFETH' = Tnaaalj ( )
- B
. e )
67;61-_.]' = —4 T]GO'mj

where we have defined n* = —i(y + 1) and 7* = i(y — 1). In this language, e* = e%y™,
N = %ﬁam,ﬁm" and 7, = %namnymn. The hodge dual of a one-form is xe® = ~ye®.
As in the Lorentzian case, we will mainly work in the frame defined by the e®’s. Again,

the action of the flat gamma matrices can then be translated into multiplication with Pauli

matrices,
yel = —etotel 7l = —inlo" e, (7.9)
,yaez_ — —G_Aa'm]fi ,yabez_ — —ingb(fmjtf],
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where A = (A — B)/2. This can be used to show that in this frame the spinors are
constant (up to an overall norm factor).

Before we discuss the supersymmetry conditions in the next section, note that a con-

venient base for spinor doublets of positive and negative chirality is given by, respectively,
g€, o€l (7.10)

Since the spinors are Majorana-Weyl, each of the two bases contains 4 real components.

We define the intrinsic torsions
Ve, = —§Pma5“’jej_ Ve = —il’t’wmac”jdF (7.11)

where P,,, and P,,, are independent real objects. In the frame defined by the spinors,
they are, as in the Lorentzian case, composed of the spin connection and the norms of

the spinors

_ _ 1
Pm4 = —8mA me - §Wmab77$ab

2 (7.12)
Pm4 = 8mB me = §wmabnazab

Here 7,4 and 7,4 project on the (anti-)selfdual part of the spin connection, respectively.
Our choice of frame degenerates at the points where the spinors vanish. A more

detailed analysis will be necessary at the vanishing locus of the spinors to ensure that the

results we will obtain are globally defined.

We are now ready to classify the solutions to the equations (7.2) and (7.3).

7.3 Solving the supersymmetry conditions

The analysis will be very similar to the Lorentzian one in section 6.3. Again we define

the symmetric traceless part of the torsions

1 _ 1. -
Pab = P(ab) - Zéabpcc Dab = P(ab) - Zéabpcc

and it is an easy exercise to check that the gravitino equation (7.2) is solved by

Dab = Pab (7.13a)
5ab c

Pab = Ay = A (7.13D)

Th = —2¢® (P} — A}) (7.13c)

T, =—2e2 (P, —Ay,) . (7.13d)
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be* is a conformal Killing vector, while the other

The first equation tells us that z = e
three equations fix some parts of the background fields. More explicitly, the conformal

Killing condition V,,2,) = Agm, implies
A= e’dub W(z'y) = —0uyOsb wi'y = Oyb (7.14)

where we have denoted 0, = €'0,, etc. It is an easy task to see that these conditions are
equivalent to (7.13a), using the explicit formulae given in (7.12). The other three equations
in (7.13) determine the “symmetric traceless” part of the gauge field and the value of the
tensor field, respectively. As in the Lorentzian case, it still remains to determine the
“antisymmetric” part of the gauge field, its “trace” and the scalar d. In close analogy,
this is done by the dilatino equation, which does not impose any new restrictions on the

geometry.

Similarly to the Lorentzian case, we introduce a re-definition of the gauge field
Apg = —b, — 0.(b+ A)

1
Ay = by + §ezyzw4yz + 0.b

(7.15)
Ay = €°a, + Z(Sxya + §euvywx“” + w[fy]
1
A44 = ZO[ — 04A .

Note that a, and b, correspond to the anti-symmetric part of the twisted torsion P

Plz) — Apa) = —bs Pray] — Apay] = —€xy°a (7.16)
and, in terms of this re-definition, the tensor field in (7.13) can be written as

e AT = by + ag

eAT[m =b, —a, +20,b — ewyzwy‘lz )

(7.17)

Note that 20,b — exyzwy‘lz =—4 (V[4zx])7 = 1,%V,2. The remaining components of T+
and T~ are fixed according to self-duality.

The analysis of the dilatino equation (7.3) is similar to the Lorentzian case. It can be

re-written in a way that it fixes the seven missing pieces of the gauge field

846% + (waxyél - w4yz)ay = 6_baw(eb84b)
Oaby + (Ws — way)by = —e7%0,("04b) (7.18)
(04 +0sb)r =0
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and the scalar field d

1
d = —8,04b — 2 (040)* + —a?

0 (7.19)

1 1
- (ax + sza: - §€xyzwy4z - iax)ax + §(Exyzwy4z + anb + bx>bx
In these equations, expressions like 9,0,b are to be understood as €]'0,, (e} 0,b) ete.

We can again pick a set of local coordinates that automatically solve (7.18) and leave
us with an arbitrariness in the “anti-symmetric” and the “trace”-part of the gauge field.
After a Weyl rescaling and a choice of coordinates such that z = 9/0¢, the metric can

locally be written as
ds? = e®(d¢ + F)? + H,jda’ dv? (7.20)

where b, F and H do not depend on £. F is a one-form on the “spatial” part transverse
to z. As a one-form, we have

z=e®(d¢ + F). (7.21)

In such coordinates we can have additional symmetries of the spin connection. By choosing

the three-dimensional frame e such that e* - de® = 0, one gets
wy¥y = wy¥s (7.22)
and (7.18) boils down to
Ocav = Ogay = Ogb, = 0. (7.23)
We see that also in the Euclidean case we have the freedom to choose arbitrary values for

az, b, and a as long as they do not depend on the isometry &.

For example we can always use the freedom in the gauge field to locally impose T,/ =
T, =0. From (7.17) we see that this condition is satisfied for

ay, = —b, = 0,b — §exyzwy4z

and it is a quick check that these a, and b, solve (7.18), where one has to use the Bianchi
identities. In the coordinates introduced in (7.20), we find for the gauge and scalar fields
a
Ap = 1

Ax4 = _(a’rA + eb (>T< d‘F):p)

7.24
Ay = 26" (FdF), (7.24)

z 1 uv 530
Ay = €370, + Eewywm + Tya
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where * denotes the three dimensional Hodge dual. The value for the scalar d follows
from (7.19).

To summarise, in complete analogy to the study of the Lorentzian case, the only
constraint imposed by supersymmetry is the existence of a conformal Killing vector. Given

such a vector z -z = e

, We can preserve some supersymmetry by turning on background
values for the SO(1,1) x SU(2) gauge field as determined in (7.15) and for the tensor
field as in (7.17), where a,,b,,« and A are free parameters of the solution subjected to

(7.18). One also has to turn on a background scalar field as in (7.19).

The previous expressions may become singular at the points where the spinors vanish,
in particular where the conformal Killing vector degenerates. A more careful analysis is
required near the zeros of the spinors in order to ensure that the solution is regular. The
large arbitrariness in the choice of auxiliary fields should usually allow to find globally

defined solutions.

7.4 Examples

In this section we present some examples for the formalism we have introduced above.

Round and squashed spheres

Round and squashed spheres have been a main focus in the study of supersymmetry on
curved spaces and exact results in quantum field theory. In fact, the work of Pestun
[6], who considered A/ = 2 theories on the round S*, has in a sense triggered the recent
activity in this field. This work has been generalised in [10], where N' = 2 theories on
a squashed sphere, or ellipsoid, were considered. The squashing preserves a U(1) x U(1)

isometry and the manifold can be described by the equation

2 2 2 2 2
Ty txy w3t Ty T3

14 / r2

where ¢ and ¢ are the squashing parameters and r is the radius of the sphere. A metric

for this space is given by

(9> 4+ h2)dp? + 2fhsin pdf dp + sin? p (f2d6* + €% cos® 0 dp* + > sin®0dx?)  (7.25)
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where the functions f, g and h are defined in [10]

f= V25in? 0 + (2 cos? §
h=(?—0)f"cosfsinf cosp (7.26)

g= \/62572]“2 cos? p + r2sin? p
On the ellipsoid there is a Killing vector (here identified with the dual one-form)
1 Lo oo 2 7 2
z= z% + zé’xz sin” p (¢ cos” 0 do + £ sin” 0 dy) .

% — sin? p. In order to apply the formulae discussed in this thesis, we choose

a frame with e* = ez,

with z-z =€

el = fsinpdf + hdp e® = sin p cos Osin O(¢dg — ldy)
(7.27)
e? = gdp el =sin"'p 2z
which is related to the vierbein in [10] by an SO(4) rotation. Let us discuss the round

and the squashed sphere separately.
The round sphere result of Pestun, with all background fields but the scalar vanishing,

is recovered in the limit ¢ = ¢ = r. In particular, it should be reproduced by our special
solution with vanishing tensor field described around (7.24). Plugging the explicit frame
(7.27) into (7.24), we find that the vector field is pure gauge, A*; = —(d¢ + dx)o>';, when
A = Incotf and a = 0. Note that SU(2) gauge transformations correspond to local
Lorentz transformations in the three “spatial” coordinates, as follows from the definition
of the vierbein in (7.8). In fact, if we rotate the frame (7.27) by (¢ + x) around e?,
we find that the gauge field vanishes identically. The scalar field (7.19) is constant,
d=2/r*=R/6°.

Now let us discuss the case of the ellipsoid. The solution found in [10] has non-
vanishing tensor fields 7# and an SU(2) gauge field A, whose explicit expressions can
be found in equations (3.28) and (3.29) of that paper. Of course, the same result follows
from our formalism. After computing the spin connection from the vierbein (7.27), all
background fields are fixed in terms of this geometrical data, plus the eight free parameters
in our solutions. This is to be contrasted with the result in [10], which is a 3-parameter
family instead. The reason for the mismatch is that the authors of [10] work with explicit
spinors and have switched off the SO(1,1) gauge field. We checked that choosing A

3This value corresponds to a vanishing scalar d =0 in the original Weyl multiplet (6.1).
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appropriately and tuning the SO(1,1) vector to zero indeed leads to their 3-parameter

solution. More explicitly, setting A,,4 = 0 eliminates four of the parameters,
L p
=0 by = 00— tan = 7.28
a 25 an g (7.28)

where we set the value of e = cot 2. Our scalar (7.19), the gauge field (7.15) and the
tensor (7.17) are then identical® to the ones in [10], when we identify our parameters a,

with their ¢, ¢o and c3,

h p 1 p
ay = 0,41 | 4c9 — — tan —) + 040 <461 — —tan —> — Op3dcs .
( fg 2 2
The three parameters ¢; can be chosen as in [10] in order to have a regular solution on
S* which reduces at the North and South pole of the squashed sphere to the -background
[128] which plays an important role in reducing the computation of the partition function
to the Nekrasov partition functions for instantons. The local form of this solution and

the Q2-background are discussed in the next section.

Twisting the theory

In this subsection we want to discuss the special case A = —b. This choice is is actually
related to a general solution discussed in [128]. There the authors have noticed that it is
possible to preserve extended supersymmetry on every manifold with a Killing vector z

by generalising the Witten twist for N' = 2 theories [5].

Let us first discuss the Witten twist in our formalism. The twist corresponds to the
degenerate situation where one uses only one chiral spinor, say €, while the spinor of the
other chirality vanishes and we cannot immediately use our previous formulae. Since only
the self-dual part of the spin-connection acts on €., corresponding to an SU(2) subgroup
of the tangent group SO(4), the spinor can be made covariantly constant by cancelling the
spin-connection with the SU(2)-gauge field in the covariant derivative. More explicitly, a
constant spinor 9,,¢, = 0 will be covariantly constant if we turn on the SU(2)-gauge field

1
Amx = Ewmabﬁmab . (729)

The generalised CKS equation is then satisfied with vanishing tensor fields. One can check
that the dilatino equation is also satisfied with a value for the scalar field d = —R/6. This

computation was first done long time ago in [44].

4 Note that there is a reshuffling in the order of SU(2) indices. Furthermore, the two gauge fields

differ by a gauge transformation.
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Let us now consider a more general case, where the gauge field is still as in (7.29)
but the negative chirality spinor is different from zero. As suggested in [128], the pair
(€', €. = iy"z,€',) preserves supersymmetry on any manifold with Killing vector z. We
can easily see this in the picture of coupling to conformal supergravity discussed in this
thesis. As it is clear from equation (7.9), the relation €’ = iy%z,€’, is true for our spinors

exactly when the norm of €, vanishes, or

A=—b.
One can then check that for the choice of background fields

d=0 Th =0 T, = —4€" (Viazy) ™ (7.30)

a

both e, and e_ = ize, are generalised conformal Killing spinors fulfilling (7.2) and (7.3).
There is obviously an analogous solution with a covariantly constant spinor ¢! and a

self-dual tensor 7.

For completeness, let us derive it from our general expressions above. For the choice

A = —b, our gauge field takes the value

1
Am4 =b,, Amx = iwmabﬁxab + 5%163;902@,2

where we have called by = o + 40,b. Recall that the covariant derivative of €, is

Vi = %Pﬁﬁbei_ : (7.31)
If we set by = 0 by an appropriate choice of «, the torsion P becomes anti-symmetric,
P, = P[mn], and is given by linear expressions in a, and b, as in (7.16). So we see that
for vanishing a, and b, the spinor €, is covariantly constant and the gauge field cancels
the self-dual part of the spin-connection as in (7.29). Hence, the class of our solutions
with A = —b and b, = a, = 0 reduces to the generalised twist solution described above.
The value of the scalar (7.19) and the tensor field (7.17) become as in (7.30).

The -background

One notable example of the Nekrasov-Okounkov twist discussed in the previous section

is the Q-background on flat R?. It uses the Killing vector

Z = €1 (:1710562 — l‘gaxl) + €9 (1'38354 — 3348%)
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An N = 2 theory will still preserve some supersymmetry on flat space if the tensor field
T = —2(61 + 62)(dx1d1'2 + d$3d$4)

is turned on. The corresponding field theory has a prepotential determined in terms of
the Nekrasov instanton partition function. Alternatively, in the analogue solution with a

covariantly constant negative chirality spinor, supersymmetry requires turning on
T+ = 2(61 — 62)(dl’1d$2 — d[L‘gdl’4) .

This example is discussed at length in [10] where the background fields on the squashed
sphere have been chosen in order to reduce to the 2-background near the poles, with

tensors of opposite chirality at the North and South pole.
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Part 11

Some exact results in

supersymmetric field theory and the
AdS;/CFT5 correspondence
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Chapter 8
Introduction and Outline

So far in this thesis we have studied the very formal question of supersymmetry on curved
spaces. In this second part we now want to become more practical, if at a certain point
not even a bit technical. Recall the brief tour through some of the most exciting, recent
results obtained considering supersymmetric field theories on curved spaces, which we had
given in the introduction to the thesis. We had mentioned that there is a matrix model
for the N' = 2 partition function of field theories on S3, obtained in [11, 14, 15] following

the seminal four dimensional work of [6].

This matrix model will play a crucial role in our further analysis. Before we will be
able to appreciate solving it for some explicit examples, we should however briefly review

the field theories we are interested in.

N =2 Chern-Simons gauge theories and AdS;/CFT;

We are interested in superconformal field theories with a holographic dual. Consider
a stack of N M2 branes sitting at the tip of a conical Calabi-Yau four-manifold X, =
C(Y/Zy), where Y is a Sasaki-Einstein 7-manifold. Such a set-up has two dual descriptions
[129-132]. On one side of the duality we have M-theory on AdS, x Y7/Z,,, including fluxes.
On the other side of the duality we have generically a three dimensional N' = 2 Chern-
Simons gauge theory, with some product gauge group [], U(NN)g, and bifundamental
matter. Here k, denotes the (integer) Chern-Simons level of the ath gauge group and
ged({k,}) = k. For Y = S7 this is just the ABJM model [129] with /' = 6 supersymmetry.
One fundamental check of the correspondence is that the abelian vacuum moduli space
of the field theory equals the transverse Calabi-Yau geometry. The field theory is weakly
coupled for k> N, while N > k® corresponds to the M-theory limit of the gravity dual.
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Questions

We want to present a list of issues that one might want to address in this context.

From the holographic perspective, one can wonder if it is possible to go beyond match-
ing the moduli spaces when comparing the two descriptions. This matching gives beautiful
evidence for a large class of duals but it is clearly desirable to perform a deeper check of

the correspondence.

The brane picture brings a puzzling prediction for the scaling of the free energy. From
the weekly coupled point of view we expect the partition function to factorise such that
each gluon contributes the same amount to the free energy F' = —In Z. In the large N
limit of a U(N) theory this implies a scaling as F' oc N?, growing with the number of
gluons. However, at strong coupling the gravity description for M2 branes predicts F' to
scale like N*/2 [12]. It has been a longstanding puzzle to observe such a counterintuitive

scaling in any field theory with a weekly coupled description.

Even from the purely CF'T point of view we find some interesting issues with these field
theories. Recall the notion of exact R-symmetry that is selected by the superconformal
algebra of a N/ = 2 theory. It is the R-symmetry which sits in the current multiplet and
gives R = A, with A being the scaling dimension of a chiral multiplet, via saturation of
a unitary bound. This feature makes it useful to know the exact R when constructing
a superconformal theory, yet it is non trivial to determine it. Formally any symmetry
that does not commute with the supersymmetry is a good R-symmetry, in fact there
is an infinite family. It is desirable to have a mechanism that selects from this infinite
family the one in the superconformal algebra. The four dimensional problem was solved
in the beautiful work [17], where the authors showed that the anomaly coefficient a is
maximised when the R symmetry is chosen to be the exact one. In AdS/CFT there
exist a dual geometrical mechanism [16] whose arguments do actually not depend on the
dimension of the set-up. This suggests that a similar process to [17] should also exist in
3d, in absence of anomalies it is though not obvious what that should be. To find an

appropriate 3d analogue of a-maximisation has been a longstanding puzzle.

Related to the last point is also the quest for a ‘c-function’ in three dimensions. Fol-
lowing the pioneering c-theorem in two dimensions [19], it is desirable to have a function
that decreases along the RG flow, similar to the central charge ¢ in a two dimensional
field theory. It has been argued that in 4d the role of ¢ is played again by the anomaly
coefficient a [133-136] and it has not been obvious for a long time if any such function

could exist also in three dimensions.
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Answers

It turned out that the free energy F' = —In Z, where Z is the partition function of the field

theory on S2, seems to give answers to most of the questions raised in the last paragraph.

AdS/CFT ties together what will be presented in the rest of the second part of this
thesis and the remarkable success with which everything fits together gives a significant

backing of the conjecture. We will come back to this several times.

Let us first mention again that in [13] the peculiar N 3/2 gcaling has indeed been

observed to arise at strong coupling for the partition function for the ABJM model.

As for the analogue of a-maximisation, Jafferis proposed that F' itself is the right
function which determines the exact R-symmetry via extremisation [14]', and in [137]
it has been argued that it is actually maximised. In this picture, recall that the matrix
model for N/ = 2 theories depends on the choice of the R charges for the matter fields.
Moreover, it has been suggested that F' obeys an F'-theorem, providing a monotonically

decreasing function along the RG flow [18].
These proposals have passed many tests [4, 18, 138—146]. In chapter 10 we will see

how the F-maximisation works in the context of AAS/CFT. There we will also verify
that I’ decreased when flowing from one theory to another by giving a vev to some chiral

multiplet.

Outline of part II

Let us elaborate on the AdS/CFT picture of F-maximisation. As we said earlier, R-
symmetry is not uniquely defined. Formally any symmetry that does not commute, by
the amount of some given normalisation, with the supersymmetry is a good R-symmetry.
We can parameterise this ambiguity by fixing a reference Ry and mixing it with all possible

flavour symmetries Fj,

Rla;) = Ry + > a;F; (8.1)

where the a;’s are parameters keeping track of the mixing. The sum runs over the set of

abelian flavour groups. For IR fixed points, we can think about the charges under the

I This is actually not that endlessly far off from the even dimensional analogous statement one might
first think. In a very brought sense one could say that it is always the finite part of F' that plays the role we
are after. Note that in odd dimensions F' has only power-like divergences, which all can be absorbed in a
local counterterm, hence F itself can be given a finite meaning. In even dimensions, however, there is also
a logarithmic divergence for which this cannot be true. Nevertheless, the coefficient of this logarithmic

divergence is proportional to a, which makes this very brought picture close.
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reference Ry as the canonical UV values A of the free theory, and the mixing as happening

along an RG flow, but we don’t have to do that.

Now we come to the main point. The statement about the N3/2 scaling can actually
be made precise at the level of coefficients, also for theories with less supersymmetry
[147, 148],

276

Fla) = N¥2, | —
a:] 27 Vol, (V)

(8.2)

where Y is the Sasaki-Einstein 7-manifold at the base of the non-compact Calabi-Yau
moduli space cone. The volume Vol,(Y') depends on a certain vector b [16] and in order to
match both sides of the equation we need to give a map between this b and the R-charges
in F[a;], parameterised as in (8.1). Recall that the computation of F' depends on a choice

for the R-symmetry.

The authors of [16] have defined a ‘Z-functional’ for any odd-dimensional Sasaki-
Einstein manifold Y, depending on a trial vector b. This functional is extremised when
b is the Reeb vector of Y, then Z becomes Vol(Y). Abusing some language, we should
hence view Vol,(Y) as a trial, or ‘off-shell” volume for Y, which is minimised at the Sasaki-
Einstein value. In 4d, this is the aforementioned geometrical dual of ‘a-maximisation’

(which predicted the existence of something like F-maximisation in 3d).

The beautiful formula (8.2) relates a very non-trivial non-perturbative result in field
theory for F' to the geometrical object Vol(Y). One should appreciate that the actual
computation of F is quite involved and a certain technical challenge. Nevertheless, (8.2)
has been checked to hold in many examples [4, 18, 138, 139, 149]. We will discuss this
formula to more detail in chapter 10. In particular we will suggest a very natural map
between R|a;| and b for theories where X} is toric. In that case we can use the systematic
technology of brane tilings [150, 151] extended to M2 branes [152, 153] to compute the
volume as a function of the R-charges. The subject is rather technical and we refer the
reader to chapter 9 and section 10.2 for details. Before we go on, it is worth mentioning
that (8.2) holds even before extremisation. This is curious, it is an off-shell statement.
The analogue fact for a in four dimensions has been shown to be generally true [20, 21],

in three dimensions so far this holds only at the level of observation.

The whole picture has one big caveat. No-one has been able to evaluate the matrix
model of [14, 139] at large N for ‘chiral’ theories. A theory is called chiral when the matter
fields do not come in charge conjugate pairs (and the four dimensional YM theory would
be chiral). In all these cases, the free energy does not even show the correct N 3/2 gcaling

behaviour. Therefore, many interesting models are excluded from the analysis presented
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so far. We will briefly take up this issue in section 10.3.5, where we also report on some

attempts to overcome the problem.

For ‘vector-like’ theories where the fields do come in charge conjugate pairs, and the
large N formalism gives us well-behaved formulae, we also discuss Seiberg duality with
multiple gauge groups. In chapter 11 we observe that the large N free energy is preserved
even before extremisation, as in the N' = 3 case [148] under the rules derived in [154-156].

A similar discussion has also appeared in [157].

The last topic that we discuss is related to the construction of a purely field theoretical
quantity from the geometrical data, along the lines of [20]. Indeed in that paper it was
shown that the central charge a can be obtained directly from the information of the
dual geometry. In chapter 12 we show that the generalisation does not follow straightfor-
wardly. By exploiting the symmetries of toric Calabi-Yau four-folds, we give a procedure
to generalise the cubic formula of [20, 158] to three-dimensional field theories. We apply
our general discussion to many examples and find, quite surprisingly, a formula that is
quartic in the R charges and reproduces the field theory computations by only using the
geometrical data and without any reference to localisation. The results in this chapter
have been extended in the work [149].

The rest of part II is organised as follows. In chapter 9 we review the computation
of the moduli space of toric N' = 2 gauge theories and review the methods to extract
the geometrical data from the field theory. In chapter 10 we compute the free energy in
vector-like models and compare with the geometric dual predictions. We also comment
on chiral-like theories. The Seiberg dual phases of a large class of vector-like theories with
multiple gauge groups are discussed in chapter 11 and the duality is verified at the level
of the large N free energy. We conclude be commenting on a different formulation of the
extremisation problem in field theory and on its relation to the volume minimisation in

chapter 12.
Part II of this thesis is based on the paper [4].
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Chapter 9

N =2 quiver gauge theories in 3d

with a toric moduli space

9.1 The field theory description

In this section we briefly review the main aspects of the gauge theories that we study in
the rest of this chapter. They are three dimensional N' = 2 supersymmetric quiver gauge
theories which are believed to describe the low energy dynamics of a stack of M2 branes
probing a conical CY, singularity [129-132]. Generically they have a product gauge group
[TU(N)g, with Chern-Simons (CS) kinetic terms at level k, and bifundamental matter
Xap, transforming in the fundamental of U(N)g, and the anti-fundamental of U(N)y,.
The field content is conveniently represented by a ‘quiver diagram’, see the first part of

figures 10.1, 10.2, 10.3 and 10.4 for examples. In N/ = 2 language, the Lagrangian reads

ko L —a, _ -
L = Z% / a0 /0 dtV,D" (e ™D et"*) + / d'0 > X1V Xye

Xab

+ /d29 W(X) + c.c. (9.1)

The first term is the CS Lagrangian at level k, for the gauge superfield V, associated to
the gauge group U(N)y,. The second term is the usual minimal coupling between matter
and gauge fields, and W is the superpotential. The three dimensional vector superfield is
(in WZ gauge)

V =i00o+0y"0A, — 0?0\ — PO+ 0*0* D . (9.2)
The field o is an extra scalar with respect to the four dimensional vector multiplet, coming

from the fourth component of the gauge field upon dimensional reduction. In terms of
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component fields, the Chern-Simons Lagrangian reads
kq 2 -
Scg = ; o /Tr (Aa AdAg+ ZAN Ag N Ay = Noda + 2Daaa) (9.3)

The abelian moduli space M is a Calabi-Yau four-fold that corresponds to the transverse
space of the M2-branes. We will briefly review how it can be obtained [131, 132]. Roughly
speaking, it is the solution to the F-term equations dx,W = 0, with fixed complexified
gauge freedom. The solution to the F-terms is a (g+2) dimensional toric variety sometimes

called ‘master space’ F [159], here g denotes the number of gauge groups. We obtain
M =F/G" | (9.4)

where G is a complexified gauge group. The action of G® in (9.4) is a bit subtle for 3d
Chern-Simons theories, it is not the full gauge group [[?7_, U(1), that acts here. One can
show that from the g gauge groups, only the (g — 2) combinations sitting in the kernel of

1 1 1 1 1 1
C= . (9.5)
[ S T

are imposed in (9.4) [131, 132]." Tt includes also a discrete part, see footnote 1 for a very

brief discussion and references. As a result, we find that
M =CY,/Z; .

In this thesis we will be interested in ‘toric field theories’. We call a theory toric when
the moduli space is a toric Calabi-Yau. This will be satisfied when every matter field
appears exactly twice in the superpotential, once in a term with a positive sign and once
in a term with a negative sign. In that case there is a developed algorithm for solving (9.4)
by an ambient space construction. In chapters 9.2 and 9.3 we will review this formalism

in more detail.

9.2 The toric description

In the case of toric quiver gauge theories, the information about the moduli space of
the field theory is encoded in a set of combinatorial data which is represented in the so-

called toric diagram. The toric diagram can be extracted from the field theory in various

! By taking linear combinations, one can see that only (g — 2) non-trivial groups have a vanishing
D-term, which can be ditched by imposing complexified gauge invariance. The diagonal gauge group
> o ULk, is trivial, no field is charged under it. The remaining group, which can be taken along
> akaU(1)g,, is broken to a discrete Z;, subgroup [129, 131, 132, 160, 161]. Here, k = ged({kq}).
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(equivalent), purely algorithmic ways. This is true for four as for three dimensional field
theories, see e.g. [150-153, 162, 163] and references therein. The particular algorithm we

will use relies on the results presented in [152, 162, 163].

In order to obtain the toric diagram from the field theory data, we construct, in two
steps, the so-called perfect matching matrix. Due to the toric condition, there is an even
number of superpotential terms, half of them come with a positive sign, and the other
half with a negative sign. Moreover, every field X appears exactly once in each set of
terms, say in the i-th term of the positive set and in the j-th term of the negative set.
As a first step, we construct a matrix by adding the fields X to the (i, j)-th entries. Let
us denote its determinant by K and the number of terms in K by c¢. As a second step
we construct another matrix, this time the (I, «) entry is 1 if the I-th field is in the a-th
term of K, and 0 otherwise. This is is the perfect matching matrix, which we denote P.

We can decompose the fields as
X =[] ol (9.6)
a=1

where the p,’s are called perfect matchings and I labels the set of chiral matter fields. The
whole point of the procedure is that this decomposition, which is completely algorithmic,

by construction solves the F-term equations.

We then define the incidence matrix d of the quiver. Each row corresponds to a gauge
group, and each column to a field. The (7, j) entry is 1 if the j-th field transforms in the
fundamental representation of the ¢-th gauge group, —1 if the field transforms according
to the anti-fundamental representation, and 0 otherwise. By using the incidence matrix

and the perfect matching matrix we can define a new matrix ) by
d=@Q- P’ (9.7)

It is the charge matrix of the associated GLSM, and gives the D-terms when modded out
by the gauge symmetry. Similarly, the perfect matching matrix P, extracted from the
superpotential alone, gives the F-terms. Putting this together, the toric diagram for the

complex four-dimensional Calabi-Yau cone is given by
or ) Ker(P)' '
Gr=Ker| “F | =Ker|[ O (9.8)
D Ker(C) - Q

where C' is the matrix in (9.5). Gr is a matrix with four rows and the n columns are
the n four-vectors generating the fan for the four-dimensional toric Calabi-Yau cone. See

[164] for an introduction to toric geometry. Every column of this matrix is in one-to-one
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correspondence with the perfect matchings represented as the ¢ columns of P or the ¢
terms in K. By a SL(4,7) transformation we can rotate all the vectors such that each last
component is 1, viz. v; = (w;, 1), i = 1,...,n. This is special for Calabi-Yau manifolds.
The convex hull of the w’s is called toric diagram, by some abuse of notation we will
sometimes also call the entire matrix G toric diagram as the incorporated information is
equivalent. See figures 10.1, 10.2, 10.3 and 10.4 for examples of toric diagrams and their

dual quiver graphs.

The toric diagram encodes all the relevant data of the toric Calabi-Yau cone M =
C(Y). In particular, we can compute the volume of the seven-dimensional Sasaki-Einstein
base manifold Y and of its five-cycles without any knowledge of the metric just by looking
at the vectors in Gy [16]. Each independent compact five-cycle is in correspondence with
an external point of the toric diagram and its volume can be determined as a function of a
certain vector b. Let v; = (w;, 1) be the vector in Gr, corresponding to the external point
w; in the toric diagram and consider the counter-clockwise ordered sequence of vectors
wg, k =1,...,n;, that are adjacent to v;. We can compute the volume of a 5-cycle ¥; as
[16, 152]

ni—1
Vol(%;) =

k=2

(Ul'v Wg—1, Wk, wk+1)<vi7 Wi, Wy, wnl)
(Uiv b, wy, wk+1)(% b, wi_1, wk)(% b, wy, wni)

(9.9)

where (vy, va,v3,v4) denotes the determinant of four vectors vy 234. Note that this is a

functional of the vector b. Let us define the sum of these volumes as
Z =Y Vol(%;) . (9.10)

The central statement in [16] is that this functional is minimised when b is the Reeb vector
and that then Z is proportional to the volume of Y. We can thus view b in (9.9) as a
‘trial Reeb vector’. Note that the Calabi-Yau condition vy = 1, implies setting the fourth

component of the Reeb vector by = 4.

A five-brane wrapped on a given five-cycle ¥; corresponds to an operator with dimen-
sion [165]
2Vol(%;)
Z
In the next section we present a different way to compute the volume functional of the

A; = (9.11)

underlying moduli space geometry, directly from the field theory data but having a very

natural interpretation in the toric language.
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9.3 The Hilbert series

A convenient way to extract the volume of the moduli space, which does not require the
geometrical technologies involving the Reeb vector and individual 5-cycles, is related to
counting the mesonic operators of the field theory. The counting can be performed by the
Hilbert series, which is the partition function for the mesons on the M2 moduli space, see
e.g. [152, 159, 166].

As a crucial fact, the pole of the series gives the volume of the Sasaki-Einstein space,
while keeping track of the dependency on the global symmetries [167]. We want to elab-

orate a bit on how exactly this track-keeping works in our context.

In the toric case the counting becomes particularly easy, since we we can systematically
solve the F-terms through perfect matchings, which results in the quotient description of

the moduli space

M=t/ (). (9.12)

Here, d denotes the number of perfect matchings assigned to external points of the toric
diagram and the charge matrix of the quotient is given by the linear relations amongst
the corresponding vectors in the fan. This quotient construction makes manifest the
dependency on all of the global symmetries, which the moduli space inherits from the
natural isometries of the ambient space C?. Generically, there are more external perfect
matchings than global symmetries. This is because we had to introduce extra fields
together with spurious symmetries, which are not seen by the physical fields. It is the prize
we have to pay when solving the F-terms via perfect matchings. Upon parameterising

the symmetries by the perfect matchings we might encounter a redundancy.

Nevertheless, it is a prize we are happy to pay; we will find it convenient to parameterise
the set of global symmetries of the field theory in terms of coordinates on C?, as this will

make the comparison with the geometry most straightforward.

The Hilbert series for the flat ambient space reduces to the geometrical series Hil ~
1/(1—1)4, and the quotient can be realised by projecting on the singlets under the (C*)d_4
action,

Hil(t;; M) = f{ﬁ A ! (9.13)
i e 2 [T, (1= t:2) .
where Z; = Z;(z) is the monomial weight of the i-th homogeneous coordinate under the
(C)** action in (9.12). If we further set t; = e 2% and take the ¢ — 0 limit, we have
[152, 167]

Vol,,, (Y
oL, (Y)

el

Hil(t;; M) ~ ., (9.14)
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which gives us an expression for the volume of the base Y in terms of the parameters a;.
The equation (9.14) is a geometric formula that knows about the flavour symmetries of
the field theory, precisely through the a;’s which appear on the CFT side via the perfect
matchings. We will see in section 10.2 how we can reproduce this geometric formula from

a purely field theoretical computation.
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Chapter 10

The free energy in the large N limit
and holography

10.1 The large N free energy of vector-like quivers

In this section we discuss the computation of the leading order term of the free energy of
vector-like field theories in a large NV expansion. Localisation leads to a matrix model for

the partition function on the three-sphere [11, 14, 15],
Z[A] = /H A\ exp ( —F(A, A)) (10.1)

where the integral is over the Cartan of the gauge group [[?_, U(N)y,, parameterised by
the g x N many variables )\(a) i=1...N and

(a) (a)
(a) sz“ ZAE;L”Af.“) e )‘j W(1-Atip( 3
A lnH[ / Hsmh (T He( ()
i<j P
(10.2)
Furthermore, A is a monopole charge associated with the ath gauge group [14] and ¢(2)

is the one loop determinant of the matter fields computed in [14, 15]
) ) 1 . )

l(z)=—zIn (1 — 62””) + % (7?22 + —Li262mz) _m

™

5 (10.3)

with derivative
0'(z) = —mz cot (mz) . (10.4)
Finally, p refers to the weights of the representation of each matter field with R-charge

A, the product is over all chiral fields. Note that the full matrix model is a functional of
the R-charges.
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We want to solve this matrix model in a large N approximation, following closely the
procedure of [18]. The integral at large N and finite k, is dominated by the minimum
of the free energy F' (/\Ea), A) and can be approximated by configurations that obey the
saddle point equations 8)\5(1)]7 = (0. For vector-like theories, it turns out that a sensible

ansatz for the eigenvalues A is given by
MY = N2, 4 iy (10.5)

For large enough N, one can replace the discrete set (10.5) with g continuous variables.

The real part of the eigenvalues becomes a dense set with density p(z) = ds/dx and the
(

imaginary parts yia) become functions y,(x). The free energy can be split in two parts, a

piece from the Chern-Simons and monopole terms

/dx p(x)x Z (kYo + 27TA£,‘;)) (10.6)

a

and a second piece from the one loop determinant of the vector and the matter fields. For
a pair of bifundamental and anti-bifundamental fields (X, X3,) in a vector-like theory,

charged under the ath and the bth gauge group, with R-charges (A, Apa), we have

2 _ A+ 2
Fi_to0p = —Ng/z%/dxp(xf (51/21) - %A(erb(4 - A:b)> (10.7)
where §yup = Ya(z) — () + A, and AL = A, £ Ay,. For an adjoint field we use
(10.7) with @ = b and divide by a factor two. Equation (10.7) is only valid in the range

|6yap] < wAJ,, which will indeed be satisfied by all our solutions.
In the continuum limit, the resulting free energy is extremised as a functional of p

and the y’s at the saddle point. The eigenvalue density is subjected to the consistency

constraints
/dx plx) =1 p(x) > 0 point — wise

One can impose the first constraint through a Lagrange multiplier . This set of rules
is enough to compute the free energy of the vector like theories as a function of the R
charges, F'(A) [18].

As observed in [18] the expressions (10.6) and (10.7) possess flat directions which
parameterise the symmetries on the eigenvalues and on the R charges. By defining the
real parameters n(® they are

Yo = Yo — 27r77(“)

Aw = Ngy + 1@ — (10.8)
AW — AW 4 n(@
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10.2 Relation with the geometry

We want to put forward the immediate coincidence of the mesonic expression for the

volume of the Sasaki-Einstein space Y given in equation (9.14),

Vol,,, (Y
ol () |

=

Hil(t;; M) ~ -, (10.9)

with the free energy of the field theory evaluated at large N.' The free energy is a function
of the R-charges Ay of the fields X; and we can identify

F(Ap) = N3/2 __ (10.10)
! 27 Vol,, (V) ‘
where we have the identification
AI:ZPIiai s (1011)

with ¢ running over the external perfect matchings and Pj; being the matrix introduced
around equation (9.6). The flat directions (10.8) of F' identify g — 2 baryonic symmetries
which do not contribute to the free energy functional. A similar decoupling is well-known
from the four-dimensional case [20]. The flat directions of the free energy are analogue to
the invariance of the Hilbert series under (¢ —2) combination of gauge symmetries, recall
that we projected on the mesonic singlets as in equation (9.4). In the explicit construction
of (9.4) via (9.12), and correspondingly upon (10.11), we also encounter spurious extra
flat directions via relations amongst the perfect matchings. This will be discussed for

some concrete examples in 10.3.

We identify several advantages when inferring the volumes from the Hilbert series.
First, (10.9) provides a fast and more direct way than (9.10) to obtain the geometrical
informations of the volumes, without the need of mapping the R-charges of the PM with
the volumes of the 5-cycles as in (9.11). Moreover we can compute the Hilbert series even
in non-toric models, where we cannot use the simple formulas (9.10) and (9.13) anymore,

opening the way for a more general analysis as in [21].

In the next section we want to make all these words more concrete and present some
examples. In the appendix C we also discuss the matching of the field theory free energy

with the geometrical Z-function at arbitrary trial Reeb vector.

! Related discussions appeared in [168, 169].
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10.3 Examples

We now apply the discussion above to compute the free energy of some models. Our aim
is to compare the field theoretical quantity F(A) with the volume of the dual Sasaki-
Einstein manifold and verify equation (10.10). In all our examples we find that the result
from the Hilbert Series and the large N free energy coincide even before extremisation.
Our results do not rely on the underlying symmetries enjoyed by the quiver gauge theories

at the infrared fixed point and generalise some of the results in [138].

We first study the vector-like theories C x C, SPP and 0/7/22 Here we use the notation
of [152], where the tilded names are inherited from the four-dimensional theories with the
same quiver but Yang-Mills instead of Chern-Simons gauge interactions. The mesonic
moduli space and the Hilbert Series of the first two and various other models have been
studied in [152]. The three theories we will first study are connected by an RG flow, which
on the field theory side corresponds to giving a vev to one of the scalar fields and then
integrating it out. This is reproduced on the gravity side by a partial resolution of the
singularity, which can be conveniently represented as removing an external point in the
toric diagram. The geometric RG flow is equivalent to blowing up a singularity, which
in turn implies that the volume of the manifold increases. Hence, once established the
relation £2 ~ 1/Vol, the decreasing of F follows immediately in these cases, in agreement
with the conjectured F-theorem [18]. We will comment on this in slightly more detail in
section 10.3.3.

In section 10.3.5 we will also report on some attempts to solve the matrix model for

chiral theories.

10.3.1 CxC

Consider a theory with gauge group U(N); x U(N)_y, two adjoints ¢; and two pairs
A, Bi, i = 1,2 of bifundamental fields in the (N, N) and (N, N), respectively, as depicted
in the quiver of figure 10.1. The superpotential is

W ="Tr (¢1 (AlBQ — AgBl) -+ ¢2(31A2 - BQAl)) (1012)

and the moduli space is C x C, where C is the conifold. Finding the exact superconformal
R symmetry requires, a priori, an arbitrary choice of combining the g + 2 = 4 abelian
symmetries (subjected to Ryia[W] = 2) to parameterise the dimensions A and eventually
finding the exact choice of R by extreme zing F. We want to keep an eye on the corre-

spondence and parameterise the dimensions in a way that allows for natural comparison
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Figure 10.1: Quiver and toric diagram for C x C.

with the geometry even before extremisation. To this end, we assign to each external
perfect matching p; the charge a;, where we deliberately over-count global symmetries by
the number of relations between the external p;’s. Since perfect matchings correspond
to points in the toric diagram, given in figure 10.1, we can then directly incorporate the
toric data of the moduli space.

The perfect matching matrix suggests the charge assignment

Ay, =a;+ay Ayg, = as+ay Ay, = ag (10.13)

ABl :CL1—|—CL5 A32 :CL2+CL5 A¢2 = as
where the marginality condition on the superpotential A(W) = 2 is reflected by > . a; = 2.

Following the rules outlined in the previous section, we get the free energy functional

% :/dx <£pxu+p2 P, —ag(w(a4—a5)+u)ﬂ) —% (/p—l)

where
Pa, = —CL37T2 ((CLl — a2)2 — (CL3 — 2)2) (1014)

7

and we defined u = u(z) = y;(x) —y2(z). Note that we have included the monopole charge
A, not via a topological term in the free energy functional, but via as/5 — a5 £ 24,
corresponding to the direction in the abelian gauge space which is broken to Zj. This can
be done by shifting y* — y* — A,,/k®. The free energy functional is extremised for

ut2kma Ag __u __u
8#3(A17A2)¢(A2+Bz) ? 2kmwAg <z < 2kmAq
_ u/m+k x(B1—B2) _p I
P 1P, 0 T kA, ST S Sk (10.15)
p—2k mxBo p <1< @
871'3(A1—A2)¢(A2+BQ) ? 2k B1 2kmBs

where, without loss of generality, we assumed that a; > as and a4 > a5. Furthermore, we
used (10.13) and for the ease of notation we denoted ¢ = A, for a field 1. In the outer
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regions of (10.15), w is frozen to w, = —2m(ag+ay) and Uyay = 27(az+as), respectively.
In the middle region we find

kP, x
as (u+ kmx (ay — as

u(z) = N 7 (ay — as) . (10.16)

The Lagrange multiplier y is fixed by [ p =1 and the free energy finally reads

( F )2 — 321k az (a1 + aq) (ag + ag) (a1 + as) (ag + as) (10.17)

N3/2 9(2— as)

We want to compare this to the Hilbert series. From the toric data in figure 10.1 and

(C.1), we read off the monomial weights
(Z) = (z,2,1, 271,271, (10.18)

We can then compute the Hilbert series (9.13),

dz 1
2miz (1 —t12)(1 — t22) (1 — t3)(1 — t4/2)(1 — t5/2)

Hil(Yexc; t) = 7{ (10.19)

whose pole for t; = e72¢% — 1 indeed reveals 1/F? from (10.17).

That this is a good description of the mesonic moduli space might look puzzling, when
only counting parameters. As mentioned above, there are generically more a;’s, namely
(9 + 2 + (# of relations on the external p.m.’s)) ? than there are mesonic symmetries,
namely 4. The key observation is though, that the a;’s appear only in combinations of
meson charges, hence modulo baryonic and spurious symmetries. In our example this is
particularly easy since, given g = 2, there are no baryonic symmetries in the game. We

do, nevertheless, identify the non-physical, spurious symmetry

aije — Qi + 5, Q45 —> A4/5 — S,

2 This redundancy amongst the external perfect matchings originates from the splitting of points in
the parent 2d diagram, which have a multiplicity [152]. These points may sit on the perimeter or in
the internal of the diagram. Depending on this, the new external points of the 3d diagram may not
be in 1 : 1 correspondence with the (¢ + 2 many) global symmetries of the CFT3. This is opposed to
four dimensional theories, where the number of the external points is always identical with the number
of non-anomalous global symmetries. When going to 3d, the anomalies disappear and all g + 2 global
symmetries are physical. Pick’s theorem relates the number of these symmetries to the properties of the
2d toric diagram, g + 2 = Perimeter 4+ 2(Internal Points) . We see that precisely in the cases in which all
internal points split, the number of external points of the split3d diagram is g + 2. Else, there are extra
points coming from split points on the perimeter. This is the case for the vector-like theories discussed
in this section. We marked the split points by green dots.
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2

Figure 10.2: Quiver and toric diagram for SPP. The diagram is plotted for CS levels
(2,—1,-1).

which reflects the relation p; + ps = ps + ps of the perfect matchings and reduces the
number of independent a;’s to 4. These can in principle be mapped to the charges under

the Cartan-part of the global symmetry

SU(2)1 X SU(2)2 X U(l)l X U(].)Q .
In absence of baryonic symmetries the bifundamental fields by themselves are mesonic
operators, and their dimensions appear in the final result for F'.

We conclude this example by observing that in [18] the authors discussed a dual phase
of this theory, which involves fundamental flavor fields. Upon the identifications of the

PM the two expressions for the free energy coincide.

10.3.2 SPP

Next, we want to study the quiver in figure 10.2 with gauge group U(N); xU (N )y xU(N)s3,
one adjoint ¢ of the U(N);, and three pairs A;, B;, C; of (anti) bifundamentals in the
(N,N, 1), (1,N,N), (N, 1, N) representation of the gauge group, respectively, and Chern-
Simons couplings (—ky — ks, k2, k3). The superpotential reads

W - ¢(A1A2 - 0201) - AQAlBlBQ -+ 01023231 . (1020)
As special cases, the family includes Sﬁﬁ_/gn and D3 = SI/D}:H). From the perfect

matching matrix, we again infer the charge assignment [152]

Ay, = a; + aiys, Ap, = aizo, Ag, = a; + a7y, Ay = a3+ ay, (10.21)
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where the six a;’s include one redundancy and one baryonic direction. For the ease of

notation, let us introduce the combinations
A,:AAI—AAQ, B,:ABl —ABQ, C,:Acl —ACQ, B+:A31—|—ABQ, (1022)

a convenient parameterisation for solving the saddle point equations. The free energy

functional is given by

Flpu,o,u] — pu(fp—1) +/ _ zp (kaur — k3us)
N3/2 N 2 2

2

—1—% (P—=By(rA_ +w)* — (2— By)(mB_ —uy —u3)? — Bo(nC_ +u3)?) |,

with
P=r*(-4+B,)(-2+B,)B,. (10.23)

Here u = y' — 9% and v = y® — y'. For arbitrary CS levels and R-charges, the eigenvalue
distribution is generically divided in five regions. We refrain from writing down the
explicit functions u(z),v(z) and p(z),® since their expressions are cumbersome and not
illuminating. We have computed F' with arbitrary levels ko and k3, where we had to made
a choice on the relative sign. We skip the general expression because it is too cumbersome,
and we focus on two specific examples. Nevertheless, we checked the agreement with the

—~——

geometry at arbitrary levels k;. Consider SPP_51;

( I )2_w2(4+A,—C,—2B+)(4+2A,+B,—B+)(4+B,+207—B+)B+(4—2A,—B,—B+)(4—B,—20,—B+)(4—A,+C,—2B+)
N3/2 9(128+2A2_ (—4+B )+202 (—4+By)-112B, -B2 B, —2B_C_B, +32B2 —-3B3 —24_(4C0_ (72+B+)+B_B+))

and D3 = Sﬁ:lo

(%) :%n2(2—3_—0_)(2+B_+C_)(2—A_—B+)(2+A__B+)B+

(10.24)

Note that upon (10.21), these are expressions in terms of the a;’s. The monopole charge

is included along

5&1 ~ kgAm, 5&3 ~ —2 (kz + kg) Am, 5@5 ~ (kz — kg) Am,
5&2 ~ k’gAm, (5&4 ~ (kg + ]{33) Am, 5(16 ~ (k‘g — k’g) Am,

3 Beyond the central region where (10.23) is extremised, there’s a middle region with constant u or v
(depending on relations amongst the k,’s and the a;’s). Finally, in the outer regions, both u and v are

constant and p is eventually becoming zero.
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which corresponds to the direction in gauge space parallel to the £’s. The over-counting

is reflected by the spurious symmetry
5@1/2 ~ S, (5&3/4 ~ —S
and also the contribution of the baryonic symmetry k3U(1)s — kU (1)3,

5(11 ~ —bk?g, 5&3 ~b (k‘g — ]{33) s 50,5 ~b (k?g + ]fg) s
6@2 ~ bkg, 5(14 ~ 0, 5&6 ~ —b (]{32 + k‘g) s

is indeed a symmetry of F.

For the Hilbert series, we extract the weights of the quotient from the toric data in
figure 10.2 and (C.3),

(Z;) = (w,wz"ks ghamhs phaths qp=lpks qp=tahe) (10.25)
from which we compute

Hil(Yspp ) tl) =

]{ dz dw 1
(2mi)2zw (1 — tyw) (1 — tow/2k2ths) (1 — t3/2k2ths) (1 — tyzkeths) (1 — t5258 Jw)(1 — te2k2 Jw)
(10.26)

The t; = %% — 1 pole of (10.26) reproduces the free energy, where one again has to

make choices on the signs of the k;’s.

10.3.3 C7—Z/2 and an RG flow

The generalised conifold with A/ = 3 supersymmetry has been studied in [148], here we
do not want to assume N = 3 supersymmetry and consider the quiver as a N’ = 2 model,
i.e. we assign arbitrary R charges to the fields. The field content is shown in figure
10.3, the CS couplings are (k, k, —k, —k) and we parameterise the R-charges of the fields

corresponding to the perfect matchings
AAi/Ci = a; , ABi = a;42 + Qi1 g, ADi = Q42 +ar_;. (1027)

There is no redundancy but two baryonic symmetries, which are no actual degrees of
freedom in the free energy. The eigenvalue distribution is divided in five parts, again we
refrain from giving all the formulae and just present the result
( F )2 L 2kmAL (4— (A_+ BL)*) (4= (A_+D_)*) ((B- = D_)* —4(2— A})?)
N32 ) 9(A (4+ A2+ B D +A (B_+D.))+(B_—D_)’—16)

?

(10.28)
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Figure 10.3: Quiver and toric diagram for C//VZQ

where we used a similar rewriting as in (10.22).

From the toric diagram in figure 10.3 and (C.5), we read off the charge matrix for the

Hilbert series

Hﬂ(Y;gen.Con. ; tz) =

dz dw 1
f (2mi)2zw (1 — tiw)(1 — to/w) (1 — ta/(wz)) (1 — tyw/z)(1 — t52) (1 — te2) (10.29)

Its pole for t; = e7**% — 1 immediately reproduces (10.28).

Let us comment on the RG flow between the three theories discussed so far. We can
follow the flow between the fixed points C/’/xZ/g — SPP —»CxC by partially resolving the
singular spaces. This corresponds to removing points in the toric diagram [162]. More
explicitly, upon removing point 1 and one of the internal points in figure 10.3, we obtain
the diagram of figure 10.2, up to renaming. In the field theory, this corresponds to giving
a vev and integrating out A; = p;p7;. Note that p; is an internal perfect matching, which
is the reason we have omitted it in the discussion so far. The groups U(N)y, and U(N),
are identified to U(N)g,+x, and Ay becomes the adjoint field in SPP. If we now in figure
10.2 remove also point 4, we end up with the diagram of C x C in figure 10.1, modulo

relabeling the points. In the field theory this is achieved by higgsing By = py.

10.3.4 ABJM/Z,

We consider the theory with product gauge group []i_, U(N),, Chern-Simons levels
(k, —k, k,—k) and four pairs of bifundamental fields A;, B;, C;, D; as shown in figure 10.4.
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Figure 10.4: (Left) Quiver for [FNO. According to the choice of the CS levels, it gives several
theories studied in the thesis. (Right) Toric diagram for ABJM/Z,, which corresponds to

CS levels (k, —k, k, —k).

At a first look, the theory seems chiral and it is not clear how the long-range forces vanish
without modifications. Taking into account the symmetry of the quiver, though, we find
that the contribution to the long range forces coming from A/B cancels with that of C/D,
respectively. In fact, the theory can be seen as a Z5 quotient of ABJM, effectively being
vector-like and having a saddle point solution following the ansatz used so far. We assign

to the fields charges under the perfect matchings,

AA,L/CZ = a;, ABL/Dl == ai+2 9 (1030)

where the affiliation to ABJM is manifest: Both baryonic directions are killed by the Zs
flip symmetry of the quiver and we are left with the 4 mesonic charges only. Imposing
the symmetry y' = y3 and y? = y*, makes the orbifold of ABJM obvious even at the level

of the free energy functional. As a solution we find consequently

F\* 128
(W) :?kﬂ2a1a2a3a4. (1031)

The toric diagram is given in figure 10.4 and (C.7). Modulo a discrete Z,, the Hilbert

series is trivial )
Hil(S": t;,) = , 10.32
( ) (T —t1)(1 —to)(1 —t3)(1 — t4) ( )

matching with (10.31) as ¢; = e~ %% — 1.
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10.3.5 Chiral-Like models

As we have mentioned in the introduction, all the beauty that we have seen for the vector-
like models does not apply anymore when the field theory has a ‘chiral’ field content, i.e.
matter that does not come in charge conjugate pairs. Certain long range forces do not
cancel in the large N saddle point approach of [18], the ansatz (10.5) is not sensible
anymore and one cannot even reconstruct the predicted N3/2 scaling. We have also put
the problem on a computer, with a standard approach the numerical analysis indeed picks

a saddle point where F' scales as N2, if it scales homogeneously at all.

It is not clear if there is a problem with the matrix model, with the chiral models per

se! or with the large N ansatz that we applied for solving the matrix model.

Here we want to comment very briefly on some results we have obtained by modifying
the large N ansatz, for few more details see appendix D and for a full discussion the paper
[4]. By applying a proposal put forward in [171] we found indeed the correct scaling for
various theories. However, while in a couple of theories we could even match the volumes
with the on-shell value of the free energy, other theories did not give the expected result.
The modified ansatz is technically very hard to evaluate and we need to make some
assumptions for our calculations. It is not clear if the modified ansatz is wrong, or if the
assumptions were too strong. Many open questions remain for future work. We put a

quick summary for the interested reader in appendix D.

4 A quantum analysis of chiral quiver theories indeed shows some particularities [170].
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Chapter 11

Seiberg duality in vector-like

theories

In this section we show that the large IV free energy preserves the rules of Seiberg duality
for vector like gauge theories worked out in [155]. First of all, we review the rules of
Seiberg duality in three dimensional vector like CS matter theories with product groups,
and their relation with toric duality. In three dimensions a vector multiplet can have
either a YM or a CS term in the action. In the first case the theory is similar to the four
dimensional parent but the rules of duality cannot be extended straightforwardly. Indeed,
the vector multiplet has an additional scalar coming from the dimensional reduction which
modifies the moduli space. As a consequence it was observed in [172] that the rules of
Seiberg duality are modified by adding new gauge invariant degrees of freedom in the
dual magnetic theory, which take into account the extra constraints on the moduli space.
On the other hand, YM-CS (or even CS) theories do have a dual description with the
same field content as their four dimensional parents. The only difference is on the gauge
group. Indeed for CS SQCD with U(N); gauge group and N pairs of () and Q, the
dual field theory has U(Ny + |k| — N.), gauge group, as shown in [155]. The partition
function has already been used to check this extension of CS N = 2 Seiberg duality in
three dimensions in [29, 141, 144, 173-176].

One may then wonder if the same rules can be extended to more complicated gauge
theories, like the ones related by AdS/CFT to the motion of M2 branes on CY,. The first
generalisation of Seiberg like dualities on CS quiver gauge theories appeared in [154] for
the ABJM model. It was observed that the field content transforms as in 4d while the
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gauge group transforms as

Differently from the four dimensional case, also the gauge group spectator feels the duality,
since its CS level is modified. The above rule can be derived by looking at the system
of branes engineering the gauge theory. This consists of a stack of N D3 on a circle and
two pairs of (1,p) branes orthogonal to them. Moreover M fractional D3 branes on a
semicircle connecting the fivebranes are added. By moving the fivebranes on the circle
and by applying the s-rule [177], when one stack of (1,p) branes crosses the other, the
rule above is derived.

It is then natural to extend these ideas to theories with a higher number of gauge
groups. When these theories can be described as a set of (1,p;) and D3 branes on a
circle, they are the extension of the four dimensional L% gauge theories [151, 178, 179].
They consist of a product of gauge groups U(XV;) with bifundamentals and adjoints (the
presence of the adjoint is related to the choice of the angles between the (1, p;) fivebranes).
In absence of an adjoint field on the node N; the interaction in the superpotential is W; =
Xi—1,iX;i+1Xi+1,X; ;-1 while if there is an adjoint on N; we have W; = X;_1,X; X, ;1 —
Xit1X;iXiiy1. The signs as in four dimensions alternate between + and —.

Even in this case the duality rules are found by exchanging the (1, p;) and the (1, p;11)

fivebranes. The final rule is
U(N;-1)k
U(Ni+1)ki+1 — U<Ni+1)ki+1+k‘i

= U(Nic1)k,_1+k,
— U(Ni—1 + Nig1 + |ki| — Ni)_,

K3

1—1

(11.2)

while the matter field content and the interactions transform as in four dimensions.

11.1 Matching the free energy

In this section we provide the rules for the action of Seiberg duality (11.2) on the eigen-
values of non chiral theories and we show that the free energy matches even before the
large N integrals are performed. Consider a duality on the ¢-th node. The CS level of this
group becomes —k; and the imaginary part of this eigenvalue y; becomes —y;. Moreover
the CS levels k;+q (here we just refer to necklace quivers) become k;+; + k;. This rule and

the constraint that the sum of the CS level is vanishing provide the duality action on the

118



eigenvalues. We have

Yit1 — Y1 = —Yi1 Yie1 = Yj—1 = —Yi+1

Yi = Y = Y5 — Yi-1 — Yi+1 JF#iiE1 (11.3)

Note that the shift in the rank of the gauge group has a subleading effect at large N.
This apparently trivial statement is subtle, since naively one finds new fundamental-like
terms scaling like N3/2, which descend from the N°/2 contributions to F. To see this, let us
consider a shift of the i-th rank by 0NV and collect the additional contributions to the free
energy following (2.9) of [18]. At N3/2 one has extra contributions px §N from the gauge
sector, px ON/2(A;; — 14y’ /47) from each incoming and px N/2(A; ; — 1 —y? /4w) from
each outgoing matter field, where j =i 4+ 1. We see that the net contribution cancels for
the non-chiral theories at hand. The dependency on the y’s drops out due to the vectorial
nature of the quiver and the y-independent part is the anomaly cancellation of the 4d

parent, which has already been used in the treatment of the long-range forces.

In the case of a L2, theory, we distinguish between the duality action on the classical
term of the free energy (10.6) and the one on the loop contribution (10.7). By supposing
that the duality acts on the i-th node, the CS levels transform as in (11.2) while the sum
in the integral (10.6) becomes

G
Z koYo — —kiyi + kic1yio1 + Kig1yis1 + Z kala (11.4)
P atiitl

By applying (11.2) this last formula becomes

G

G
> kaya = kil Y kalla —Fict Y kv =G Y ke= Y kafla (11.5)
a=1

aFi,i+1 b#i—1 cFi+1 a=1

The second term is the one loop contribution coming from the vector and the matter

fields. In the non chiral case of L4 theories this contribution is

Pip=>Y Fy (11.6)
ab
where F{;* has been defined in (10.7) and the sum extends to the pairs of bifundamentals
(a,b) and adjoint fields (a, a) (counted twice). We are going to show that the rules (11.2)
leave Fi; invariant.
This result is proven by distinguishing two cases. In the first case, shown in figure 11.1,
the theory does not posses adjoint fields in the first phase and after duality two adjoints

arise. In the second case there is one adjoint field and the duality acts as in figure 11.2.
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2(1-4) 2A
A A (1-4) (1-4)
-2 i—-1 i i+1 i+2

Figure 11.1: Quiver diagram for the first type of the Seiberg duality

Let us discuss the first case in more detail, where in the quiver before duality there
are no adjoint fields (at least next to the group which undergoes the duality). The dual
theory has instead two adjoint fields on the nodes N if the U(N;) group is dualised.
The superpotential

W = Xi 90X X i Xi—1i—2 — Xio1,i X i1 Xip1,i X1
+ XiinXiioXipo i1 Xip1s + AW (11.7)

becomes

W = XioiaYi1i-1Xic1i2—Yii1Yic1i-1Yic1, +Yic1:Yiit1Yir1:Yai—1
Yiie1YiprirYivri + Xivoir1 Yigr,im1 Xivrs + AW (11.8)

where in AW we collected all the superpotential terms which are not involved in the
duality. Moreover there is a relation between the R charges A in the two phases. Indeed

the adjoint fields Y;1; ;11 are related to the original fields as
Yierier = Xiz1,:Xi 141 (11.9)
and the R charges become

ziil,iil =N+ A1 =201 (11.10)

where the last equality follows from the symmetry of the L@ quivers. From (11.10) and
from the constraints imposed by the superpotential the other R charges are assigned as
in the figure 11.2. The fields which are not directly involved in the duality (mesons and
dual quarks) have the same R charge in both the theories. At this stage of the discussion

one can apply the rules (11.3) and check that even the matter content of the dual theories

120



2(1-0)
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i-2 i-1 i i+1 i+2
2(1-4)
A (1-8) A A A
___O Q---
i-2 i-1 i i+1 i+2

Figure 11.2: Quiver diagram for the second type of the Seiberg duality

gives the same contribution to the free energy. We distinguish three sectors: the fields
charged under N;, the adjoints and the bifundamentals uncharged under N;, and we show

that each sector separately contributes with the same terms.

The two pairs of bifundamental fields X;,;+; and X;1;,; contribute to the free energy

as
AF = —(1—A) /p2(5yi2_172- _ §7T2A(2 _A) - A/p2(5y2i+1 - %%%(1 +A)) (11.11)
while in the dual phase this contribution is
AF, — —A/E(Syf_l,i - §W2A(1 +A) = (1—A) /ﬁ?(liyzm _ §7T2A(2 ~A)) (11.12)
The rules (11.3) map the new g variables in the former ones as

gyi:l:l,i = —0Yiz1, (11.13)

By substituting (11.13) in (11.12) formula (11.11) is recovered (with p = p as in Fy).

The second contribution to the one loop free energy comes from the adjoint fields. In
the electric theory this contribution vanishes, because there are no adjoints for the nodes

Nit1. In the dual theory there are two adjoint fields and their contribution is

2
AF, = §7r2 Z Af(1—A)(2—-Ad) /dea: (11.14)
a=1

In this case A; = 2A and Ay = 2(1 — A) and the sum is vanishing, as in the other phase.
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The last contribution comes from the other matter fields. The integrals are the same
in both the phases and the relation (11.2) guarantees that 0y.s = dyap if @ # i # . This

proves that the dual theories have the same F' even before the extremisation.

The second case is similar to the former one and we refer to it in the figure 11.2. By
repeating the analysis on the superpotentials above one finds a distribution of R charges
as in figure 11.2. Then the analysis in straightforward. Indeed the contributions of the CS
term and the one loop contribution of the bifundamental fields are exactly as before, while
the contribution from the adjoints is trivially the same, since there is no y dependence

for the adjoints and they have the same R charge.

Let us conclude this chapter with some comments. An extension of our work is study-
ing the role of the subleading contributions in the dualities that we checked here. Indeed,
as we observed, the finite £ contribution in the dual gauge group gives a leading contri-
bution at large N which cancels because the theory is vector like. A deeper check should
consist of matching the subleading contributions between the dual phases. Moreover one
should study the existence of similar dualities among theories completely unrelated in
four dimensions. Usually the dual phases are obtained by unhiggsing. In many cases the
unhiggsing involves a bifundamental field and a chiral like theory is generated,. Anyway
by unhiggsing an adjoint field the daughter theory is still vector like. For example this
is the case for the third phase of D3 discussed in [180]. This duality relates the classical
mesonic moduli spaces, but a better check should be the matching of the free energy at

large N.
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Chapter 12

An alternative formula

In this section we construct a function quartic in the R charges, that reproduces the
volume formula from the toric diagram / the free energy. It is an attempt for a three
dimensional generalisation of [20], in which it was shown that the volume minimisation
is equivalent to the a-maximisation in field theory. In [20] the authors computed the
‘geometrical R charges’ from the toric data and provided a formula for the a-function in
terms of these geometrical R charges and the data of the toric diagram. Then in [158]
it was observed that this formula could be simplified by imposing the constraints of the

superpotential. The final result for the geometrical version of the a-function is

1
ag = ZZ<Uz‘;Uj7Uk>RiRij (12.1)

where v; represent the external points of the toric diagram, (-,-,-) is the area of the
oriented surface generated by every set i, 7, k of external points and R; are the R-charges
associated to each point of the diagram, which represent the set of fields in a given perfect
matching. This cubic formula corresponds to the sum of the areas among the external
points weighted by the R charges of their PM.

One may be tempted to extend (12.1) to the three dimensional case. Here the field
theory candidate for the matching with the geometric data is the free energy. Then, our

candidate geometrical version of the free energy, Fy, is

1
F? = G > (vi, vy, vk, v) RiR; R Ry (12.2)
We observe that (12.2) reproduces the Z function in all cases without internal lines or
surfaces in the toric diagram. If there are internal lines or surfaces, we did not find

any example in which (12.2) reproduces the Z function. Surprisingly, by adding some
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contribution related to the internal lines and surfaces we have reproduced the geometric
Z as a function of the Reeb vector. We have not found a derivation for a general formula
but we will show the equivalence in several examples. The most interesting result is that
in all the examples only a quartic correction in the R charges associated to the external

points of the toric diagram is needed in order to identify Fg2 ~1/7.

We therefore conjecture that this can always be done. If proven to be true, and if the
corrected F,; equals the field theoretical free energy, our discussion would offer a simpler
extremisation problem than the large N limit of the localised free energy. Some extensions

of the ideas in this chapter have appeared in [149].

Before we show our ideas with some examples, let pause for two comments. It is
important to stress that this relation between F 92 and Z does not involve any information
about the dual field theory and applies directly to the toric diagram. This implies that
it is not necessary to know the field theory dual, to state the correspondence between ng
and Z it is enough to have control over the geometry of the mesonic moduli space. It
follows that the F}, function we define cannot solve the problems discussed in [18] for the

large N scaling of the free energy in chiral theories.

Another observation is that here we simply define the R charges of the perfect match-
ings associated to the external points of the toric diagram, and we do not relate them to
any field theory description. With this procedure our candidate Fj, is always polynomial
in the R charges, contrary with the known examples computed in the literature [18, 13§]
and in chapter 10, where the free energy at large N is a rational function of the R charges
of the fields and monopoles. We checked in every example that the large N free energy
and our geometrical F, coincide once the symmetries among the perfect matchings are

imposed.

The existence of this quartic object on the geometric side makes it very tempting to
speculate about a quartic function that one can define in the field theory. This would be
computationally much simpler than the current /' and might overcome the problems with

the chiral theory. It is, however, highly speculative to think about such a function.
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12.1 Examples

The first case that we discuss is Ds. In this case the toric diagram is

01 0101

001100
G = 12.3
r 110000 (123)

11 1111

The Z function in terms of the trial Reeb vector is
16

7 = (12.4)

(b1babs(4 + by — bo)(bs — 4))

The R charges associated to the six external points become R; = 2Vol(%;)/Z. In this case

we find that the conjectured geometrical free energy becomes

1
ng - 6 Z<Ui7vjavk7vl>RiRijRl -

bibobs (4 + by — by)(bs — 4)

= (12.5)

and F7Z = 1. Even if the (12.5) is a polynomial function while (10.24) is a rational

function they match once the symmetries among the PM are imposed.

Consider the general class of toric diagrams '

s} 0 0 Ty 0
0 0 0
Gp=| " " " (12.6)
00 0 0 a3
11 1 1 1

with the constraint coming from the convexity xix3 + xoxy — 324 > 0. The Z function
is given by

_ ((4585(1’2((1)2 — 4I5)l‘1$3 + b1175($3 — $2))l’4 -+ b3$5171£63(1‘4 — Il)))
(b1b2b3(b3$5{1}1 + (bg — 4.%‘5)1‘1{1}3 + b1$5({1}3 — .’)32))(1)3.%‘5(334 — $1) + :L‘Q(blxg) + (b2 — 4.%‘5)1‘4))))

By choosing x; > 0 and x1x3 + 2214 — 324 > 0 the geometric Fg2 becomes

2 1(3[)11)21)3(1)31‘51}1 + (bg — 41‘5)1‘11}3 + b1$5(l’3 — l‘g))(b3$5(l’4 — LL’l) + l‘g(bll‘g) + (bg — 4335).%‘4))))
9 6 ((2$5(5€2((b2 — 4$5)$1.’L’3 + b15€5(.’L’3 - 172))504 + b3$55€1I3(1‘4 — 561)))

(12.8)
and again ZFg2 =1.

1Up to SL(4,7) transformations this class generalises to every example of the class C? x C where the

C? basis refers to a four-dimensional parent theory with four external points.
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We now move to a vector-like example which requires a correction. It can be obtained
by modifying the toric diagram of the D3 theory. We consider a basis with four points
(0,0,0) (1,0,0) (0,1,0) and (1,1,0) as in D3 but we modify the two points in the z
directions, such that they are not associate to the splitting of two points on the same line
on the plane (x,y). This is not associated to an SL transformation and the toric diagram
should describe a different model (for example it can by obtained by an appropriate

un-higgsing of the ABJM model). The toric diagram is

001101
01 0101
G — 12.9
g 000011 (129
1 1 1 1 11
The Z function is
;. (16((by — by)? — 16) + 8(8 + byby — 2by — 2b5)bs) (12.10)

(blbgbg(bl — 4)<b2 — 4)(b1 — b2 — b3 + 4)(b1 — bg + b3 — 4))

while FQQ, if computed from (12.2), does not reproduce the expected result and it is a
complicate expression. However we observe that in this case there exist two internal lines,
connecting the points 1,6 and 4,5, and an internal plane which passes through the points
1,4,5 and 6. As we discussed above a correction proportional to AF] 92 = —2(RyRs— R4R5)*
can be added to F 92. With this correction it is straightforward to observe that F 92 and
1/Z match.

We can consider another class of vector-like models in which (12.2) does not coincide
with Z. We refer to this class as SPP(_y,—1,,,1) (With m > 0). The toric diagram is given
by

0 2 01 1 1
0 0 11 0 O
Gp = (12.11)
0O m—1 0 0 -1 m
1 1 11 1 1

In this case the F, 92 function reproduces the Z function only after the deformation

4(mRIR} — 2R RyR3 Ry + mR3R3)
m+1

2
AF? = (12.12)

It is interesting to observe that the formula is still quartic and the deformation of F|

involves all the sets of coplanar and collinear external points .

The last examples that we analyse are associated to the chiral-like cases investigated

in the thesis, M and Q??2. If the intuition that we got from the other examples is
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correct one must add a contribution proportional to all the possible internal planes and

lines, by a quartic combination of their charges.

Let us turn to the first of the two examples, where the toric diagram is

10 -10 0
01 -1 0 0

Gp = (12.13)
00 0 k —ko
11 1 1 1

with ki, ks > 0. This diagram reduces to M1 /7, for k; = ky. We found that the

geometrical Fg2 and the Z function may be identified if a correction

4(ky + ko)?

AF? = —
9 Ok, ks

RiR: (12.14)

is added to F gQ (where Ry and Rj refer to the points with &y and —ks splitting.
In the second case, @??2, the expression for F, reduces to the Z function only after adding

the correction
AF? = 4(RiRy + R3Ry + RsRs)* — 8(RIR; + RiR} + R RY) (12.15)

We see that even in this case it is possible to express the free energy as a set of quartic

combinations of the R charges.

It would be interesting to find a derivation of this result like in [20] and to see if it
provides, at least in the toric case, a different way for the computation of the free energy

instead of the localisation of [14].

127



Part 111

Appendix

128



Appendix A

Notations and Conventions

A.1 Spinor conventions N =1 Lorentzian

In this appendix we collect our spinor conventions. The Clifford(1,4) gamma matrices y*

satisfy
Y18} =270p, L =7%%, VL =C7.CH, (A1)

where the five-dimensional charge conjugation matrix C satisfies C' = —C' = C* = —CL.
We adopt a representation of the Clifford algebra in which the first four gamma matrices

142~3 is purely imaginary. Then ~%, 42 v3 are symmetric, while

are real, while v5 = i’y
~% and 7% are anti-symmetric. In this case, a consistent choice of the charge conjugation
matrix is C = i7%y®. Our spinors are commuting. Furthermore, for five-dimensional

spinors, the symplectic-Majorana condition is
e = (o, (A.2)

where €/, I = 1,2, are Dirac spinors and we define & = €//¢/T49 with €/’ being the

1

antisymmetric symbol, such that €2 = 4+1. So a symplectic-Majorana pair € carries in

total eight real degrees of freedom.

A.2 Spinors & Conventions N = 2

Throughout the thesis Greek indices denote Lorentz signature. The indices u,v,... are
curved and o, 3,--- = 0,1,2,3 are flat. Similarly, we use Roman indices for Euclidean

spaces. More explicitly, m,n,... are curved while a,b,--- = 1,2,3,4 are flat. We de-
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note with z,y,... flat “spatial” indices running from 1 to 3, both in Euclidean and in

Lorentzian signature.

A.2.1 Lorentzian Signature

We work with a mostly plus signature, (7,5) = (—,+,+,+). The conventions for our

gamma matrices are

V=Y 7 =7"1° v =i’y v=9"=—y. (A.3)

Following the conventions in [123], we have supersymmetry parameters that are chiral
spinor doublets of SU(2)

)

€ eei = () Ne-i nt = (ng)" (A4)
and we define

_ T —i

eri=(€1)"° e = (e_)TA0. (A.5)
We can use the SU(2) invariant tensor to raise and lower indices

g i ij i ij — J
€4i = €56 €. =¢€’e_; Ty = €745 N—i = €57, (A.6)

where €15 = ¢'2 = 1. Note that this is different to the conventions in [123]. As opposed to
there, for us the SU(2) index position does not denote chirality but the SU(2) represen-
tation: we allow for raising and lowering with ¢;; and put explicit labels 4+/— to indicate
chirality. The reader who wants to compare with [123] should contract with €;; whenever

the index structure of a spinor here is different from its analogous spinor there.
In our conventions, the (anti-)selfduality conditions read
cas ™"y = £2iQ%, . (A.7)

Note that (QF)" = Q.
Let us also summarise some details on the symbols 7. They enter our equation
through the identity
0%0” = —nPo" + 601

and they obey the following orthogonality and self-duality relations

Neapll)’ = i€as"’ — 20 ”%5 Naaglly” = —40y
€xyzTlyapt], = _42504 Ny ﬂ € Niys = 2@7733(15

where €;,. = €zy. and €pra3 = 1.
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A.2.2 Euclidean Signature

We work with gamma matrices

v =~ = By,B! with B*=BT =—-B'=—-B
(A.9)

v = 71727374 T=qT=7.

The supersymmetry parameters are symplectic Majorana-Weyl
(¢) =ieye, (o) =—ieTe_; (nu) = —icny;  (0)°=—eyn’,  (A.10)

where (¢)° = B~'¢* and the position of the SU(2) index distinguishes the two represen-

tations. We also define
el = (ei)t el = (e_y)] (A.11)
Again, ¢;; is used to raise and lower indices
€1 = €ije), € =ele = €7y, N = e, (A.12)

where €15 = €2 = 1.

We use conventions with (anti-)selfduality conditions as
€ Q5 = 7205 . (A.13)

The t'Hooft symbols 1 in Euclidean signature appear in the identities

mgba“” + 51

(A.14)
50" = in®o” + §%1 .
They obey the following orthogonality and self-duality relations

ﬁxabﬁacgd = _Eade + 26[ac5b]d ﬁzabﬁgb = 453%1

nxabn;d = eade + 25[a05b]d 77:cab77y = 45xy (A 15)
€xy2T] _Cd:45 e i g = —21] .
zyzTlyabl]; Nzt €ab Txed Nxab
ea:yznyabnz = 45 nxb] eadenmcd = 27]:pab

where €,y, = €y.4 and €934 = 1.
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Appendix B

Intrinsic torsions and differential

forms in N/ = 1 Lorentzian

In this appendix we will explain how to obtain the system (4.13), which allows to compute
the intrinsic torsions p and ¢ by using differential forms and exterior differentials only,
and not spinors. We will also give explicit expressions for the differentials and covariant
derivatives of the vielbein {z, e, w,w} and the two form w corresponding to a conformal
Killing spinor.

We start with the derivation of system (4.13), consisting of the derivatives of the
elements of the vielbein. The easiest to compute is dz, (4.13a). z is a spinor bilinear, as
can be seen in (4.1); so its derivative can be computed in the standard way. We actually
even gave its covariant derivative in (4.17); indeed by anti-symmetrising its @ and v indices
one obtains (4.13a).

dw and de~ are trickier because w and e~ are not directly expressed as bilinears of € ;
as explained in section 4.1.1, they are an additional piece of data, subject to the ambiguity
(4.8). The two-form w, on the other hand, is a bispinor, defined in (4.1), and one can
compute dw again in a standard way; one gets (4.14b). Now, since w is that w = z A w,

from d(z A w) = z A dw — dz A w one sees that
2Adw=—=2ilmpAzAw—2gNe" Az; (B.1)

from this, it follows that one can write dw as in (4.13b), for some one-form p.

We can give an alternative characterisation of p by computing dw in a different way:
namely, by writing
E_yue er = —4(e ) wy, = 8w, (B.2)
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and deriving the left hand side. For this, we need to compute

D,(e"e;) =Dy, e lex + e (pues +que €-) = (Dye, +pue, )V er =

1
= —w"D,ede_ + (pu + éz”Due;> e er. (B.3)

Here we have used the definition (4.12) of the intrinsic torsions, and (4.11). Using this

and (B.2), we get again (4.13b), where now we see that

1
pu = —-w"D,e,

1
1 o Rep, = —77 D,e, . (B.4)

v

This now suggests a way of computing e~. Using

1

e, = 1_6€+6_'7u6_€+ : (B.5)

the expression for D, (e”e;) computed in (B.3), and the formula for p in (B.4), we obtain
(4.13¢).

The system of equations (4.13) is general and applies to any vielbein constructed from
a chiral fermion €, as explained in section 4.1.1; €, is not assumed to satisfy any particular
differential equation. It is of some interest to go on-shell and write the derivatives of the
elements of a vielbein corresponding to a solution of the CKS equation (4.15). Imposing

the constraints (4.16) on the torsions we have

dz = 2Re(q-w)e” N z+2Im(q-w)iw Aw +4Re((q- e )z Aw) ,
dw = (2iA+ (Re(q- @)+ 3ilm(q-@))e” — (¢- e )0) Aw—20 Az, (B.6)
de” = 4Re(o A w) ,

where o = p — 3(q - ¢”)e”. Equation (4.21) easily follows from these equations. By con-

struction, the set of equations (B.6) implies that z is conformal Killing. These equations

are also interesting because they can be used to determine the gauge field A.
In the new minimal case, using (4.37) and the definition @ = A + 2v we find
dz = it(z ANwAw),
. 3 _ 1 _
dw:22(@—1(?)-6)z—i(v-w)w)/\w—Qa/\z, (B.7)
de” = 4Re(o Aw) ,

from which equations (4.42) follows. The set of equations (B.7) implies that z is Killing.
They allow to determine uniquely the background fields a and v.
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Finally, we also give some expressions for the covariant derivatives of the forms z and
w corresponding to a solution of the CKS equation, which have been used in the bulk to
boundary comparison in section 4.3. The expressions are not particularly nice in terms
of the torsions p and ¢ but become simple if we replace ¢ with the vector v using (4.37).
This formal redefinition can be used both in the case of solutions of the CKS equation
and in the case of solutions of the new minimal conditions. As discussed in section 4.2,
the only difference between the two cases is that, for conformal Killing spinors, v has a
complex part given by (4.38). We also use a = A + %v. By explicitly differentiating the

bilinears z and w and using (4.16), we find

Vo2, = 2Imuy, 2, + Rev™ (%2) pr — gz Imo’ | (B.8)

Vrwu = 2iAwu + (v A W) ur + 1(Gur V" Wee — §urV”Wyo) - (B.9)

As expected, by symmetrising and anti-symmetrising and using (4.37) and (4.38) we

recover known formulae: (4.18), the first expression in (B.6) and (4.42).
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Appendix C

The Z-function for arbitrary trial

Reeb vector

Here we compute the volumes 12/7%Z(b;) of the Sasaki-Einstein manifolds dual to the
field-theoretical models we will be interested in the rest of the thesis. In the case of
toric manifolds, the computations only need the knowledge of the toric diagram and the
volumes are rational functions of the trial Reeb vector b = (b;);=1.4. By identifying

a;(b) = 2Voly, /Z, these results are in agreement with the ones discussed in the thesis.

C x C. The toric diagram is shown in figure 10.1, it is spanned by the vectors

20 0 11
00 -1 00
Gt = 5 (Cl)
10 0 10
11 1 11
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and, applying the standard techniques discussed above, we find the volumes at trial Reeb

vector
Voly, = —1
U by (4 + by — bs) (4 — by + by + b3)
1
ly, = —
Vols, = e s =)
Volg, = A+
¥e (4+ by — bg) by (by —bg) (4 —by +by+ b))’
1
Volg, =
O T (At by —by) (bs— 1)
—1
Volg, =
O = b (4 — by + b + by)
;o 4(4 + by) (©2)

by (4 + by —bg) by (—by +b3) (4 — by + by + b3)

with Z = 3", Voly, = 12Vol(H)/x*.

SPP. The toric diagram for the SPP is

0 0 -1 -1 0 0
0 2 0 1 1 1
Gt - 5 (CS)
0 k‘g — k’g 0 0 _kS k2
1 1 1 1 1 1
shown in figure 10.2 for the case ky = k3 = —1. Note that we have chosen a different

SL(4,7) frame then in chapter 12. We can compute the volumes

VOIE = k2 + k3

! bl (bgk‘g — bg) (bg + bgkg) ’
Voly,, — ko + ks

2 by (bs+ (4 —by)ka+ (4+b1)k3) (44 b1) ko + (4 —bg) ks —b3)’
Volg,, — (ko + k3) (b3 (ko — k3) + (4 4+ by + ba) kaks)

(bs — (4 + b1) ka) (baka — bs) (b3 + (4 + b1) ks) (bs + boks) '

Voly., — —(ka+ks) ((4+b1)k3+(4—bo)koks-+(4-+b1) k3 +bs (ks—k2))

4 (b3 —(4+4b1)k2)(b3+(4-+b1)k3) (b3 +(4—b2)ka+(4+b1)k3) (b3 —(4+b1)ka—(4—b2)k3) ’
Vols, — b3 (kg -+ k‘g) + k3 (4]{2 -+ (4 + bl) kg)

by (b3 4 (44 1) k3) (bs + (4 — b)) ko + (4 + by) k3) (b3 + baks)
v B b3 (ko + k3) — ko ((4 + by) ko + 4ks3)

0126 =

by (44 b1) ko — bs) (b3 — baka) ((4+ b1) ka2 + (4 — b2) ks — b3)
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The formula for Z is lengthy, we refrain from an explicit expression here. Note, neverthe-

less the two special cases Dj, corresponding to CS levels (1, —1,0), and SPP;_q_1,

16
" bybs (4+ by + bs) (4 — by — by) (by + b3)
8 (b3 + 2 (20 — by) + by (128 — 8by + b2 — 3b2) + 16 (16 — b2))

dsppr = by (44 01)% — bs?) ((8+ by — by)* — B2) (12 — b2) - (G4

Zp,

C//\Z/Q. The toric diagram is spanned by

11 0 0 O O 1 1
0O 20 -2 -1 -1 -1 -1
Gt: 5 (05)
o 0o 0o 0o -1 1 0 0
11 1 1 1 1 1 1
which gives the volumes
2(4—by — by)
Vol(%,) = ,
V(A= b2 —03) (B3 —13)
2(12 — by + by)
Vol(3y) = ,
R (T R (GRS EEr)
2
1(33) = ———5~
Ty
2
Vol(¥,) = ,
ol(Zd) b1 ((8+ b2)2 — b3)
2(4+b3)
VOlE == )
(%s) by (4 — by + bs) (bs — by) (8 + by + by)
—2(4—bs)
Vol(Xg) = ,
(Xo) by (4 — by — bs) (8 + by — bs) (by + b)
7 18 (by (32 + 8by + b3 — b2) + 8 (b3 — 16)) (C.6)
by ((4 = b1)? = B3)((8 + b2)? — 03) (05 — b3) | '
ABJM/Z,. The toric diagram in figure 10.4 is spanned by
1 =10 0 0O0O0O
0 01 -1 0000
Gt: y (C?)
2 0 0 0 1100
1 1 1 1 1111
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which gives the volumes

Vol(%) = (s —201) (4 + b1 — 522_ b3) (4 + b1 4 by — b3)
Vol(3,) = (4101 — b — b3) (24+ by + by —bs) by’
Vol(33) = (bs — 201) (4 _|_2[)1 — by — b3) by’
Vol(Za) = (4 + by + by —?73) b3 (bs — 2b1)

16

(4+ by + by — by) by (by — 2b7) (4 + by — bp — by)

Q*?/Zy. The toric diagram for k = 1 is given by

1 =10 0 0 0 0O

0 01 =10 0 0O
Gt -

0 0 0 01 —-12020

1 1 1 1 1 11

The volume of Q?*?/7,, is proportional to the minimum of
_ 32008+ 05+ 05) + bl + b3 + by — 2(b3b3 + b3 + b3b3) — 768
—\/Ha,g,w,zs:ﬂ (4 + Bby + vby + 6b3)

Z

(C.9)

(C.10)

In this case no computation is actually needed: by the symmetry of the Z function, the

minimum is found for by = by = b3 = b and the variational problem further sets b = 0.

Then, the volume of the compact manifold is given by

vol(@) == z7=C

MY /7. The toric diagram for this geometry is specified by

-1 0 0 O
-1 10 O
0 01 -1
1 1 1

Gt:

_ o O =
_ o O O

and the corresponding Z function is

723 (b2 — 3 (b2 — byby + b2 — 16))

Z=" (b2 — (4 + by — 2b)2) (b2 — (4 — 2by 4 b3)2) (2 — (4 + by + by)?)
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The b; and by components of the trial Reeb vector b = (4, b1, be, b3) can be fixed by the
symmetries to be equal. By minimising this function the components of b are by = by =
bs = 0 and all the R charges of the fields become 2/3 while the monopole charge vanishes.

The volume of the compact manifold M!! is

l 97t

VOI(M111> = 12 = @

(C.14)
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Appendix D

Summary of the treatment for chiral

quivers at large NV

The main idea of [171] is to make manifest in the integrand of the matrix model the reflec-
tion A — —A\, which naively is a symmetry of the problem but which is lost in the standard
saddle point approach. Roughly, this is done by re-writing Z = 3 [ dAlexp(—F(X)) +
exp(—F'(—\))], where we use a very condensed notation for the set of {/\Ea)}.1 Since the

integration limits are symmetric, this really is a mere re-writing.

However, computing the saddle point equations leads to a potentially different result.
The equations one obtains are very complicated, in order to solve them we had to make
the simplifying assumption of a symmetric eigenvalue distribution. This is a strong as-
sumption, in all the vector-like examples above it holds on-shell, but not off-shell. It turns
out that the equations of motion that follow from this explicitly symmetrised ansatz will

not suffer from contributions of the problematic long range forces.

Note that this ‘vectorialisation” of the field theory closely resembles the one found in
the weak coupling case [171], where it was observed that at two loop order the contribution
coming from a field in a representation of the gauge group is the same of that coming

from a field in the conjugate representation, even at finite V.

Let us briefly browse through some of the results in [4] obtained at strong cou-
pling. Two models of interest are the field theories with moduli spaces C(Q*?)/Z;, and
C (M) /Z;. The quiver diagram for these theories is given in 10.4 and D.1 with Chern-
Simons levels (k, k, —k, —k) and (k, k, —2k), respectively. With the assumption of a sym-

metric eigenvalue distribution, we computed the on-shell value of the volume via the free

In fact, we should symmetrise with respect to all )\Ea)’s.
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Figure D.1: Quiver diagram for M/,

energy (10.10) for these two cases as

i 9t

111
16k Vol(M™2/2y) = oo

which agree with the values found in the literature. We did not observe a matching of

Vol(Q**/Z,,) = (D.1)

F with the geometry before extremisation. Given that in the well understood vector-like
theories the off-shell eigenvalue distribution is not symmetric anymore, we are not too

surprised about this.

Despite this motivating result, we leave many open problems that deserve further
studies. Since the symmetrised free energy functional is technically so hard to control,
our computations relied on the simplifying assumption on the eigenvalue distribution.
This is clearly a huge limitation. First, as we have seen does it make it impossible to
check the proposal off-shell. Furthermore, we can trust our free energy computation only
for theories with expected vanishing monopole charge, which is why we had to restrict
our analysis to few models. It would be interesting to study the more general case, for

instance on a large cluster of computers.

There are also other issues. The field theory dual to AdS; x Q' /Z; has no expected
monopole charge on-shell and in principle we should be able to understand it in our sim-
plified approach. We found a solution with a well-behaved free energy scaling F oc N3/2,
but the field theory computation for the volume does not match with the supergravity

one.

Similarly, we would like to comment on the dual phases of our models proposed in
[156, 180, 181]. Strictly speaking, these dualities have been derived for vector-like models,
but they were shown to be also applicable to some chiral-like theories, namely Q' /7,
and Q?*2/7;,. The latter has a toric phase which is the analog of the Phase II of Fj in
four dimensions. We applied our procedure to this phase as well and got a result which

differs from the expected one.
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These mismatches are a severe problem that might rule out the validity of our modified
saddle point technique. However, notice that the full understanding of the quantum
corrected moduli space of chiral theories is intricate. It certainly would be rewarding to
see if an extension of the field theory models along the lines of [145] shed light on some

of the open problems reported here.

The understanding of ‘chiral’ theories in three dimensions remains the big open ques-
tion in this subject. We hope that our results can give a small contribution on the way

to a more complete picture.
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