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1 Introduction

Conformal field theories in three space-time dimensions (CFT3’s) have played and continue
to play a central role in string and M-theory. When endowed with enough supersymme-
try, various non-renormalisation theorems have been stated making superconformal field
theories (SCFT3’s) very interesting from the viewpoint of the AdS,/CFT3 correspondence.
Interacting superconformal field theories in three space-time dimensions are special because
gauge fields are described by (an up to N/ = 3 supersymmetric extension of) the topological
Chern-Simons (CS) Lagrangian®

k 2
Lo = ETI" [Euup <A,u8VAP + 3AMAZ,AP>} , (1.1)

where k € Z is the so-called CS level. It was then shown in [1] that gauge fields can be
consistently coupled to matter fields (scalars and fermions) carrying new degrees of freedom
in a way compatible with A/ = 1,2 supersymmetry as well as with conformal symmetry.
The result is a superconformal CS-matter theory with OSp(A\|4) superconformal symmetry.

CS-matter theories in three dimensions and holography. One of the motivations
to investigate superconformal CS-matter theories in three dimensions was to provide a
holographic dual to the maximally supersymmetric AdS, xS solution of eleven-dimensional
(11D) supergravity that describes a stack of N M2-branes on flat space. An important step
towards constructing such an N/ = 8 CFT3 was the BLG theory [2-5] with gauge group
G =8S0(4) ~ SU(2);, xSU(2)_j and where k € Z is the CS level of the corresponding gauge
factor (see [6] for a study of the realisation of the OSp(8|4) superconformal symmetry in
the BLG theory). However, there was no large N limit to be taken on the BLG theory
and, therefore, no gravitational interpretation of the CS level k. These questions cleared
up with the advent of the N' =6 ABJM theory [7]: a CS-matter theory with gauge group
G = U(N)pxU(N)_j. In the large N limit, it describes an AdS, xS”/Z;, orbifold solution of
11D supergravity and is conjectured to feature N’ = 8 supersymmetry enhancement at low
CSlevels k = 1,2 (see [8] for a generalisation of ABJM theory and its geometrical realisation
in 11D supergravity). Other interesting SCFT3’s with N' = 1,2,3 have appeared in the
context of ten-dimensional (10D) massive type IIA supergravity with gauge groups G =
SU(N )k, x SU(N)g, [9] and G = SU(N)y, [10] including charged matter fields transforming
in different representations of G. On the gravity side, they correspond to AdS4 x CP3 and
AdSy x S® solutions of massive ITA supergravity and the Romans mass parameter is related
to the CS levels k1 + ko # 0 and k, respectively.

SCFT3’s have also been extensively investigated in the context of type IIB string
theory. A precursor of these theories was the three-dimensional planar interface in four-
dimensional N = 4 super Yang-Mills [11] dual to the simple non-supersymmetric Janus
solution of type IIB supergravity constructed in [12]. Supersymmetric N' = 1,2, 4 three-
dimensional interfaces were constructed in [13] and shown to admit a superconformal limit.
The dual type IIB supersymmetric Janus solutions were constructed in [14-16] and [17],

IThe standard F? term is dimension 4 and therefore is not compatible with scale invariance.



respectively. Motivated by the A/ = 4 superconformal interface and its type IIB dual of the
form AdSy x S% x S2 x ¥ — with ¥ being a Riemann surface with coordinates 1 € (—o0, c0)
and a € [0, 5] having the topology of the infinite strip —, a general class of half-maximal
N = 4 SCFTj3’s was put forward in [18, 19] for which brane setups were provided in terms of
D3-branes suspended between NS5-branes and D5-branes [20]. These brane setups are dual
to linear quivers which can be made circular by taking the n direction to be an S!, namely,
by changing the topology of ¥ to that of the annulus. In this context, mirror symmetry [21]
between two theories is interpreted as an equivalence relation between their brane setups:
D5-branes and NS5-branes are exchanged by the inversion element S € SL(2,Z). This
can be generalised to other elements of SL(2,Z). For example, acting k times with the
unit-translation element, i.e. 7% € SL(2,Z), leaves a D5-brane invariant and transforms
an NSbH-brane into a (1, k) 5-brane. This is interpreted as turning on a CS level k in the
corresponding quiver [19, 22]. Amongst the class of quivers with a known type IIB brane
intersection, the mirror symmetric T[U(V)] linear quiver plays a prominent role [19]. This
quiver has an infrared (IR) SCFTj3 fixed point, the T[U(NV)] theory, with a U(V) x U(NN)
global symmetry, although only one U(N) is present in the ultraviolet (UV) Lagrangian
description of the theory. Gauging the diagonal U(N) subgroup of the U(N) x U(N)
global symmetry using an N' = 4 vector multiplet and turning on a CS coupling k, it was
argued in [23] that a novel class of N' = 4 CS-matter theories, dubbed S-fold CFT3’s,
emerges in the IR.

Holographic duals of S-fold CFT3’s. The gravity dual of the simplest N' = 4 S-fold
CFT3 was constructed in [24] upon uplift of an AdS, solution originally reported in [25].
It is a type IIB supergravity solution of the form AdSy x S}7 x 8% where the SO(6) isometry
group of the S? is broken to the SO(3) xSO(3) ~ SO(4)g isometry group? of the S?xS? C S°.
Therefore, the S-fold geometry lies within the class of AdSy x S? x S2 x & (local) solutions
of [17] with an annulus topology for 3. However, when looping around the S,ll (@EDIN
the N/ = 4 S-fold solution of [24] comes along with a non-trivial SL(2,Z) monodromy of
hyperbolic type, i.e. J, = —STF, for the type IIB supergravity fields transforming under
S-duality (hence the term S-fold). This SL(2,Z) monodromy renders the type IIB S-fold
solution non-geometric. Interestingly, the N/ = 4 S-fold of [24] was first obtained as a
half-maximal AdS, solution (16 supercharges) of an effective four-dimensional maximal
supergravity (32 supercharges) with a dyonic gauging of the group

Gmax = [SO(1,1) x SO(6)] x R™ C Eq7, (1.2)

where E7(7y is the duality group of maximal supergravity [26]. After the AdS, solution is
found in four dimensions, it is straightforward (but tedious) to uplift it to ten dimensions
by implementing a generalised Scherk-Schwarz reduction [27] of the E7(7) exceptional field
theory (E7(7)-ExFT) [28], and then using the dictionary between Er(7)-ExFT and type 11B
fields [29]. This bottom-up procedure has proven very successful and various other type
IIB S-folds have been constructed in this manner [30-33].

2We have attached an R-symmetry label g to SO(4)r in order to highlight the N' = 4 supersymmetry
emerging in the infrared S-fold CFTs.



Of particular interest for this work is the N = 2 S-fold with SU(2) x U(1)g symmetry
put forward in [31]. Both the N' = 4 and N' = 2 S-folds have the same AdS, radius
and were shown in [34] to be connected by a scalar modulus ¢ € R, namely, a non-
compact flat direction in the scalar potential of the maximal gauged supergravity. In light
of the AdS;/CFTj3 correspondence, these two solutions are dual to two different points in
a conformal manifold of AV = 2 S-fold CFT3’s with the scalar modulus ¢ being dual to an
exactly marginal deformation [34, 35]. Such a conformal manifold of N' = 2 S-fold CFTj3’s
was shown in [34] to actually be two-dimensional, with the additional marginal deformation
being dual to another flat direction y of the scalar potential originally identified in [31]. The
Zamolodchikov metric on the conformal manifold (CM) of N' = 2 CFTj3’s was computed
in [34] using holography and reads

1+ 2¢?

The type IIB uplift of the modulus x in the AdSy solutions at ¢ = 0 (N = 2 S-fold) and
¢ =1 (N = 4 S-fold) showed that x is a compact parameter [35, 36]. However, the apparent
non-compactness of the modulus ¢ [34, 37] remains a puzzle and poses some challenges to
the CFT distance conjecture [38]. Further insights on this issue could come from the ten-
dimensional uplift of the ¢ modulus which has not been worked out yet. Lastly, N'=1 [39]
as well as non-supersymmetric [32] conformal manifolds of S-fold CFT3’s have also been
investigated.

Plan of this work. We will continue using the effective four-dimensional supergravity
approach to holographically explore the landscape of N/ = 2 CFTj3’s. This approach
allows to compute the conformal dimensions of all the operators in the N' = 2 CFT3’s
dual to supergravity excitations of the corresponding AdSy solutions. According to the
standard AdS,/CFT3 correspondence, the relation between the normalised mass mL of a
supergravity field of spin [j] in a given AdSy solution with radius L and the conformal
dimension A of the dual operator in the CFT}j is given by

(3] 3
—|: L=A——
2] " 2
[1]: m2L? = (A —2)(A -1),
s ] (1.4
- mL=A-—,
2] 2
[0]: m?L? = A(A - 3),
with the graviton [j] = [2] being massless. Moreover, using three-dimensional N = 2

representation theory, the set of operators can be arranged into superconformal multiplets
of the 0sp(2]4) superconformal algebra.

We will concentrate on the holographic study of N' = 2 CFTj3’s with a potential
type IIB gravity dual of the form AdSy x S? x S? x 3. Firstly, in order to be general but still
keep control over the effective supergravity, we will consider four-dimensional supergravity
Lagrangians preserving half-maximal supersymmetry (16 supercharges). Secondly, in order



to be able to recover the conformal manifold of A/ = 2 S-fold CFT3’s constructed in
the context of maximal supergravity [34], we will couple the half-maximal supergravity
multiplet to siz vector multiplets so that the field content of the half-maximal supergravity
forms a subset of the (unique) field content of maximal supergravity. Thirdly, in order to
be compatible with a potential uplift to a type IIB solution of the form AdSy x S? x §? x %,
the gauging must contain an SO(3) x SO(3) factor. It becomes then natural to investigate
gaugings of the group

Ghalt-max = ISO(3) x ISO(3) € SL(2) x SO(6,6) , (1.5)

with ISO(3) = SO(3) x R3, as well as their possible group-theoretical embeddings (1.5)
into the SL(2) x SO(6, 6) duality group of half-maximal supergravity coupled to six vector
multiplets. The most general such embeddings turns out to depend on eight parameters.
However, a full analysis of the eight-parameter family of gaugings in (1.5) goes beyond the
scope of this work.

In this work we will simplify the setup by choosing the same group-theoretical em-
bedding for the two ISO(3) factors in (1.5). This reduces the number of embedding pa-
rameters down to four. Turning on three out of the four embedding parameters produces
new multi-parametric families of AdSy solutions, all of them with the same AdS, radius.
Interestingly, for any value of the three embedding parameters, the AdS, solutions still
feature two scalar moduli (¢, x) € R associated with non-compact flat directions in the
scalar potential. By adjusting the embedding parameters and the scalar moduli (¢, y) in
the AdS4 solutions, these can preserve N’ = 2 (8 supercharges), N’ = 3 (12 supercharges)
or N' = 4 (16 supercharges) supersymmetry. Via the gauge/gravity duality, these AdSy
solutions are conjectured to be dual to new classes of strongly-coupled N' =2, N' = 3 or
N =4 CFTy’s provided an embedding in string theory (yet to be worked out) exists.

Our results point at the existence of a web of N' = 2 CFT3’s containing a special “line”
of N' = 3 supersymmetry enhancement which, in turn, contains isolated “points” where
supersymmetry gets enhanced to N' = 4. We will characterise this web of N' = 2 CFT3’s by
arranging their set of low lying operators into superconformal multiplet of osp(2|4), and by
further discussing the phenomenon of supermultiplet shortening that occurs at the special
loci where supersymmetry gets enhanced to N’ = 3 or N/ = 4. Regarding the latter, two
isolated points describing N/ = 4 CFTj3’s are identified. The first one describes the NV = 4
S-fold CFTj of [23, 24] dual to the N = 4 AdSy solution of the maximal supergravity with
gauge group (1.2).> The second one describes a novel N' = 4 CFT3 — we will refer to it as
the ezotic N' = 4 CFT3 — dual to an N/ = 4 AdS, solution of a half-maximal supergravity
with gauge group (1.5).* This AdS, solution appeared originally in [40] where it was argued
to be a non-geometric solution still admitting a locally geometric type IIB description. We
now see that it is actually connected to the locally geometric N/ = 4 S-fold solution of

3Note that Ghaltmax C Gmax. This makes it possible to rediscover an AdS4 solution of a maximal
supergravity as an AdSs solution of a half-maximal supergravity provided certain relations between the
couplings in the half-maximal supergravity Lagrangian hold (see eq. (2.8)).

4This ' = 4 AdS, solution is “maximally” supersymmetric within the theory it belongs to: it preserves
the 16 supercharges of the half-maximal supergravity where it lives.



type IIB supergravity [24], at least at the effective four-dimensional supergravity level.
As a by-product, we will also present an additional set of generically non-supersymmetric
marginal deformations of the exotic N' = 4 CFT3 which resemble (without being the same)
the axion-like deformations of S-folds introduced in [33, 35, 36, 41].

The paper is organised as follows. In section 2 we review half-maximal gauged super-
gravity in four dimensions and present a simple class of ISO(3) x ISO(3) gaugings which
depends on a specific deformation parameter @. In section 3 we construct the Z3-invariant
sector of the theory and present a (¢; @)-family of N'= 2 AdSy solutions that incorporates
the ¢ modulus dual to one of the two marginal operators spanning the conformal manifold
of N'= 2 S-fold CFT3’s. These AdS, solutions are holographically conjectured to describe
a web of N' = 2 CFT3’s whose spectrum of low lying operators is arranged into superconfor-
mal multiplets of 0sp(2]4). Supersymmetry as well as flavour symmetry enhancements are
discussed together with the corresponding shortening of superconformal multiplets. In sec-
tion 4 we construct the U(1)g-invariant sector of the theory in order to also incorporate the
modulus y dual to the second marginal operator compatible with /' = 2 supersymmetry
in the dual CFT3’s. We present a (¢, x; ¢)-family of N’ = 2 AdS, solutions that generalises
the results of [34] to the context of half-maximal supergravity, and arrange the spectrum of
low lying operators of the dual N/ =2 CFTj3’s into superconformal multiplets of osp(2|4).
After a suitable treatment of vector fields and gauge redundancies in the U(1)g-invariant
sector, the Zamolodchikov metric on the conformal manifold of such N' = 2 CFTj3’s is
shown to still be (1.3) for arbitrary values of the half-maximal deformation parameter @.
We conclude in section 5 with some implications and potential applications of the results
presented in this work. Appendix A discusses more general gaugings of ISO(3) x ISO(3)
in half-maximal supergravity.

2 ISO(3) x ISO(3) half-maximal supergravity

As stated in the introduction, our starting point is the four-dimensional maximal (N = 8)
supergravity with gauge group

Gmax = [SO(1,1) x SO(6)] x R™ C Eq7 , (2.1)

put forward in [24], and shown to accommodate various classes of AdS, solutions uplifting
to S-fold backgrounds of type IIB supergravity [24, 30-33]. Following the prescription
in [42], we will mod out this maximal supergravity by a Zy discrete group to produce a
very specific half-maximal (N = 4) supergravity with gauge group

Ghaltmax = ISO(3) x ISO(3) € SL(2) x SO(6,6) . (2.2)
Lastly, we will introduce a specific deformation of such a half-maximal supergravity —

which we parameterise in terms of a continuous parameter ¢ € R — and characterise it
from an algebraic perspective.



2.1 A crash course on N =4 gauged supergravity

We frame our work within the context of half-maximal N = 4 gauged supergravity in four
dimensions [43]. The ungauged theory features a global duality group G = SL(2) x SO(6,n)
where n is the number of vector multiplets to which the supergravity multiplet is coupled.
Promoting a subgroup G C G from global to local, i.e. performing a so-called gauging,
the duality group G is generically broken and only the local gauge symmetry G is left in
the gauged supergravity. Still, the commutant (if any) of G inside G remains as a global
symmetry of the theory after the gauging procedure.

In this work we will consider the case n = 6. This is the largest value for which
the duality group of half-maximal supergravity can be embedded into the one of maximal
supergravity, i.e. SL(2) x SO(6,6) C E7(7), and the half-maximal supergravity Lagrangian
can be embedded into the maximal one provided certain quadratic constraints on the
couplings in the theory hold (see eq. (2.8) below). We investigate a specific class of gaugings
of the group

G= 180(3)1 X ISO(3)2 s (2.3)

which is embedded in the duality group as
G C S0O(3,3); x SO(3,3)2 C SL(2) x SO(6,6), (2.4)

where we have attached labels | and 5 in order to keep track of each independent ISO(3) and
SO(3,3) factor in (2.3) and (2.4). General classes of gaugings of G C SO(3,3); x SO(3, 3)2
in half-maximal supergravity [44-46] have been extensively investigated in the past, for
example, with the aim of charting the landscape of flux compactifications [40, 47].

In the duality-covariant formulation of [43], the bosonic field content of the half-
maximal supergravity consists of the metric g,,, 12 (electric) plus 12 (magnetic) vector
fields AHO‘M , and 24 36 scalar fields ¢’s serving as coordinates in the coset space geometry

SL(2) SO(6,6)

Mseal = 5537 * 50(6) x S0(6) °

(2.5)

and being parameterised by a coset representative V(¢). Already at this level we have
introduced a fundamental SL(2) index o = £ as well as a fundamental SO(6,6) index M.
These are raised/lowered using the e, and nyn invariant tensors of SL(2) and SO(6,6),
respectively.

Having set the bosonic field content of the theory, all the interactions compatible with
N = 4 supersymmetry and induced by gaugings of the type® (2.4) are encoded in a so-called
embedding tensor. This tensor comes along with an index structure faonmnp = fopunp) and
thus lives in the (2,220) irreducible representation (irrep) of G. It also specifies the non-
Abelian gauge structure of the half-maximal gauged supergravity, namely,

[Tort s Ton ] = faren™ Tgp, (2.6)

’The gauge group G = ISO(3); x ISO(3): is a particular example within the larger class of
G = CSO(p,q,r) x CSO(p',¢',r") gaugings investigated in [46, 48]. The case of ISO(3) corresponds to
(p,q,7) = (3,0,1) or (p,q,7) = (0,3,1) (and equivalently for the primed factor).




where T,ys are the generators of G that couple to the vector fields A,ﬂM in the gauge
connection. Consistency of the gauging procedure requires a set of quadratic constraints
on the embedding tensor of the form [43]

(3,495) : fapun" forqr =0 and (1,66 +2079): €’ foun™ fopor =0, (2.7)

where we have included the irrep of G where each constraint lives. In addition, there are
two additional constraints given by

(3,1): famwp f5"NT =0 and  (1,462): € fapinp fagns) o =0 (28)

where SD refers to the self-dual projection of the SO(6,6) six-form. These two additional
constraints (2.8) are not required by N = 4 supersymmetry but must hold for the half-
maximal Lagrangian to be embeddable into an N' = 8 maximal gauged supergravity [42].
Whenever these two additional constraints are satisfied, the half-maximal supergravity
with gauging (2.3) can be viewed as a subsector of the maximal gauged supergravity with
gauging

Gmax = [SO(1,1) x SO(6)] x R™ C Eq(7) . (2.9)

This maximal supergravity has recently received a lot of attention due to its connection to
S-fold solutions in type IIB string theory as originally noticed in [24].

As a consequence of the gauging procedure, the fermions in the theory develop scalar-
dependent mass terms and supersymmetry requires to introduce a non-trivial scalar po-
tential. This is given by

V =L faunp faqraM® [ L pMQ \NR pPS 4 (% nMe MMQ) nNRnPS}

(2.10)
— 111 €7 famnp faors MMNPRRS
where
1 |27|> Rezr
My = —— € SL(2), 2.11
of Imzy <R627 1 2) (2.11)

encodes a complex scalar z7 spanning the SL(2)/SO(2) factor in (2.5). Together with this,
the potential depends on additional scalars spanning the SO(6,6)/(SO(6) x SO(6)) factor
n (2.5). These are 36 real scalars which can be assembled in a matrix

G! -G 'B

Msn —
M <BG1 G-BG'B

) € S0(6,6), (2.12)
where G and B are arbitrary symmetric and anti-symmetric 6 x 6 matrices accounting for
21 and 15 scalars, respectively. For the class of gaugings in (2.3)—(2.4), the kinetic terms
for the scalar fields serving as coordinates on the scalar geometry (2.5) are constructed
using standard coset techniques and read

1 1
Liin = 3 0uMap M MP - 6 D, My N DHFMMN (2.13)



where M*? and MM¥ are the inverse of M, in (2.11) and My in (2.12), respectively.
In this work we will focus on maximally symmetric AdSy solutions of the theory so that
vector fields will be set to zero in the general covariant derivatives

D“MMN = a#MMN +2AuaP fap(MQ MN)Q . (214)
Lastly, the scalar potential (2.10) depends on a specific SO(6,6) six-form®
MMNPQRS’ = €mnpgqrs VMm VNn VPp VQq VRT VSS s (215)

that is constructed from the SO(6,6)/(SO(6) x SO(6)) coset representative Vi such that
Myn = (VYY) N (see [43] for more details).

The scalar potential (2.10) is a complicated function of the 2436 scalars spanning (2.5).
Trying to chart the landscape of N' = 2 supersymmetric AdS, solutions by direct extremi-
sation of (2.10) is out of computational reach, so we will resort to two simpler setups where
only 2+ 12 scalars are kept and the rest are set to zero. Following the original idea in [49],
this will be done in a group-theoretical consistent manner by retaining only those scalars
that are invariant (singlets) under specific residual symmetry groups. In particular, we
will consider discrete Z2 and continuous U(1)g subgroups of G as such residual symme-
try groups. In this manner, whenever an extremum is found in the simplified setup, it is
guaranteed that it corresponds to an actual extremum of the scalar potential of the full
theory. Moreover, although we will find extrema of the scalar potential in the setups with
2 + 12 scalars, we will provide the full mass spectrum for all the bosonic and fermionic
fields in half-maximal supergravity using [43, 50]. This supergravity spectrum maps to the
spectrum of operators in the would-be dual CFTj3’s.

2.2 From [SO(1,1) x SO(6)] x R'2 to ISO(3) x ISO(3)

Starting from the Guax = [SO(1,1) x SO(6)] x R'? gauged maximal supergravity of [24],
and modding it out by a discrete subgroup Zs C Gax [42], one is left with a very specific
gauging

of half-maximal supergravity. In order to describe the resulting half-maximal supergravity,

it will prove convenient to first perform a light-cone splitting M = (m,m) with respect to
the SO(6, 6) invariant metric

0 Gmn T
TN = mn with — m=1,...,6, a=1,..,6, (2.17)
Sim O

and then a further splitting m = (a,4) and m = (a,7) with a = 1,3,5 and i = 2,4,6. In
this manner, the original SO(6,6) fundamental index M has a decomposition

SO(6,6) > SO(3,3)1 x SO(3,3)2

2.18
M = (a,a) © (i,i) (2.18)

5Due to the €mnpgrs tensor with m,n,... =1,...,6 in the definition of the SO(6,6) six-form (2.15), the
components Vy " entering (2.15) must be extracted from the coset representative YN using a Lorentzian
basis (for the column index N) of SO(6,6) where v = diag(—1Is, Ig).



and the ISO(3)12 factors in (2.16) are embedded into SO(3,3)12 ~ SL(4)1,2, respectively.
An explicit computation of the resulting embedding tensor f,y/np specifying the half-
maximal supergravity yields (using conventions in [40])

f+t‘zbc:2gv foabe =£2gc,
(2.19)

figk=29, fiije=*2gc¢,

where ¢ is the gauge coupling and c¢ is a parameter encoding the dyonic nature of the
gauging, and with all the other components vanishing. In what follows we are assuming
a cyclic structure in all the embedding tensor components of the same type, i.e. f, 135 =
f1351 = fi513 = 29, etc., so we are intentionally omitting epsilon symbols in (2.19) to
lighten the notation. Lastly, since the embedding tensor in (2.19) is the result of halving
the Guax = [SO(1,1) x SO(6)] x R'? gauging of maximal supergravity, it automatically
satisfies the extra constraints in (2.8) for a half-maximal supergravity to be embeddable in
a maximal supergravity.

2.3 Deforming ISO(3) x ISO(3) half-maximal supergravity

Following [48] (in the conventions of [40]), we will deform the G = ISO(3); x ISO(3)2
gauging specified by (2.19) while preserving the N' = 4 supersymmetry of half-maximal
supergravity. We are doing so by activating two additional embedding tensor components

J+abe and f_ﬁ]} . (2.20)
As discussed in [40, 48], turning on these two components modifies how the gauge group
G =1S0(3); x ISO(3)2 is embedded into the duality group, see (2.4). We will change this
embedding in a parametrically controlled manner yielding a one-parameter generalisation
of the gauging in (2.19).
Let us denote ¢ the new parameter entering the embedding tensor, which now has
components
24/2g ¢ ¢ —1

2
wbe = abe = £2V2gc 2 = —22gcf
f+abc Wa fabc fgcma f+abc fgc¢2+17
2v2g
fi___

P @? -1
= = 492 g —— —— _92\/?
kT Ty g2 L vage Vit a2 f ik fgc@ﬂ,

and, as we will see in a moment, accommodates a rich structure of new AdS, vacua. The

(2.21)

class of gaugings in (2.21) automatically solves the quadratic constrains in (2.7) required by
half-maximal supersymmetry. However, an explicit computation of the additional quadratic
constraints in (2.8) yields

7 -1

and Eaﬁ fa[MNP fﬁQRS] ‘SD X gzc m . (222)
90 2

As a result, due to the violation of the constraint living in the (1,462’) irrep, the deformed

famnp faMNF =0

theories do not admit an uplift to maximal supergravity unless ¢> = 1. Note that, at
@? = 1, the embedding tensor in (2.21) consistently reduces to the one in (2.19) and the
theory becomes a Zg-invariant subsector of the Gax = [SO(1,1) x SO(6)] x R'? maximal
supergravity.

~10 -



2.4 The gauge algebra of the deformed N = 4 models

It is instructive to take a closer look at how the precise N = 4 gauging specified by (2.21)
is realised at an algebraic level in terms of the generators

T@M = (Taa7 TOca ; Tociv Ta;) (223)

entering the commutation relations (2.6). We will show that each of the ISO(3); 2 factors
is at a different SL(2) angle in the spirit of [51]. Moreover, each ISO(3);,2 factor by itself
involves a non-trivial SO(3, 3); 2 angle (both unbar/bar generators are present) in the spirit
of [48].

Before discussing its gauge structure in detail, it is also worth noticing that the class
of half-maximal G = ISO(3); x ISO(3)2 gaugings specified by the embedding tensor (2.21)
depends on three arbitrary parameters (g, ¢, ¢). However the most general class of gaugings
of G = ISO(3); x ISO(3)2 in half-maximal supergravity involves eight parameters (up to
gauge fixing) and is discussed in detail in appendix A. The study of the structure of AdSy
solutions in this more general class of models goes beyond the scope of this work and is
postponed for the future.

The algebraic realisation of the G = ISO(3); x ISO(3)2 gaugings specified by (2.21)
involves a set of 12 independent generators. For example, choosing them to be (T4, T4a)
and (7_;,T ), the antisymmetry of the brackets (2.6) further sets

T o=cpTia, Tyi=cpTy, Ta=Ty=0, (2.24)

and the independent generators satisfy non-trivial commutation relations of the form

1 1—¢> .
[Tra, Typ] = 2v2g <~ GabcT+c+017§2€abc T+c> )

Vi+@? +
[T+G?T+B] = 2V2g \/11'—852 €ap’ T (2.25)
[T+a,T+E} -0,
for the ISO(3); factor in the gauge group and, similarly,
[T_g, T_;} =22y <1~ e;jf T+ c 1_7%) " T_k> ,
Viter Y 1+@2 ™"
(T0T 5] = 239 ——— " T (226)

[T-;,T_;] =0,

for the ISO(3)2 factor. There is the limiting case ¢ — +oo for which the embedding
tensor (2.21) stays regular and the ISO(3); 2 factors become nilpotent. More concretely,
they reduce to the nilpotent algebra denoted n(3.5) in table 4 of [52]. The drastic change
in the four-dimensional algebra structure at ¢ — +o0o suggests a drastic change in the
interpretation of the corresponding supergravity solutions as well as of their possible uplifts
to ten or eleven dimensions.

11 -



3 Z2-invariant sector

We will look at the Z2-invariant sector of half-maximal supergravity. Being an invariant
sector with respect to a (in this case discrete) Z3 subgroup of G, an extremum of the scalar
potential in this simplified setup automatically implies an extremum of the full scalar
potential.

3.1 The N =1 seven-chiral model

The Z3-invariant sector of half-maximal supergravity was investigated in [53]. It can be
recast as a minimal A/ = 1 supergravity coupled to seven chiral multiplets. We will denote
zr, with I = 1,...,7, the seven complex scalars in the chiral multiplets. One of them,
we choose it to be z7, is the one parameterising the M,z € SL(2) element in (2.11).
The remaining six complex fields specify the G and B matrices in (2.12) from which the
Mpyrn € SO(6,6) element is constructed. More concretely,

Gy 0 0 B 0 0
G= 0 G2 0 and B= 0 BQ 0 (3.1)
0 0 Gg 0 0 B3

are block-diagonal matrices with components

Tz 1 . .
G = mz”?’( Rez”), Bi:< 0 Rez”’), i=1,2,3, (32

Imz; \ Rez |z)? —Rezjynzs 0

that depend on the complex scalars z1,..., 2. The scalar kinetic terms for this sector of
the theory take the form

1 7
Lyin = ~1 Z (dgp? + e2e1 dx%) with zr=—x1+ie 1. (3.3)
=1

The scalar manifold invariant under the Z3 discrete symmetry is therefore identified with
the special Kéhler (SK) factorised geometry

4 _[SL@)]" _ SLE2) _ SO(66)
Mical = [ ] SO(2) " S0(6) x SO(6) -

SO(2)

(3.4)

In the Z2-invariant sector of half-maximal supergravity, the scalar potential takes a
lengthy but more tractable expression in terms of the seven complex scalars zy. We will
find families of N' = 2 supersymmetric AdS, extrema analytically in this setup.

3.2 Warming up: the p-family of /' =2 AdS, solutions of [34]

The half-maximal gauged supergravity specified by the undeformed (¢ = +1) embedding

tensor (2.19) possesses a one-parameter ¢-family of N' = 2 supersymmetric AdSy solutions.”

"These solutions were originally constructed in [34] within the context of Gmax = [SO(1,1) x SO(6)] x R*?
maximal gauged supergravity. Two additional moduli fields x1,2 dual to marginal operators and dubbed
axion-like flat deformations in [41] were also identified for this family of AdS4 solutions. In an appropriate
basis, the combination x = x1 — x2 preserves N’ = 2 supersymmetry whereas the orthogonal combination
breaks supersymmetry completely. We will come back to the axion-like flat deformation y in section 4 when
exploring a U(1)g-invariant sector of the theory.

- 12 —



This p-family of solutions lies at the loci

21 =—23=1ic L+ o? zo=1lc z——é—ﬂ Z—z—:Fl_H (3.5)
1 3 2 y <2 ) <4 6 W’ 5 7 \/§ ) .

where the F sign in (3.5) is correlated with the =+ sign in (2.19). Having Imz; 23 > 0 then
requires ¢ > 0. The vacuum energy turns out to be independent of ¢ and given by

Vo=-3g%c!. (3.6)

The AdSy solutions in (3.5) preserve N' = 2 supersymmetry and a U(1)g residual
symmetry at generic values of ¢ within half-maximal supergravity.® However, and even
though the vacuum energy in (3.6) does not depend on ¢, there are two special values of
¢ at which (super) symmetry enhancements occur:

e Point ¢ = 0: at this value the AdS, solution preserves N’ = 2 supersymmetry and
a U(1)r x U(1)p symmetry within half-maximal supergravity.’

e Point ¢ = +1: at these values the AdS, solution preserves N/ = 3 supersymmetry
and an SO(3)r symmetry within the half-maximal supergravity. '’

The AdS; solutions at ¢ = 0 and ¢ = +1 uplift to the ' = 2 and N = 4 type IIB
S-folds constructed in [31] and [24], respectively. From a four-dimensional perspective,
the parameter ¢ appears to be non-compact. From a higher-dimensional perspective, the
compactness of ¢ remains an open question since the type IIB uplift of the entire p-family
of AdSy solutions in (3.5) has not been constructed yet.

Marginal deformation and o0sp(2|4) superconformal multiplets. Being a flat di-
rection in the scalar potential, ¢ was identified with a marginal deformation specifying
a direction in an N/ = 2 conformal manifold of S-fold CFT3’s [34].!! Interestingly, there
are unprotected operators in the N = 2 S-fold CFT3’s whose conformal dimensions de-
pend on ¢.

According to the AdS;/CFT3 correspondence, the mass spectrum of the full set of
half-maximal supergravity fields at the N' = 2 AdSy solutions in (3.5) can be arranged into
multiplets of the o0sp(2]|4) superconformal symmetry of the dual A' = 2 CFTj3’s. Following
the notation'? of [54] for a superconformal multiplet [j]%, where j and R are the Lorentz
and R-symmetry Dynkin labels of the highest weight state (HWS) in the multiplet and A

8N = 2 supersymmetry and U(1)r x U(1)r symmetry in the maximal theory without the Z2 projection.
To set up notation, we have attached labels r and r to identify the corresponding R-symmetry and flavour
symmetry groups in the would-be dual SCFTj3’s.

9N = 2 supersymmetry and U(1)g x SU(2)r symmetry in the maximal theory without the Z» projection.

0N = 4 supersymmetry and SO(4)r symmetry in the maximal theory without the Zs projection.

" The apparent non-compactness of ¢ (see [37] for a KK approach to this question) poses some challenges
to the CFT Distance Conjecture [38].

12For the N = 2 supermultiplets in three dimensions, our conventions for the Lorentz and R-symmetry
Dynkin labels differ from the one in [54]: j = %j [54] and R = 1 [54).
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is its conformal dimension, the spectrum contains five unprotected long multiplets

_ 1119 _
0 0
LLOR, | LLM . LI, (3.7)
Ay
with conformal dimensions given by
Alz%-i-% 171—:_33?2 ’ A:i::%‘kw,
v 2(142) (3.8)

A 1,1 A1g.2 A 1, 1 [17+¢?

A7:§+§ 1+8g02, A+:§+§ H_;@.
In addition there are one short and two semi-short protected multiplets with integer con-
formal dimension A = 2, namely,

AA[1Y, LB, BiL[0)52, (3.9)

where A;A;[1]9 is the stress-energy tensor multiplet of the N” = 2 CFT3’s.

The multiplets in (3.7)—(3.9) describe a Zg-invariant subset of the spectrometry per-
formed in [34] within the context of the Guax = [SO(1,1) x SO(6)] x R'? maximal super-
gravity. The two semi-short multiplets LB1[0]3 and By L[0]52 in (3.9) contain the two real
marginal operators investigated in [34]. They are Zs-even enabling us to capture them also
within the context of half-maximal supergravity. The scalar modulus ¢ in (3.10) is dual to
one such marginal operators. The other marginal operator is dual to a different modulus
x that will be studied in detail in section 4. Last but not least, the spectrum in (3.7)-(3.9)
does not contain a u(1)p flavour current multiplet ApA5[0]9 present in [34]. This multiplet
is Zo-odd and therefore projected away when truncating from maximal to half-maximal
supergravity. This fact has some consequences we touch upon in the conclusions.

3.3 A (p;¢)-family of =2 AdS, solutions

Let us now consider the effect of turning on the deformation parameter @, i.e.  # +1 in
the embedding tensor (2.21). As already anticipated, turning on this parameter produces
new N = 2 supersymmetric AdS, solutions which can still be found analytically.

At generic values of the deformation parameter ¢, the locus of the N' = 2 AdSy
solutions in (3.5) changes to

142 . _ —p+1i Fo+i
21 =—Z3=1C\|——=, 22 =1C, 24 =—2= =, 25 =27 = —F——=, (3.10
1+ @2 V142 V1+ @2 (3.10)

with the F sign in (3.10) being correlated with the + sign in (2.21). Notice that having
Imzy 23 > 0 still requires ¢ > 0, and also the reflection symmetry ¢ — —@. The vacuum
energy turns out to be independent of the embedding tensor deformation ¢ and, therefore,
still given by

Vo=-3g%c!. (3.11)

Taking the limit ¢ — 400 becomes pathological as Imzq 357 = 0 hinting at some de-
compactification regime. This decompactification regime resonates well with the fact that

taking ¢ — +oo changes the gauge group to a new one being nilpotent (see discussion
below (2.25)—(2.26)).

— 14 —



3.4 o0sp(2]|4) superconformal multiplets

The full half-maximal supergravity spectrum at this (¢;@)-family of AdS4 solutions can
be arranged into multiplets of the osp(2|4) superconformal symmetry of the dual N' = 2
CFTj3’s. The spectrum contains five unprotected long multiplets

LL[0]}, , LEHOA, LL[0]

5 (3.12)

0
Ay’

with conformal dimensions given by

1 1 [ 9+2532+¢2(17+4952
A, :2+2\/ &2 +2( %)

2 I+ +2%)

1[40 402 (1332 40) 441495245 AP?+F2+1) 1803 +400 (20242 / (22 +1)(¢2+1))
Apr=1+3 @)+ - RN ;
prH1)(@ V(P2 +1)($2+1)

A, =141 5(1+32) +8(p4+34) +02 (F2+9) 41/ 408 +800 —dph (44332 — 1) — 49232 (3+32) +(1+32+254)
R T2 (1+47) :
(3.13)

In addition, there are one short and two semi-short protected multiplets with integer con-
formal dimension A = 2. These are the same as in (3.9), namely,

AA1Y,  LBi0)3,  BiL[0];?, (3.14)
where A;A1[1]] is the stress-energy tensor multiplet of the dual A" = 2 CFTj'’s.

3.5 Special loci

The (¢; @)-family of N' = 2 AdS, solutions in (3.10) generically preserves a U(1)g symme-
try. The latter can be seen from the normalised gravitino masses which are given by

1+ 0+ 0@

VI+e) 1+
As a result, the marginal deformation ¢ turns out to be compatible with the embedding
tensor deformation ¢. Moreover, they both enter the AdSy solutions (3.10) and the nor-

mL =1 (x2), (3.15)

malised gravitino masses (3.15) in a very symmetric fashion.

A detailed inspection of the normalised gravitino masses in (3.15) singles out four
special cases to be further investigated:

i)p=p=0 =mL=1 (x4),

2

-,
1+¢ (3.16)

i) =0 =mL=1 (x2), /1+¢* (x2),

) =0 =mL=1 (x2), V1+¢? (x2).

Note that the case i) sits at the intersection of the one-dimensional slicings i), iii) and

W) p=+p#0=>mL=1 (x3), 3

iv). A diagram of the (¢;@)-family of AdS, solutions in (3.10) is shown in figure 1. In
the figure, and in the rest of the work, we have denoted by N & Gy the number N of
four-dimensional supersymmetries and the residual symmetry group Gg of a given AdSy
solution.
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f N =2&U(1)g x U(L)p \

@ N :'3&50(3)1%
(0,1) @ maximal theory ::‘:iﬁ ............ N =28 U x U(1)s
N =2&U(1)g x SU(2)p (1 1) 34
[31] N = 4&S0(4)n
’ [24]

N =2&U()r
e
(0,0)

N =4&SO(4)x
\ [40] J

Figure 1. Web of N/ = 2 CFTj3’s dual to the (¢;@)-family of AdSy4 solutions in (3.10). CFTj3’s
at ¢ =1 (dotted blue line) are dual to AdS, solutions of the [SO(1,1) x SO(6)] x R'? maximal
supergravity and have been studied and characterised in [34]. The green and blue/red circles have
a type IIB dual: the S-fold backgrounds in [31] and [24], respectively. The N' = 4 CFTj sitting at
» = @ = 0 (red star) is dual to an exotic AdS, solution originally presented in [40] and classified as
non-geometric therein. A generic CFT3 in the diagram features N’ = 2& U(1)g symmetry.

3.5.1 N =3 line of supersymmetry enhancement

The two involutions ¢ = £¢ respectively yield Ay = % so that the corresponding long

multiplet in (3.12) hits the unitary bound. We will set ¢ = @ (red dashed line in figure 1)

without loss of generality by virtue of the reflection symmetry @ — —@ of (3.10) and (3.13).
The conformal dimensions in (3.13) reduce in this case to'3

2 3 7 2 ~ ~ 2
Al =4——— A_=— A = ———— A_=2 Ay =3— .
1 1+¢27 27 + 2 1+¢27 ’ + 1_'_952

(3.17)

As a result, the long multiplet LZ_L[%}Z

and two semi-short multiplets. The multiplets in (3.12) then reduce to

~ hits the unitarity bound and splits into one short

LL[0\, — LL[0]__,

T 1tp2
71170 =170 T 1170 Frol— T 71170
LL[3]a_ @ LL[3]5, = |AAilz]s & AL © LA[0)}| & LL[3];_ o
1+
71010 71010 71010 71010
LLOR @ LLOR, — LLOY & LLIO) .
(3.18)
30One has that A~ =2 and Ay =3 — ﬁ for || > 1 whereas A, =2 and A_ =3 — ﬁ for |p] < 1.
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The enhancement to N = 3 supersymmetry originates from the short multiplet A; A; [3]:

njw @

in (3.18) which contains a massless gravitino.

Alternatively, the mass spectrum in (3.14) and (3.18) can be arranged into unitary
superconformal multiplets of the osp(3|4) algebra. Following closely the notation'* of [54],
we find a set of multiplets

0
Lol . . B2, AH (3.19)

1+32

with A; [%}% corresponding to the stress-energy multiplet of the dual N' = 3 CFT3. The
2

unprotected long multiplet in (3.19) is simply a rearrangement of the @-dependent long
multiplets in (3.18).

3.5.2 N =4 points of supersymmetry enhancement

There are two isolated points in the space of conformal dimensions (3.17) at which A; and
Ay corresponding to a [j] = [0] HWS are integer valued whereas A corresponding to a
[7] = [%} HWS are half-integer valued.!® Let us look at these two special points in more
detail.

e Point ¢ = ¢ = 1. At this point (red/blue circle in figure 1), the conformal dimensions
in (3.17) simplify to

Ar=3, A_=2, A,=

5 ., AL=2. (3.20)

Nl on

Therefore, there are no further long multiplets in (3.18) hitting the unitarity bound. In-

stead, they simply reduce to
LL[0)Y, — LL[0]3

LL[3)y @ LL[3]y, = |AAi3]s @ AL0);" @& LA[0}| & LL

2

1% (3.21)

LLI0)Y  ® LL0)Y — LL[0]3 (x2)

+

The multiplets in (3.14) and (3.21) precisely describe the Zg-even sector of the N' = 4 &
SO(4)gr S-fold of [24]. In other words, the field content of half-maximal supergravity only
captures an N = 3 subsector of the N' =4 S-fold CFT3 of [24].

In 0sp(3]4) language, the unprotected long multiplet in (3.19) does not split and the
spectrum (3.19) simply reduces to

0
L[]S, Bi[0}3, Al[;L. (3.22)

2

Our convention for the Lorentz and R-symmetry Dynkin labels differs from the one in [54]: j = % J 54]
and R = %R [54] -

5There is also the limit ¢ — 4oo for which the gauging changes drastically pointing at a decompact-
ification regime (see discussion below (2.25)—(2.26)). Studying this limit goes beyond the scope of this
work.
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e Point ¢ = @ = 0. At this special point (red star in figure 1) the conformal dimensions
in (3.17) reduce to

3 . -
Ar=2, Ac=3, A =2, A=l (3.23)
This implies that the three long multiplets LE[%]OAi and LI_/[O]OAJr hit the unitarity bound

and split, each of them producing one short and two semi-short multiplets. More concretely,
the multiplets in (3.18) decompose as

LE[O]OAI — LL[0]9

Li[%]ii — [AlAl [%]% © AL[0);' @ LAQ[OB] (x2) (3.24)

LI @ LLO}, — LL0)} @ (44,018 © BiL[0);* & LBi[0}3]
There is this time an enhancement to AN/ = 4 supersymmetry originating from the two short
multiplets A; A; [%]% in (3.24) each one containing a massless gravitino. In addition, there
2 ~

is the shortening associated with A, = 1 which provides an additional massless vector
multiplet.

In 0sp(3|4) language, the unprotected long multiplet in (3.19) hits the unitarity bound
and splits into two short multiplets as L[0]{ — A2[0]Y @ B;1[0]3. The spectrum in (3.19)
then reduces to

1 0
A0, B0 (x2), AJ[Q}S, (3.25)

as a consequence of the supersymmetry enhancement to N’ = 4 in the exotic CFTs.

3.5.3 U(1)r flavour symmetry enhancement

The identification ¢ = 0 (vertical axis in figure 1) gives rise to a U(1)p flavour symmetry
enhancement in the corresponding CFT3’s. At this value it occurs that A_ = 1, the long
multiplet LE[O]OA in (3.12) hits the unitarity bound and splits again into one short and

two semi-short multiplets. The multiplets in (3.12) reduce to

+1,/25—-18
_T1 0 0
LI H A (x2) (3.26)
PAYNY 2141y /54ag2—ay /3211
LLO @ LLP%, — [A24[0) © LB0f3 o BiL0);%| ® LL[) —
+ 141, /o+1858;
1+

where A3A5[0]9 is a massless vector multiplet reflecting the U(1)p flavour symmetry en-
hancement in the dual N’ =2 CFTj3’s.

Note that the two degenerated long multiplets Li[%]gi in (3.26) hit the unitarity
bound at the special point ¢ = 0. At this point, each of them splits as

LL[)S — MA@ ALl © LAs[ol} (3.27)

recovering the exotic N'= 4 CFTsj.
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3.6 General axion deformations of the exotic N =4 CFTj3

Setting ¢ = ¢ = 0 in (3.10) reproduces the exotic N' = 4 AdS, solution with SO(4)g
symmetry originally reported in [40] (red star in figure 1). Let us recall that it is located
at the (rescaled by ¢) origin of the scalar geometry, namely,

2123 =1C, 24567 =1, (3.28)
and preserves the compact part of the gauging, namely,
SO(4)r ~ SO(3)1 x SO(3)2 C ISO(3); x ISO(3)2 . (3.29)

Three new scalar moduli can be turned on at this AdS, solution which are parameterised
by three axions X123 € R of the axion-like type investigated for the S-fold solutions
in [33, 35, 36, 41]. Activating x1,23 changes the location of the AdS, solution (3.28) to

2123 =c¢ (—x1,23+1), 24567 =1, (3.30)

keeping the vacuum energy at the value Vo = —3 g2c~!. Therefore, the moduli fields y;
(i = 1,2, 3) are naturally identified with marginal deformations of the N = 4 exotic CFTs3.

The explicit computation of the normalised gravitino masses at the AdS, solution (3.30)
yields

mL = 1+, J1+u2, 140}, 1+ad, (3.31)
with
Xi = Wj + Wk (Z%j;ék) and wi+wos+w3+ws=0. (3.32)

It proves very convenient to introduce a set wyq = {w1, w2, ws,wy} of deformation parameters
subject to the constraint %4 _; w4 = 0. The twelve normalised vector masses can then be
very symmetrically written as

m2L? =1+ wh +wh 1+ (watwp)?+4eiwl  with  A<B, (333)

whereas the normalised scalar masses are given by

m2L2:—1+w124+w23:|:\/1+(wA+wB)2+4w§‘w2B with A< B,
(3.34)
4, =2 (x2), 0 (x15), A8 (x1).

We cannot provide a closed form for the eight normalised scalar masses A; . g. They
correspond to the eigenvalues of the i 2 3-dependent matrix

=2 0 2x2x3 2x1x3 2X1X2 0 0 0
0 -2 2a 2xe 2x 26-% 26-%  20-%°
2x2x3  2xa L 2x1x2 2x1xs —2x1 —2x1 0
2xixs  2x2 2xixz X7 2X2X3 0 —2x2 —2x2 (3.35)
2xix2  2x3 2x1Xs 2x2Xx3  X° —2x3 0 —2x3 ’ ’
0 2G-% -2a 0 —2xs X’ 2- 2 +2x7 2-X°+2x3
0 23 -%* —2xa —2x2 0 2-%*+2y X2 2- 2 +2x3
0 27-% 0 —2x2 —2x3 2—-X°+2x3 2- " +2x3 X2
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with X2 = x3 + x3 + x3. A numerical scan of the mass spectrum in (3.34) as a function
of wa shows that there exist regions in parameter space for which non-supersymmetric
solutions become perturbatively unstable, e.g. whenever w; = wy = —w3 = —wy > 0.3052.

It follows from (3.33) that the number of massless vectors is given by the number n,
of pairs wqa = wp with A < B. This yields the following classification of CFT3 duals in
terms of the four parameters wy:

o All four w’s are zero: N’ =4 with SO(4)r symmetry

o Three w’s are zero: same case as before by virtue of Y w4 =0

(e]

Exactly two w’s are zero: N’ = 2 with SO(2)g symmetry

Exactly one w is zero: N/ =1 with

[¢]

— SO(2)f flavour symmetry if two of the remaining w’s are equal

— no flavour symmetry otherwise

All w’s are non-zero: N = 0 with

(e]

SO(2)r x SO(2)y if there are two pairs of w’s of equal value, one pair with the
opposite sign of the other

— SO(3)p if three w’s are identified
— SO(2)p if only two w’s are identified

— no flavour symmetry otherwise

In summary, the number of supersymmetries (both of the AdS, solution and the dual
CFT3) matches the number of parameters wq = 0, and the AdS4 solution features an
orthogonal symmetry group of dimension n,. Amongst the n, pairs, each pair wqg = wp =0
adds one generator to the orthogonal R-symmetry group of the dual CFT3 whereas each
pair wa = wp # 0 adds one generator to an orthogonal flavour symmetry group in the
CFTj3. Finally, observe that there is a case compatible with a single axion, let us denote
it x, that preserves N'= 2 and SO(2)g symmetry within half-maximal supergravity. The
consequences of turning on this axion x will be investigated in detail in section 4.

3.6.1 Relation to axion-like deformations of S-folds?

Axion-like deformations (generically also denoted by x’s) of S-fold solutions of type IIB
supergravity have been geometrically characterised in [36, 41] (see [33] for a light review). In
these solutions, they cause a breaking of symmetries by global effects in the ten dimensional
geometry [35, 36]. More concretely, axion-like deformations break the symmetry group of
an S-fold down to its Cartan subgroup. The number of such deformations was shown to
match the dimension of the Cartan subalgebra of the symmetry group of the S-fold solution
before turning on any deformation.

The way the x’s enter the AdSy solution in (3.30) is identical to the known examples
of axion-like deformations of S-folds (cf. eq.(2.18) in [31]). However one must be cautious
about giving the same interpretation to all the x’s in (3.30). The reason is twofold:
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i) We find three different axion deformations xi 23 for the exotic N =4 AdS, solution
with SO(4)r symmetry and not two, as one would naively expect from the number
of Cartan generators of SO(4)R.

i1) Generic values of xi 23 totally break the SO(4)r symmetry of the undeformed solu-
tion: the Cartan subgroup of SO(4)g is generically not preserved. As a result, the
pattern of symmetry breaking is very different from the one induced by the axion-like
deformations in the S-fold solutions [36, 41].

As a result, while the N' = 0 case with SO(2)r x SO(2)r symmetry preserves the Cartan
subgroup of SO(4)r and, therefore, stands a chance of having a geometrical interpretation
alike the axion-like deformations of S-folds, the other cases appear (at first glance) to be
different as the Cartan subgroup of SO(4)g is not preserved. Of special interest will be
the case of the single axion y mentioned above, which we move to discuss in the next
section. This axion preserves N' = 2 supersymmetry, an SO(2)g C SO(4)r symmetry
within half-maximal supergravity, and combines with the modulus ¢ to generalise the
conformal manifold of /=2 CFTj3’s in (1.3) to arbitrary values of the parameter @.

4 U(1)g-invariant sector

In this section we construct a particular U(1)g invariant sector of half-maximal supergravity
that suffices to capture the modulus y dual to the second marginal deformation spanning
with ¢ the N'= 2 conformal manifold in (1.3).

4.1 The N =2 three-vector and two-hyper model

To our knowledge, there is no explicit construction of the U(1)g invariant sector of half-
maximal supergravity of relevance for this work. So we will present it in some detail. In
order to construct it, let us first introduce the set of SO(6,6) generators

[tain]p @ = 2npr 5]% ; (4.1)

where M = 1...,6,1,...6 is a fundamental SO(6,6) index in the light-cone basis. We
choose the specific U(1)r generator to be

tuyr = (ts1 — t15) — (fez — to5) (4.2)
which is embedded in the duality group of half-maximal supergravity as
SL(2) xSO(6,6) D SL(2) xSO(2,2) xSO(4,4) D SL(2) xSO(2,2)xSU(2,2)xU(1)r . (4.3)

From the commutant of U(1)g in the embedding chain (4.3), the scalar manifold invariant
under U(1)g is identified with

vom  SL2)  SO(2,2) SU(2,2)
Ml = 56@) * 50(2) x SO) *§(02) x V(@) ° (44)

[SL(2) } ’

SO(2)
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This U(1)g-invariant sector of half-maximal supergravity can be described as an N = 2
gauged supergravity coupled to three vector multiplets and two hyper-multiplets. Within
this N' = 2 sector, the gauge group is

Gaz = U(D)g x U(1)y x R, x R, € ISO(3) x ISO(3), (4.5)

with all the fields being inert under the U(1)gr factor. The three complex scalars in the
vector multiplets span the [SL(2)/SO(2)]* factor of the scalar geometry (4.4). They are
identified with z7 and (22, z5) in the Z3-invariant sector of section 3. The scalar matrix
M,p spanned by z7 was given in (2.11). The part of the M,y matrix in (2.12) spanned
by (22, z5) was constructed in terms of the 2 x 2 blocks G2 and Bj in (3.2). Alternatively,
it can directly be constructed from the coset representative

o bt 1 b Vo (et
VSO(Q,Q) — e X2tagtxs tas o5 [#2 (faz t33)+<ﬂo(t44+t33)]’ (4.6)

such that 295 = —x2,5 4+ te”¥25. There is also the part of the scalar matrix M,y that
depends on the scalars in the quaternionic Kéhler (QK) space [SU(2,2)/S(U(2) x U(2))] ~
[SO(2,4)/(SO(2) x SO(4))]. Following the coset construction of [55], we will first introduce
the generators

Hy = t17 +t55 + lgg + a3, Hy = t17 +t55 — lgg — Loz
By’ = —ty5 , V2 = tgg (47)
U13 = —ti1o +ts6 +t16 — t25 , U12 = t91 + tog + g7 — U5 ’
U23 = t12 — 56 + t16 — to5 , U22 = o] — tgs — tg71 — U5
and construct the coset representative as
1
Vioaay = €33 V™ B2 omil(Gton it (=) Ha] (4.8)
with
U=—(C—-C) U= ("+¢H U = ("= ¢H U’ + (G + Q) U2 (4.9)

The scalar matrix My;ny € SO(6,6) is then obtained as M = V V! using the factorised
coset representative

V =Vs0(2,2) Vs0(2,4) - (4.10)
In order to complete the characterisation of the 2 + 12 scalars in the U(1)g-invariant

sector, we will now look at the metric on the scalar manifold (4.4) which can be extracted
from the kinetic terms in (2.13). An explicit computation gives

Lian = —1 (dpd + €27 dx3) — § (dpd + 7 dx3) — § (dpd + 2% dx3)
(D¢} + €22 D1?)

~ ~ ~ ~ 2
467 + ¢ (Da+ (¢°Ddy + ' DG - 4D = GD¢Y) |

_% [e¢1¢>2 (Dco + DCI)Q £ P12 (Dfo _ 1)51)2

L N N

(4.11)

4 b1tz (DCO — D¢+ h (DG — D51)>2

4 b1+ (Dgo + D¢ — h (DO + DCl))2] |
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where we have introduced the kinetic term notation dX dY = 0,X 0"'Y and DX DY =
D, X D'Y for two generic scalars X and Y. The covariant derivatives in (4.11) include a
gauge connection for the gauge group in (4.5). They can be straightforwardly computed
from (2.14) and take the form

Doy = ddy —4g A b, Dh=dh—2gA" (e—2¢2 ~ h2) , Da=da—2gA", (4.12)

together with

DO =dc® —gA” (Go+8)—204" &, D =dct — gAY (Go+ ) +20A47 L,

D& =dé— gAY ("= ¢%) +2947¢0 | DG =dl — gAY (O -y —2947 ¢,

4.13
in terms of three linear combinations of vectors AMQM given by | )
A = V2l ) P \/%(A By A, )
AT = 2e Lii A, \/% (A,f4 + ccﬁA,ﬁZ‘) , (4.14)
A = \/% (4,73 +4,71) .

The vectors AS), A;f) and A;Z) in (4.14) respectively gauge the factors R, and R, and

U(1), in (4.5). There is an additional vector field ALR) associated with the U(1)g generator
in (4.2) under which all the scalars in this sector of the theory are invariant.

4.2 Warming up: the (¢, x)-family of N' =2 AdS, solutions of [34]

Let us start by recovering the two-parameter (i, x)-family of N' = 2 AdSy solutions of
the [SO(1,1) x SO(6)] x R'2 maximal supergravity put forward in [34]. As explained in
section 2.3, we must first of all set »?> = 1 in order to make contact with the maximal
theory. Then, the two-parameter (@, y)-family of N' = 2 AdS, solutions of [34] is recovered
within the U(1)g-invariant sector of half-maximal supergravity as follows. The SK scalars
are fixed to

and z9 =1ic, (4.15)

where, as before, the F sign in (4.15) is correlated with the £ sign in (2.21). The QK
scalars are fixed to

\/5 e~ 91 — <

h+ie_¢2:i72, ,
(1—C|-X80) V2 (4.16)
a=0, ("=('= 0=C=—=

Ne

This N = 2 family of AdS, solutions comes along with a vacuum energy

Vo = —3g%c !, (4.17)
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for any value of the moduli fields (g, x) thus identifying them with marginal deformations in
the dual CFT3’s. It is worth emphasising that (4.15)—(4.16) provides an explicit realisation
of the (¢, x)-family of N' = 2 AdS, solutions of [34] in a specific supergravity model.'®

Marginal deformation and 0sp(2|4) superconformal multiplets. The explicit com-
putation of the normalised mass spectrum recovers the half-maximal (Zs-invariant) subset
of multiplets within the maximal content of [34]. This consists of five unprotected long
multiplets

LL[0]4, , LLHOA . LL[O), . (4.18)

with conformal dimensions!”

_ 1, 1 /173342
Al ) + b) 1+<p§0 )

_1 2+’ +x% £ 4.19
Ar =3+ 2(1+¢%) (4.19)

A 1,1 [9+4p1 4502 +ax 2 H4 (et + 02 +x2—2)
Ar =5+ 2\/ 021 :

There are also the short and semi-short protected multiplets given in (3.9), namely,
AjA1]3 . LBi[0)3,  BiL[0];7, (4.20)
where A1 A1[1]9 is identified with the stress-energy tensor multiplet of the "= 2 CFTj’s.

4.3 A (p,x;¢)-family of N'=2 AdS, solutions

The two-parameter family of N/ =2 AdSy solutions in (4.15)—(4.16) can be generalised to
arbitrary values of the deformation parameter ¢. The SK scalars are given by

Foti

25 = 27 = —F—— and Zo=1ic, 4.21
=S AT : (4.21)
whereas the QK scalars take the form
/1 %2

h+z‘e—¢2:z’7+902 : I —

c(1+4¢?) V1+@? (4.22)
C ~ ~
a=0, (=¢=— o=b=—F2

Vite?’ VIt

The vacuum energy at this A/ = 2 family of AdS, solutions is still given by
Vo = —3g%c !, (4.23)

for any value of the deformation parameter ¢ as well as of the moduli fields (¢, x) dual to
marginal deformations. It is worth highlighting that, at any value of @, turning on (¢, x)
activates the hypermultiplet scalars (¢%, ¢'; Co, 51) spanning the Heisenberg fiber of the QK
geometry. Activating these scalars automatically breaks the compact U(1), factor of the
gauge group (4.5), as it can be seen from (4.13).

'®This two-parameter (¢, x)-family of solutions was constructed in [34] by applying a x-dependent Er(7
duality transformation to the one-parameter p-family in (3.5).

7The conformal dimensions (A1,A+,A,,A+,A,) map into (Bs, B35, B4, 51, B2) in eq.(4.5) of [34] upon
the identification x = /1 + @2 x (34 With ¢ = 1.
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4.4 o0sp(2|4) superconformal multiplets

The half-maximal supergravity spectrum at generic @ of the N'= 2 (yp, x)-family of AdS,
solutions can be arranged into multiplets of the osp(2]|4) superconformal symmetry of the
would-be dual /' = 2 CFTj3’s. The spectrum contains five unprotected long multiplets

LL[0]4, , LEHO . LL[O, (4.24)
Ay

with conformal dimensions given by

1 1 /942532402 (17+49¢2)
Ar =3+ 2\/ (R e

Ay =} YOreto) i ey (4.25)

Ve (+e?)

Ar = L1 5+8p4+p2 (P2 +9)+854+552+8x2+4V/0
+ =313

@) (@2 +1) )
where
O = 4% 4+ 8¢ — 4p* (3" + 3% — 1 — 2x?) — 49 (¢* + 3p% — 2x?) (4.26)
(@2 (14262 +1—2¢)° +4 (2 —1)*x2. '

In addition, there are one short and two semi-short protected multiplets with integer con-
formal dimension A = 2. These are the same as in (3.9), namely,

AJAN)S,  LB0)3, BL[0);2, (4.27)

where Alf_ll[l]g is the stress-energy tensor multiplet of the dual N' = 2 CFTj3’s. The two
moduli fields ¢ and x in (4.22) belong to the semi-short multiplets LB;[0]3 and B;L[0];>.

4.5 Special loci

The computation of the four gravitino masses in the half-maximal theory yields

VOA+ 2+ 4 X290
VA +¢?) (1+¢2)

mL=1 (x2), (4.28)

which consistently reduces to (3.15) when setting y = 0. Notice that, even when turning
on y # 0, the marginal deformation ¢ and the embedding tensor parameter ¢ continue
entering the gravitino masses (4.28) in a symmetric fashion. A quick inspection of (4.28)
shows that supersymmetry enhancement to N’ > 2 is no longer possible whenever x # 0.
Still we will look at two special cases. The first case is ¢ = 0 which accounts for the ' = 2
marginal deformations of the NV = 4 exotic CFT3. The second one is ¢ = 0 which describes
the effect of the modulus x in a genuine half-maximal supergravity at generic .
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4.5.1 (¢, x)-deformations of the N = 4 exotic CFTj3

Setting ¢ = 0 in the general expressions of the previous section one is left with the NV = 2
(¢, x) marginal deformations of the exotic N' =4 CFT3. More concretely, we find in this
case five unprotected long multiplets

L[, , LLHOA (x2), LL[0] (4.29)

with conformal dimensions

_ 1 1 /94172
A1 ) + b 1_;'_;3 )
V(492 +x2
T im0 (4.30)

Ao 1 1,588 9024y 1H4(p 02 +x2)?
Ay =3+ 2\/ T+y? :

D=

Notice that, unlike for the N' = 4& SO(4)g S-fold in (4.18), the multiplets Lf/[%]oAi

degenerated in this case. In addition, there are also the short and semi-short protected
multiplets given in (4.27). The long multiplets Lf/[%]OA and LI}[O]OAi hit the unitarity
bound at the special value ¢ = xy = 0 and split as

get

LL[3]3 = AAi[3]y @ AL;" @ LA[0]) W
LL0]Y — AyA5[019 @ ByL[0);2 @ LBy[0]3 ’

recovering the undeformed exotic A" =4 CFTj3.

4.5.2 (y;@)-family of N'=2 AdS, solutions

In section 3.3 we characterised the (¢;@)-family of N = 2 CFT3’s at x = 0. Let us
now take the complementary case ¢ = 0 and characterise the (x;@)-family of NV = 2
CFTs’s. Since the axion-like deformations are by now well understood geometrically for
the S-fold backgrounds at ¢ = 1 [36], it would be interesting to investigate whether a
higher-dimensional geometric interpretation at arbitrary values of ¢ is still be possible.

Setting ¢ = 0, the half-maximal spectrum of dual operators contains the five unpro-
tected long multiplets

_ _111° _
LLOR, | LLMA (x2),  LL[3, . (4.32)

this time with conformal dimensions given by

_ 1 1 /9+425¢2
Al =3 + 5 1+¢2 )
(82

1/1_;'_¢2 ) (433)
A, =141 8@*+532+8x2+5144/O 50
=213 1+32

B>
I
N[ —
+

)
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with
2 2
Opo= (@2 (1+258%) +1-2x7) +4 (52— 1) x> (4.34)
There are also the short and semi-short protected multiplets given in (4.27). As a check of
consistency, the y-family of N/ = 2 S-folds in [31] is recovered at ¢ = 1. We also recover

the results of section 3.6 upon setting ¢ = 0 together with y; = —x3 = x and x2 = 0 (up
to a U(1), transformation (see eq. (4.36)) of angle v = —7).

4.6 On the conformal manifold of N =2 CFT3’s

Given the supergravity model in section 4.1, which includes vector fields and gaugings of
scalar isometries, the holographic Zamolodchikov metric on a conformal manifold of CFT3’s
cannot be obtained simply by direct substitution of the AdS, solution (4.21)—(4.22) into
the scalar kinetic terms (4.11). The reason being that a solution like (4.21)—(4.22) can be
brought to a different, but physically equivalent, form upon a gauge transformation.

The infinitesimal U(1), x R, x R¢ gauge transformations entering the covariant deriva-
tives in (4.13) — recall that all the fields within this sector are invariant under U(1)g —
can be integrated to finite transformations. To describe such finite transformations we will
introduce three complex fields

z=h+ie®, Po=(+ilp, Yi=0+iG, (4.35)
in terms of which the compact U(1), transformation acts as
Yo — €7 4y and Y1 — ey, (4.36)
the non-compact R, acts as a shift
a—a+cg, (4.37)

and R, acts as a fractional linear transformation

z o 1—15 % Yo
z — o and (1/}1) — ( . l—i—i;) (%) ) (4.38)

As a result, the gauge-fixed solution in (4.21)—(4.22) can be gauge-released by acting on

it with (4.36)—(4.38). This action introduces three additional (yet unphysical) parameters
(7, €a,€) in the solution (4.21)—(4.22), and the naive pull-back of the metric (4.11) on
different gauge-fixed solutions will depend on the choice of gauge. For example, choosing
ca = f(p,x) in (4.37) and performing the pull-back of the metric (4.11), one encounters
different Zamolodchikov metrics for different choices of the function f(p,x). Of course,
the catch is that we are considering solutions which are gauge-equivalent, and therefore
physically equivalent, as different. In order to perform the gauge-fixing properly, one should
not pick up a subspace within the gauge-released space of solutions and perform the naive
pull-back of the metric onto it. Instead, one must study the quotient of the gauge-released
space of solutions by the gauge group. This quotient space is the one being dual to a
conformal manifold with a uniquely defined Zamolodchikov metric.
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For the sake of concreteness, let us particularise to our specific gauge-released or am-
bient scalar geometry as described by the kinetic terms in (4.11). We first need to identify

three independent one-forms on the scalar geometry which are to be declared as °

‘pure
gauge” or unphysical, and then quotient the scalar geometry by them. How to identify
such three one-forms in field space is a physical question. And the answer to that question
comes from the vector sector which, despite being set to zero at the supergravity solution,
still provides equations of motion that must hold. In short, we must quotient the geometry
by the one-form currents J M, J and J*“ acting as sources for the vector fields that have
been set to zero at the supergravity solution. This implies that we should first put those
one-forms to zero in the kinetic terms (4.11) before reading off the Zamolodchikov metric
by performing the pull-back of the ambient metric on any gauge-fixed subspace of solutions.

Let us illustrate the procedure described above by looking at the gauge-fixing of the
R, shift symmetry in (4.37) spanned by the vector field A", The scalar a plays the role
of a Stiickelberg field for the massive vector A’ — recall that Da = da+2g A" in (4.12)
— and the associated current computed from (4.11) reads

(a)
J

= ge’® « |Da + %(COD&) +¢'DG — oD - G DY) (4.39)
Quotienting the scalar geometry by this (field space) one-form implies that (4.39) must be
set to zero identically, i.e. J @ = 0, when evaluating any quantity at a gauge-fixed solution
like (4.21)—(4.22). In particular, its contribution to the third line in the kinetic terms (4.11)
must be removed before reading off the Zamolodchikov metric from it. Proceeding similarly
with the contributions coming from the remaining one-form currents J “ and J" acting

)

as sources for A and A , the resulting Zamolodchikov metric becomes independent of

the deformation parameter ¢ and reads

1+ 2¢?

This metric in the conformal manifold of NV = 2 CFT3’s at generic ¢ agrees with that
of [34] upon the identification y = WX[M] with ¢ = 1.

The moduli (¢, x) belong to the hypermultiplet sector in the AdS, solution (4.21)—(4.22).
Recalling that, for AdS4 solutions preserving N’ = 2, the hypermultiplet moduli space must
be a Kéhler submanifold of the quaternionic Kéhler geometry [56], the conformal manifold
in (4.40) must be Kéhler. The Kahlericity of the metric (4.40) can be checked as follows.
Let us first introduce a set of so-called isothermal coordinates for which the metric is
conformal to the Euclidean metric. These are given by = = x and y = arcsinhp so that
the Zamolodchikov metric in (4.40) is brought to the form

1
dsty = 5 Q(y)? (dx2 + dyz) with Q(y)? =1+ tanh?y . (4.41)
Introducing the complex coordinate z = x + iy one arrives at

1 Y
dS%M = g.zdzdz with 9:2 = 5 (1 + tanh? [W]) 7 (4.42)
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where g,z = gjgg can be derived from the real Kéihler potential

K(22) = |2 — log [cosh2 (_1(22_2))] | (4.43)

More on gauge-fixing and Zamolodchikov metric. The scalar manifold Mgy
in (2.5) of half-maximal supergravity is endowed with a canonical Riemannian metric g,
prior to any gauge fixing, and a left action of a gauge group G, e.g., G = ISO(3); x ISO(3)2
in our case. In general, the action of G on M, is not free — there are fixed loci under the
action of the compact part of G — and thus the quotient space G\ Msca) is not a manifold.
In supergravity, the action of G on Mg, is well-behaved and we can chop the fixed loci
out of Mgear to define a new manifold Mgen on which G has a free action.

In order to establish a connection with the A/ = 2 supergravity model of sec-
tion 4.1, we will focus on the U(1)g-invariant sector of half-maximal supergravity for which
G — Gn=2=U(1)r x U(1)y x Ry X R¢ and Msey in (2.5) reduces to the one in (4.4).
From (4.13), the U(1)r x U(1), compact part of Gar—2 leaves invariant the scalar locus
defined by the condition ¢y = ¢; = ¢° = ¢! = 0.'® Starting from the gauge-released solu-
tion extending the gauged-fixed one in (4.21)—(4.22) with three parameters (7, cq,€) (see
discussion below (4.38)) and removing the fixed locus under U(1),, we can finally define
a manifold of supergravity solutions S C Mg on which Gar—y acts freely. This gives a
structure of principal bundle

m: S = Gy=2\S . (4.44)

The quotient space Gar—2\S is the object dual to the N' = 2 conformal manifold of CFTj3’s,
and it is on this quotient space that we must define metric gy dual to the Zamolodchikov
metric in (4.40).

We can always decompose the tangent space of Sas TS = VS®HS where VS = ker 7,
and HS = [VS]* is the orthogonal complement of VS with respect to the metric g. The
tangent space T'S should then be understood as the space of all small deformations: HS
corresponding to physical deformations and V'S being the space of unphysical deformations.
The latter are exactly the infinitesimal gauge transformations, and a projector Prys onto
HS can be defined that projects them away. Finally, for any z € Gy=2\S thereisap e S
such that m(p) = x. Then, for any pair of vectors (v, v') in T(Gpar=2\S) we can choose
vectors (w, w’) in TS such that m,w = v and m,w’ = v’. In this manner the Zamolodchikov
metric can be defined as the map

gonm : T(Ga=2\S)®? = R:v@v — gom(v, V') = g (Prgsw, Prgsw’) . (4.45)
This is a well defined metric on Gr—2\S and it is equivalent to the prescription we have

given in our example. Importantly, it does not depend on the choice of gauge fixing nor
the invariant subsector used to find the supergravity solution within the full theory.

13Tn the gauge-fixed supergravity solution of (4.21)—(4.22), this locus corresponds to setting to zero the
marginal deformations, i.e., p = x = 0.
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5 Final remarks

In the present paper we have initiated a holographic study of new CFT3’s with NV =
2,3,4 supersymmetry using an effective four-dimensional gauged supergravity approach.
The rich structure of multi-parametric families of supersymmetric AdS4 solutions we have
just started to identify in the half-maximal gauged supergravities with ISO(3); x ISO(3)s
gaugings raises some immediate questions.

Perhaps the most obvious question is whether or not the @-family of ISO(3); x ISO(3)2
gaugings of half-maximal supergravity we have presented in sections 2.3 and 2.4 (and,
more ambitiously, its generalisation in appendix A) describes consistent truncations of
ten- or eleven-dimensional supergravity down to four dimensions. In this respect, since
turning on the embedding parameter ¢ (i.e. ¢ # +1 in our parameterisation) only af-
fects the embedding of the non-compact translational generators in the gauge algebra (see
e.g. (2.25)—(2.26)), the family of N' = 2 AdS, solutions we have found may stand a chance of
being upliftable to new (possibly only locally geometric) type IT or M-theory backgrounds.
However, it could still happen — as for the w deformation of the SO(8)-gauged supergrav-
ity [57] — that only very specific values of @ enjoy a higher-dimensional interpretation,
the natural ones being ¢ = +1 and 0. The case $ = £1 is by now known to uplift to
type IIB S-fold backgrounds. Examples are the N/ = 4 S-fold of [24] and its marginal de-
formations [31, 34, 41]. The case ¢ = 0 remains to be understood. But it would certainly
be disappointing if a supergravity solution like the exotic AdS4 vacuum of [40] with such
a (conjectured but) highly symmetric N' = 4 CFT3 dual — together with its marginal
deformations presented in sections 3.6 and 4.5.1 — ended up being in the Swampland.

Let us further comment on the exactly marginal deformation of the exotic NV = 4
CFTj3 dual to the modulus x in (4.22) preserving N' = 2 supersymmetry. As discussed in
section 3.6.1, turning on x breaks the original SO(4)y symmetry down to a U(1)gr factor
within the Cartan subgroup U(1l)gr x U(1)p C SO(4)r. As a result, the whole Cartan
subgroup is not preserved and a geometric interpretation of the modulus x along the lines
of the axion-like deformations of S-folds seems a priori unplausible within the context of
half-maximal supergravity. However, the situation is more subtle: when setting ¢ = +1,
the embedding of this solution into maximal supergravity provides an additional flavour
current multiplet AsA2[0]9 that accounts for the U(1)r symmetry [34]. In this case, the
U(1)r € SO(4)R is actually not broken but projected out by the Zs symmetry truncating
maximal to half-maximal supergravity. Therefore, if a ten- or eleven-dimensional uplift
exists for the AdS, solution (4.21)-(4.22) at ¢ = 0 (or more generically at ¢ # +1), it is
still possible that some symmetries have been truncated away in the half-maximal effective
description. Needless to say, an uplift (if any) to ten or eleven dimensions is required in
order to settle this question.

The effective four-dimensional gauged supergravity approach adopted in this work
provides us with some guidance in order to guess what the potential higher-dimensional
realisation of the AdS4 solutions could be. Remarkably, amongst the extra quadratic
constraints in (2.8), only those in the (1,462") irrep of SL(2) x SO(6,6) are violated in
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the AdS, solutions with ¢ # +1.19 Assuming (as for the S-folds) a type IIB origin, and
since in a type IIB duality frame the SL(2) factor of the duality group is identified with
S-duality, one possibility is the presence of SL(2)-singlet branes (or bound states) in the
corresponding ten-dimensional backgrounds. It could be interesting to look at possible
uplifts incorporating such branes in a smeared limit. For example, try to add smeared D3-
branes to the S-fold setups previously investigated in the literature. This could shed some
light on how to incorporate sources in S-fold backgrounds. Another possibility is that
the breaking of supersymmetries in the four-dimensional supergravity Lagrangian (from
maximally to half-maximally supersymmetric) is not related to the inclusion of sources
but, instead, it stems from geometry. This would be more in the spirit of the half-maximal
consistent truncations of [60] and, perhaps, some generalised frame could be constructed
for these half-maximal supergravities along the lines of [58] in order to systematically uplift
any four-dimensional solution.

Another interesting line to explore is the possible relation between the AdS4 solutions
of the ISO(3); x ISO(3)2 gaugings of half-maximal supergravity and various classes of
type IIB backgrounds of the form AdS; x Mg that have been constructed directly in ten
dimensions using different techniques: pure spinor formalism, G-structures, non-abelian
T-duality, ... (see [61-64] for an incomplete list). Identifying the field theory duals of these
ten-dimensional solutions is a laborious and generically non-systematic task: one first makes
an educated guess for the field theory duals and then runs as many holographic tests as
possible. Thinking along these lines, it would be very interesting to establish whether
or not the general eight-parameter family of ISO(3); x ISO(3)2 gaugings of half-maximal
supergravity we have presented in appendix A describes classes of consistent truncations
of type IIB supergravity on Mg = S? x S? x ¥ with ¥ being a Riemann surface. If such a
connection exists and is well established via generalised geometry or extended field theory
techniques, then exploiting the four-dimensional effective description would provide a way
to characterise the CFT3’s dual to such type IIB solutions (presumably related to IR fixed
points of Gaiotto-Hanany-Witten-like brane constructions) without having to work out
their ten-dimensional uplift explicitly. For example, as we have done in this work, the
conformal dimensions of the low lying operators in the dual CFT3’s could be extracted
directly using four-dimensional data, namely, from the mass spectrum of the supergravity
fields in the half-maximal ISO(3); x ISO(3)2 gauged supergravity. Also the new techniques
for Kaluza-Klein (KK) spectrometry put forward in [65] could be applied to the type IIB
backgrounds of the form AdS, x S? x S% x ¥ (see [32, 35, 37, 66] for a study of the spectrum
of KK modes around the type IIB S-folds at ¢ = 41) upon suitable adjustment of the
techniques to the context of half-maximal supergravity.

Finally, the analysis performed in appendix A shows that the results in the main text
can be straightforwardly generalised to include different embedding parameters ¢ and
12, as well as independent gauge couplings g; 2, for each of the ISO(3);,2 factors in the
gauge group. In particular, having two independent gauge couplings g1 2 permits to collapse

9The extra quadratic constraints in (2.8) living in the (3,1) irrep are not violated in our half-maximal
supergravity models. These constraints appeared as the four-dimensional incarnation of the SL(2) exten-
sion [58] of the so-called section constraint in double field theory [59].
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or flatten-out one S? while keeping the other S? at finite size. This suggests an a priori
much larger structure of supersymmetric AdS, solutions with new potentially interesting
CFTs duals. Also going beyond the Z2 and U(1)R invariant sectors investigated in this
work could accommodate new families of AdSy solutions with additional flat directions
dual to new marginal deformations in the dual CFT3’s. These are all open questions and
aspects we plan to continue exploring in the future.
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A 1ISO(3) x ISO(3) gaugings of half-maximal supergravity

In this appendix we analyse the set of possible embeddings of an ISO(3); xISO(3)2 gauging
of half-maximal supergravity of the form

I1SO(3); x ISO(3)2 € SL(2) x SO(3,3)1 x SO(3,3)2 C SL(2) x SO(6,6) . (A.1)

We have attached labels ; and o to keep track of each repeated factor. Following the
notation of [40], and building upon the results of [48], a gauging of this type is totally
encoded in a set of eight embedding matrices [67]. Since SO(3,3); ~ SL(4);, the most
general embedding® of the first ISO(3); factor is encoded in four 4 x 4 matrices given by

W_ (- 0 S _ (00 A9
Q+_<o 0x13)’ Q+_<051><]13 ’ (4.2
m_(=b O Sm _ (00 A

_ (Y 3
Q- < 0 0><113> e <Od’1><113 ’ (A-3)

with & # 0. Equivalently, the first ISO(3); factor is specified by four embedding tensor
components of the form

f+abc = 6/1 €abe > f—abc = _b6 €abe » f—i—abc = _alo €abe 5 f—(ibc = dll €abe - (A4)

Analogously, the second ISO(3)s factor is encoded in another set of four 4 x 4 matrices of

the form
@_ (0 0 52 _ (a3 0 A
@ (052><J13>’ @ (o 0><113>’ (A-5)
@ _ 0 ) 0 5(2) _ bs 0 A
Q_ (O ngHg) ’ Q_ (O 0><]I3 ’ ( '6)

20This is so up to equivalent solutions of the quadratic constraints in (2.7).
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with dy # 0. The components of the embedding tensor for the second ISO(3), factor are
then given by

fgr=deezn,  figr=megn.  fgr=bsegp.  figr = C265% - (A7)

Together, (A.4) and (A.7) account for all the components of the embedding tensor foarnp
that are activated in the class (A.1) of ISO(3); x ISO(3)2 gaugings of half-maximal super-
gravity we investigate in this work.

A.1 Quadratic constraints and algebra structure

The embedding tensor components in (A.4) and (A.7) automatically satisfy the quadratic
constraints of half-maximal supergravity. However, the computation of the additional
constraints in (2.8) for this multi-parameteric family of ISO(3); x ISO(3)2 gaugings yields

/ ~ 13
o OCQ—aodz :0
forenp 5P =0 and € fopunp fBQRS}‘SD =0 < ~ . . (A8)
bg C’l —as dll =0

The antisymmetry of the commutators [Tonr, Ty ] = famn® Tgp for this general
class of embeddings imposes a set of linear relations between the generators of the form

(@) Tea = dy & Tho + (agdy =05 8) Tha . & Ta=d Tha, (A.9)

and

(do)*>T,;=doé T ;+ (azdy — b3 éa) T , doTpi =T ;. (A.10)

Choosing the independent generators to be (T4, T4a) and (7, 7_;), one finds a set of
non-trivial commutation relations of the form

[T+aa T+b] = 6/1 €ab The — a6 €ab6 Tyz,
[TearTis] = A e T, (A11)
|:T+c_ta T.H_)} =0,

for the first ISO(3); factor in the gauge group and, similarly,
[T—{a T—j } = JQ 6;;’; T_;’g + b3 Eﬁk T 4,
(T3 T-] = dy Egjk Tk, (A.12)

[T—i7T—j] =0,

for the second ISO(3)s factor. Note that, for each of the ISO(3) 2 factors, there are two
parameters entering the commutation relations in (A.11) and (A.12) and two additional
parameters specifying the linear combinations of generators in (A.9) and (A.10).
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A.2 N =1 superpotentials
It is also interesting to investigate the dynamics of the seven moduli fields z;, I =1,...,7,
in the Z2-invariant sector of half-maximal supergravity coupled to six vector multiplets.

This sector is described by the N = 1 supergravity multiplet coupled to seven chiral
superfields with Kéhler potential

7
K=- Z log[—i(zr — z1)], (A.13)
=1

and a superpotential given by

W = { — a3+ ap 242526 — Co (2124 + 2225 + 2326) + € (212526 + 222476 + 2’32425)}

—i—[ b3 — b6 Z4%526 + Cig (2124 + 2925 + 232’6) — Czll (2’12526 + 29z426 + Z3Z4Z5)} 27 .
(A.14)
Note that the eight gauging parameters in (A.4) and (A.7) enter the superpotential of the
model.

In this work we have made a simple choice of gauging parameters. More concretely, we
have chosen the same embedding for the two ISO(?))L2 factors in the gauging. This choice
drastically simplifies the analysis of supersymmetric vacua. These vacua satisfy the set of
supersymmetric (or F-flatness) conditions

Fr=D/W =0/W+ (0iK)W =0, (A.15)
with I =1,...7.
A.3 Back to our model

The specific model discussed in section 2.3 corresponds to a simple fixing of the gauging
parameters in (A.4) of the form dj = & = 0 and

o 22 - 5 . 521
¢ = T—; ,—b) =+2\2g¢ Ti;ﬂ , —ap = —2ﬁ90£2+1 ;
(A.16)
7 229 _ @ - _ g2—1
dQ—Wa a3—i2\/§gcm7 by = 2\/§gC¢2+1~
Plugging (A.16) into (A.14) yields a superpotential
242
= 1\£g~2 [212526 + 202426 + 232425 + (2124 + 2225 + 2326) z7}
’ (A.17)

242 1— @2
ﬂ ¢ |£@ (1 — z4252627) + %(242526 — Z7)1 .

V1t @2 1+
We have verified that the AdSy solutions in (3.10) solve the F-flatness equations in (A.15)
constructed from (A.17).
Lastly, as a further check of consistency, setting $? = 1 recovers the maximal theory.

Namely, the superpotential in (A.17) reduces to
W =2g [z1z526 + 292426 + 232425 + (2124 + 2225 + 2326) 27} +2gc (1 —z1252627) , (A.18)

in agreement with the result of [31].
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