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1. Motivation and outlook

One of the main challenges in string compactifications is to achieve moduli stabilisation in
a vacuum that admits a parametrically-controlled scale separation between an external spacetime,
typically anti de-Sitter (AdS), and the internal space of extra dimensions predicted by string theory.
The most symmetric, perhaps better understood, compactifications involve spheres as internal
spaces. A standard compactification of eleven-dimensional or type II supergravity on an internal
sphere (and products thereof) typically gives rise to a lower-dimensional supergravity with the
maximal amount of supersymmetry (i.e. 32 supercharges). These supergravities, also known as
maximal supergravities, consist of just one multiplet, the supergravity multiplet, and come along
with vector fields and a single parameter in the Lagrangian: the lower-dimensional gauge coupling
g. Any AdS vacuum solution of the lower-dimensional supergravity will have a radius L (inverse

of the Hubble scale) of the form
Lo 1 . (1)

8

Therefore, if one is interested in large AdS external spacetimes, one must take the limit g — 0
which implies that the lower-dimensional maximal supergravity becomes ungauged. In this limit,
exact (exceptional) global symmetries emerge and the maximal supergravities are conjectured to be
in the Swampland [1]. Also, in a standard sphere compactification, the size of the internal sphere
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is also set by the lower-dimensional gauge coupling (recall that there is no other parameter in the

theory). In particular,

1
Lsphere ~ g = L~ Lsphere s (2)

and it is not possible to achieve scale separation between the (external) AdS spacetime and the
(internal) sphere in the compactification.

A more promising avenue to achieve scale separation is to consider group manifolds (instead
of spheres) as internal spaces for the compactification [2, 3]. Group manifolds come along with
their own set of parameters w’s, commonly referred to as metric fluxes, which specify the geometry.
In addition, topologically non-trivial cycles on the internal space can support constant background
fluxes h’s and f’s respectively associated with the NS-NS 2-form gauge potential and the various
R-R p-form gauge potentials of the higher-dimensional supergravity. In this manner, the lower-
dimensional supergravity resulting from the compactification on the group manifold contains more
than just the gauge coupling constant g: it also contains metric and gauge fluxes (w, A, f). This
opens up the possibility to achieve scale separation between the external AdS spacetime and the
internal group manifold upon tuning of the (w, A, f)-fluxes. However, having parametrically-
controlled scale separation is often hindered (if not forbidden) by certain charge conservation
conditions, known as tadpole cancellation conditions [4]. These take the general form

dF(s-p) = H@)y A F6-p) = Jop = Jpp » 3)

where H(3) and F(,41) are the NS-NS and R-R gauge fluxes of type II supergravity, and Jo, and
Jpp denote the number of charged Op-plane and Dp-brane sources (in the smeared limit) present
in the compactification. The number of Op-planes in an orientifold compactification is given by
the number of fixed points of the associated orientifold involution. This implies an upper bound for
the right-hand-side of the tadpole condition (3), which can be schematically written as

wf-hf=Jop—Jpp <Jop . 4)

This condition makes a parametric control of scale separation more difficult as it often requires a
large rescaling of a R-R flux, i.e. f — N f with N — oo, which clashes with the upper bound
in (4). This problem could a priori be overcome by introducing a compensating rescaling of some
metric and/or NS-NS gauge flux, i.e. w — N~'w and/or h — N~! h, but this would now clash
with the quantised nature of the fluxes (see [5] for a discussion on the quantisation of metric fluxes).

Much effort has recently been devoted to investigate scale-separated AdSs flux vacuain N =1
(i.e. 2 supercharges) type IIA [6] (see also [7-9]) and type 1IB [10] G, orientifolds. In the N =1
type IIA compactifications of [6], which include simultaneously O2-planes and (intersecting) O6-
planes and do not allow for metric fluxes, the authors found AdS; flux vacua with small string
coupling, large internal volume and scale separation. However, in the N =1 type IIB compacti-
fications of [10], which include simultaneously O9-planes and (intersecting) O5-planes and allow
for metric fluxes, the authors observed that AdS3; flux vacua could still be found but parametrically-
controlled scale separation was obstructed by the quantised nature of the metric fluxes. Building
upon [10], subsequent works [11, 12] arrived at a similar conclusion: parametrically-controlled
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scale-separated (classical) AdS3 vacua in type IIB seem implausible. Although a systematic scan-
ning of AdSj3 flux vacua in the N = 1 type IIB compactifications of [10] was actually never
performed.

Ref. [13], which we review and extend in these proceedings, marks an initial step towards a
systematic scan of flux vacua in the N =1, D = 3 type IIA and type IIB compactifications of
[6] and [10]. For a complete charting of flux vacua to be feasible, ref. [13] considered a simpler
sub-class of type IIA and type IIB orientifold reductions including only a single type of Op-plane.
This implies that the resulting D = 3 supergravities feature a larger (half-maximal) amount of
supersymmetry, namely, they are N = 8 (i.e. 16 supercharges), D = 3 supergravities.! More
concretely, ref. [13] investigated the following two types of orientifold reductions:

* Type IIA reductions with O2-planes (and D2-branes) filling the external D = 3 spacetime.
These are the three-dimensional analogue of the well-studied type IIB reductions with O3/D3
sources filling an external D = 4 spacetime [18-20].

* Type IIB reductions with O5-planes (and D5-branes) filling the external D = 3 spacetime
and an internal three-cycle. These are the analogue of the well-studied type IIA reductions
with O6/D6 sources filling an external D = 4 spacetime and an internal three-cycle [21-25].

While type IIA models admit only no-scale Minkowski (Mkw) flux vacua preserving up to N' = 6
supersymmetry — consistent with previous findings in [6] — the landscape of type IIB models proves
to be very rich. Below we list some of its most salient features.

1. It contains (non-)supersymmetric Mkws and AdS;3 flux vacua (see Table 4), all of which
remain perturbatively stable within half-maximal supergravity (see Table 5).

2. It contains the first examples of (classical) type IIB AdS; flux vacua that simultaneously
feature weak string coupling g, large internal volume L7 ~ (V017)%, and a parametrically-
controlled scale separation between AdS3 and the internal seven-dimensional space. Namely,

-a b L c
gs ~N , L7 ~N and — ~ N, )
Ly

with a,b,c > 0. N is a scaling parameter to be taken arbitrarily large (formally N — o0)
while keeping fluxes quantised and Jos — Jps fixed in (4). These parametrically-controlled,
scale-separated AdSs vacua, labelled vac 10 and vac 11 in Tables 4 and 5, are non-
supersymmetric, and are re-examined in Section 3.1.3. A discussion (not addressed in [13])
on the anisotropy of the corresponding seven-dimensional internal spaces is also included.
Their supersymmetric cousin found in [26] is discussed in Section 3.2, where its complete
scalar mass spectrum within half-maximal supergravity is presented for the first time and
compared with those of the non-supersymmetric vac 10 and vac 11.

1Being framed within the context of half-maximal D = 3 supergravity, our program continues the line initiated in
[14] within the context of half-maximal D = 4 supergravity, and later extended to half-maximal D =6 [15]and D > 7
[16, 17] supergravities.
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3. For all the AdS3 vacua, the complete spectrum of scalar perturbations is independent of the
flux parameters that remain unfixed, and only contains non-negative mass-squared values.
Surprisingly (at least to us), most of the AdS3 flux vacua — including the non-supersymmetric,
scale-separated vac 10 and vac 11 — exhibit integer-valued conformal dimensions A’s of the
would-be dual CFT, operators (see Table 5). Furthermore, the specific values of the A’s
are compatible with polynomial shift symmetries, as first noted for DGKT compactifications
in [12]. The absence of negative masses in the spectrum of scalar fluctuations translates,
holographically, into the absence of relevant operators in the putative CFT,’s, namely, all A’s
are > 2. This provides an arena to (holographically) explore the existence of strongly-coupled
dead-end CFT’s in two dimensions (see [27] for a perturbative search for dead-end CFT’s in
various dimensions).

Although much of the material presented here has appeared in earlier works, especially in
ref. [13], the discussion on the internal space anisotropy and the existence of polynomial shift
symmetries in the type IIB AdS; flux vacua are, amongst others, original contributions presented
in these proceedings.

2. Type II reductions to half-maximal D = 3 supergravity

Following the original construction by Scherk and Schwarz (SS) [2], we will investigate the
dimensional reduction of type II supergravity on a (locally) seven-dimensional group manifold
associated with a Lie group G.

2.1 Twisted tori

Group manifolds are sometimes referred to as twisted tori, although the term fori might be
misleading since group manifolds are nothing to do with ordinary tori, e.g., they can have non-zero
curvature. Denoting y™ (m = 1,...,7) the coordinates on the group manifold, let us introduce a
(local) basis of one-forms

n" =U"a(y) dy" with Un(y) €G. (6)

The U-twist in (6) renders the one-forms 7™ no longer closed. Instead, they obey the structure
equation (or Maurer—Cartan equation)

d77p + %wmnp 77m A 77n =0 with Wmn? = (U_l)mr(U_l)ns (8rUps - 85Upr) ()

The isometry generators (Killing vectors) on the group manifold, we denote them by X,, =
(U1, O, satisfy the commutation relations

[ Xom, Xn] = Wmn” Xp > (8)

specified by the structure constants w,,,” (commonly referred to as metric fluxes) of the Lie algebra
associated with the Lie group G.

Equipped with the basis of one-forms 7™ in (6), one can then proceed and perform a dimen-
sional reduction of type II supergravity a la Kaluza—Klein (KK), i.e., as if the reduction was on a
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torus2. The internal part of the Neveu-Schwarz—Neveu-Schwarz (NS-NS) three-form field strength
H 3) is expanded as H(3) = % Hypnp ™ An™ A P with constant flux parameters H,y,,,,,. Similarly,
the various p-form field strengths in the Ramond-Ramond (R-R) sector of type II supergravity
# Fy.m, n™ A .- An™r with constant flux parameters Fonyooom,,- The
outcome of the dimensional reduction is then a three-dimensional supergravity model. As we will

are expanded as F,) =

see in a moment, the number of preserved supersymmetries in three dimensions depends on the
specific choice of metric fluxes wm,” and gauge fluxes Hypnp and Fyy...m,. And a choice of
metric and gauge fluxes amounts to a choice of Op-plane/Dp-brane sources in the compactification
scheme via the so-called tadpole cancellation conditions.

2.2 Fluxes, sources and supersymmetry

Type II string compactifications can also incorporate sources in the compactification scheme:
Op-planes, Dp-branes, NS5-branes or KK monopoles amongst other more exotic objects [28]. In
this work we will consider just Op-planes (negative tension) and Dp-branes (positive tension).
These are electrically (magnetically) charged under a C(,41) (C(7-p)) gauge potential of type II
supergravity. In both cases, we will consider the sources in the so-called smeared limit3 and further
ignore their dynamics. Still, being charged objects, they must obey some charge conservation
conditions corresponding to Gauss law — known as tadpole cancellation conditions — and involving
the total charge of the O-planes/D-branes. These tadpole cancellation conditions are of the form
(seee.g. [4])

dF(s-p) = He) A Fie-p) = Jop/p » ©)

where Jo,/p,, denotes the net current of charged Op-plane/D p-brane sources in the smeared limit.
In addition to the tadpole cancellation conditions (9), there are two additional conditions

dH3z) =0 and w[mnr wp]rq =0. (10)

The first condition reflects the absence of NS5-branes in our compactification scheme. The second
condition is simply the Jacobi identity that follows from (8) and reflects the absence of KK monopoles
in our compactification scheme [29].

The presence of Op-plane/Dp-brane sources breaks supersymmetry: extended objects break
some translational symmetries and, therefore, also the supercharges closing into the broken mo-
mentum generators in the superalgebra. However, and very importantly, having just a single type
of Op/Dp sources (like O2/D2 in type IIA or O5/D5 in type IIB) still preserves half of the original
32 supercharges of type Il supergravity. Preserving 32/2 = 16 supercharges in three dimensions
corresponds to a half-maximal N = 8, D = 3 supergravity. These theories have been systematically
constructed in [30-32].

2.3 N =8, D = 3 supergravity from type II orientifold reductions

Half-maximal (16 supercharges) supergravities in D = 3 can be systematically constructed
using the so-called embedding tensor formalism [31, 32]. These theories exist in two versions

2To emphasise this fact, we will denote the group manifold (or twisted torus) by TZ,.
3They are delocalised in the internal directions transverse to their world-volume.
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commonly referred to as the ungauged and gauged cases.

Within the context of type II orientifold reductions:

* The ungauged supergravity arises when reducing type II supergravity on an ordinary (or
straight) seven-torus T” in the absence of background fluxes (both metric and gauge) and in
the presence of a single type of Op-plane. In this case the conditions in (10) are trivially
satisfied whereas the tadpole cancellation condition in (9) requires

Jop/pp =Jop —Jpp =0, 11

where Jo, is the number of Op-planes located at the fixed points of the orientifold involution
and Jp), is the number of Dp-branes sitting on top of them in the compactification scheme.
Then, the condition (11) simply forces the net charge of Op/Dp sources to vanish. Importantly,
the half-maximal D = 3 ungauged supergravity features an SO(8, 8) global symmetry that
becomes manifest once the vector fields arising from the type Il reduction are dualised into
scalars.*

* A gauged supergravity arises when reducing type II supergravity on a group manifold (or
twisted seven-torus) with gauge fluxes, and in the presence of a single type of Op-planes. In
this case the conditions in (10) become non-trivial and the tadpole cancellation condition in
(9) reads

JOp/Dp E-]Op_JDp #0, (12)

for the particular single type of Op/Dp sources that are allowed in the compactification
scheme. The net charge of any other type of Op’/Dp’ sources with p’ # p must vanish by
virtue of half-maximal supersymmetry. Once metric and/or gauge fluxes are turned on, the
SO(8, 8) global symmetry of the ungauged D = 3 supergravity gets broken.

The field content of the resulting N' = 8, D = 3 supergravity is fixed (and the same for both
the ungauged and gauged cases). There is the supergravity multiplet (which includes the spacetime
metric and eight gravitini) which is coupled to n = 8 matter multiplets (each of which consists
of eight scalar fields and eight spin—% fields). The bosonic part of the Lagrangian is therefore of
Einstein-scalar type and takes the form (in the conventions of [32])

R 1
-1 - ___ M1
¢! Lo =7 32Tr((9ﬂM8 M) -v, (13)

where e = \/—|g| and M € SO(8, 8) is a matrix that depends on the 8 X 8 = 64 scalar fields of

the half-maximal supergravity. The scalars in the theory serve as coordinates in the coset space
_ SO(8, 8)
MG = oA 14
scal = 50(8) x SO(8) (14
so the scalar-dependent matrix M can be parameterised as

_| g -gb

bg g '-bgh

4This is in the same spirit as the SL(2) Ehlers symmetry that appears in the reduction of standard Einstein gravity to
three dimensions [33].

€ SO(8,8) with g=eel, (15)
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in terms of 8 x 8 matrices e € GL(8)/SO(8) and b = —b” containing 36 and 28 scalars,
respectively. These scalars originate from the purely internal components of the ten-dimensional
fields (gmn, Bmn, €tc.), as well as from components with one leg along the external spacetime
(&mu> Bmpu, €tc.) upon dualisation into scalars in D = 3. Finally, when fluxes are turned on in the
compactification scheme (i.e. in the gauged case), they induce the scalar potential in (13) which
takes the schematic form

V(@;M):g2®®(M4+M3+...), (16)

where g is the gauge coupling constant and ® is an object known as the embedding tensor [31].5
Importantly, ® encodes, inthe D = 3 supergravity, the various fluxes (both metric and gauge) in the
higher-dimensional compactification scheme. We note in passing that the scalar potential in (16)
is quadratic in the embedding tensor ® (equivalently, in the flux parameters) whereas it involves
higher powers of the scalars through the scalar-dependent matrix M .

2.4 The fluxes < O correspondence

The embedding tensor ® in the half-maximal D = 3 gauged supergravity encodes the var-
ious fluxes, both metric and gauge, in the type II compactification scheme. This tensor has a
decomposition into irreducible representations (irrep’s) of SO(8, 8) of the form

Omnipo =Omnro +2 (Mmpboin —IniPOoIM) + 2 M PTIOING (17)
where
OMNPO = Q[MNPQ] € 1820 , Opun = Q(MN) € 135 (traceless) and fel. (18)

The npn matrix entering (17) is the non-degenerate SO(8, 8) invariant matrix that is used to
raise/lower vector indices M,N = 1,...,16. Finally, the consistency of the gauged supergravity
requires a so-called guadratic constraint on the embedding tensor that can be written as [34]

Okrim ONnirIPO + Ok L[ PN OgRIMN = 0. (19)

The precise dictionary between flux parameters and components of ® depends on the type
ITA/IIB starting point as well as on the specific orientifold action Oz, associated with the Op-plane.
The orientifold action Oz, combines worldsheet and target space transformations, including a
worldsheet parity transformation Qp, a left-moving fermion number projector (—1)fZ (sometimes
unnecessary [4]), and an internal space involution 0,.¢ The orientifold action Oz, on the string
theory side is precisely the Z, discrete symmetry that group-theoretically truncates from maximal
to half-maximal supergravity in D = 3.

SWe will set the gauge coupling constant g of the three-dimensional half-maximal gauged supergravity to g = 1.
This amounts to a global rescaling ® — ©/g of the ®-tensor in (16).

SIf o) leaves some sub-manifold of the internal space invariant, its product with the external spacetime is identified
with the Op-plane. The integer p denotes the total number of spatial dimensions threaded by the Op-plane.



On type IIB AdS3 flux vacua with scale separation and integer conformal dimensions Adolfo Guarino

Fields enr Cq) (0] Cazy | By | B | Cos)

Qp + - + + - + -
g02 + - + - + + -
Oz, + + + - - + +

Fluxes wm,,p F(z) H(l) F(4) H(3) H(7) F(6)

Oz, - - - + + - -

Table 1: Even (+) vs. odd (—) nature of type IIA fields and fluxes under the O2-plane orientifold action
Oz, = Qp om.

2.5 An example: type IIA with O2/D2 sources

Let us consider the case of type IIA reductions with orientifold O2-planes (and possibly
D2-branes). Three-dimensional Lorentz invariance requires these sources to be located at

= (20)
x| | | |
thus filling the external spacetime completely. The internal target space involution o, reflects all
the internal basis elements transverse to the O2-plane, ie., 02 : B — -, with m=1,...,7.
Therefore, ooy is compatible with an SL(7) c SO(8,8) covariant formulation of the D = 3
supergravity.

The full orientifold action Oz, = Qp 002 acts on the type IIA fields and fluxes as shown in
Table 1. From there,” the Oz,-even fields are identified with

Scalars : e, e SKD Cay , ® , Be , Cgs,

(21)
Fluxes : Hgay , Fuay . Fo),

where e, is the internal sieben-bein. Notice that the 64 scalars of half-maximal D = 3
supergravity are recovered. The various gauge fluxes in (21) are placed in the embedding tensor
irreps of (18) as

gmnra — % gmnpqrstHrst emnpS — % amnpqrstF

grst s 988 = F(O) . (22)

’

Since the metric fluxes w,,,” are projected out by the orientifold action, it follows that dn™ =0
in (7) and the conditions in (10) are automatically satisfied for constant flux parameters H,,, .
However, there is a non-trivial flux-induced tadpole for O6/D6 sources which must vanish since
such sources are forbidden in our half-maximal setup (recall that only O2/D2 sources are allowed).

“The Romans mass parameter F/(g) is not included in Table 1 as it does not originate from a type IIA gauge potential.
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Setting p = 6 in (9), and noticing that F(,) is projected out by the orientifold action (see Table 1),
one arrives at the tadpole cancellation condition

H@) Fo)=0. (23)

This tadpole cancellation condition, which is quadratic in the flux parameters, precisely matches
the quadratic constraint that follows from plugging (22) into (17) and (19).

Equipped with the precise dictionary between gauge fluxes {Hmnp, Fonpg » F(O)} and ©-
tensor components in (22), one can proceed to compute the scalar potential (16) and analyse its
vacuum structure, namely, its set of critical points corresponding to maximally symmetric solutions
of the D = 3 supergravity. However, the tadpole condition (23) prevents F(oy and H3) from being
simultaneously turned on if the compactification scheme includes O2-planes and is to preserve
half-maximal supersymmetry. One is then left with two possible situations:

i) Fo) = 0: In this case the compactification includes the gauge fluxes {H), F(4)}. The
scalar potential becomes a sum of squares and possesses an overall modulus corresponding to
a (unstabilised) massless “no-scale" direction [6]. The critical locus of V, we denote it M,
only contains Minkowski vacua (i.e. V = 0). The full spectrum of scalar fluctuations around
My and the number of preserved supersymmetries were computed in [13] as a function of the
flux parameters {H 3) > Fa) } Remarkably, the Minkowski vacua can preserve from N =0
up to N = 6 supersymmetries depending on the choice of flux parameters.

i) Hz) = 0 : In this case the compactification includes the gauge fluxes {Fo), F(4)}. The
extremisation of V then requires that either all the fluxes are zero, thus trivialising V, or the
moduli fields parameterising the size of the internal cycles go to infinity, thus rendering the
compactification singular. Therefore, there are no vacua in this case.

3. Type IIB AdS; flux vacua with O5/D5 sources

Let us now consider type IIB reductions with O5-planes (and possibly D5-branes) filling the
external spacetime and an internal three-cycle which we choose it to be 1?46 = > A* An® (without
loss of generality). The O5/D5 sources are therefore located as

0 1 2 3 5 7

LAY o4

Out of the basis elements n™ in (6), the internal target space involution s reflects the basis

2 4 6
X n n n
xx‘ X X X

elements n¢ (4 =1,3,5,7), ie., oos: n% — —n?, and leaves invariant the basis elements 7’
(i=2,4,6), ie., 0os: n° — n'. As aresult, 05 is only compatible with an SL(4) x SL(3) c
SO(8, 8) covariant formulation of the D = 3 supergravity.

The full orientifold action Oz, = Qp 05 acts on the type IIB fields as displayed in Table 2.
The associated field strengths are obtained upon acting with (U~ !-twisted) internal derivatives and
the result is displayed in Table 3. Since some components of the metric flux w,,,” are now
allowed by the orientifold action, it turns out that dn™ # 0 in (7) and the two conditions in (10)
become non-trivial. Recall that they correspond to the absence of NS5-branes and KK monopoles

10
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Fields Qp 005 OZZ Fields Qp 005 OZZ
b _GL&  j _GLB3) o .

a €30 ¢ €303 N + + Cabea Cijab + -
e&l ) ela - - Cl(j};é B Cljkd - +
o + + + Co) - + -
Bij, B, + - Cij, Csp + +

- +
Bm - + Cm - -
B iabed + - Cijabed + +

- +
B ikabe - + Cijkabe - -

Table 2: Even (+) vs. odd (—) nature of type IIB fields under the O5-plane orientifold action Oz, = Qp 00s.
The Oz,-even fields add up to 64 — 3 = 61 scalars. The missing three scalars in half-maximal D = 3
supergravity are dual to the vectors e,,’.

Fluxes | Flux component <> @-irrep
Fluxes | Flux component < ®-irrep
0% = wift dijs _ 1 abed
tjo — 1 aoc A
N Es) G" = 5 € Fapeij
w Hubl_] — % eubcd €ijk wédk
088 __1 Eiij X
N A - | L
gib8 . — . b F /
a = Wai 3) -
abk8 _ 1 _abéed r .
. . o =2€ Foar
ijkd — 1 _  _abéed gy .
H o =3 €ijk€ Hpe AA
ijk8 _ 1 _abed pp . .
@) it — g F7) 0 =€ Fapedijr
¢ = Hije

Table 3: Type IIB (even) fluxes allowed by the orientifold action Oz, = Qp 05 and their identification
with embedding tensor irreps in (18).

in the compactification scheme. In addition, there are non-trivial flux-induced tadpoles for O3/D3
sources as well as O5/DS5 sources different from those in (24). We must ensure that they vanish,
since having additional types of sources is forbidden by the half-maximal supersymmetry of the
compactification scheme. Setting p =3 and p =5 in (9) respectively yields non-trivial tadpole
cancellation conditions of the form

dFisy —H@3zy A Fizy =0 and dF 3 " =0, (25)

11
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where X4y denotes any four-form basis element different from n'3%7. We have verified that
the entire set of conditions we must impose on the fluxes precisely matches the set of quadratic
constraints that follows from (19). In particular,

1357

dF3) , = unrestricted , (26)

in agreement with the fact that O5/D5 sources of the type (24) are compatible with half-maximal
supersymmetry. This represents a non-trivial check of the flux/@-dictionary presented in Table 3.

Using the precise dictionary between fluxes and ®-tensor components from Table 3, one can
compute the scalar potential (16) for type IIB reductions with O5/D5 sources. The presence of
metric fluxes introduces additional complexity, making the scalar potential more intricate than its
type IIA counterpart with O2/D2 sources. Furthermore, when exploring the vacuum landscape, the
extremisation equations must be supplemented with the conditions in (10) and (25). To tackle this
problem, we will employ the algebraic geometry software SINGULAR [35].

3.1 RSTU-model

The number of flux parameters in Table 3 permitted by the orientifold action Oz, = Qp 005
is too large to allow for an exhaustive classification of flux vacua. Moreover, the presence of 64
scalars in half-maximal D = 3 supergravity makes the extremisation problem highly complex, if
not intractable. To have a more tractable system, we will restrict to the subset of fluxes and fields
that are invariant under a specific SO(3) symmetry embedded into the duality group as

SO(3) c SO(3) x SO(2,2) x SO(2,2) c SO(6,6) x SO(2,2) c SO(8, 8) . 7)

From the commutant of SO(3) inside SO(8, 8), we identify the scalar geometry associated with
the SO(3) invariant sector of half-maximal D = 3 supergravity with the coset space?

SL(2) ]4 c MN=3

m scal (28)

Mseal = [
Each SL(2)/SO(2) factor in (28) describes a copy of the Poincaré half-plane and is parameterised
by a complex scalar. We will denote the four complex scalars R, S, 7 and U and will refer to this
N = 2 subsector of half-maximal D = 3 supergravity as the RSTU-model.® The four complex
scalars enter the 8 Xx 8 e and b matrices in (15) as

ery®Il; 0 brol; 0
= , b = , 29
0 eRs) ( 0 bR ( )
with
1 1 0 1 1 0
ety = —— , eRs = —/——— ; (30)
VImT ImU \ReU ImU VImR ImS \ReS ImS

8We have used that SO(2,2) ~ SL(2) x SL(2).

9Using representation theory, one can verify that 2 out of the 8 gravitini of half-maximal supergravity are invariant
under the SO(3) in (27). Therefore, the RSTU-model describes an N = 2 subsector of half-maximal D = 3
supergravity. This is the three-dimensional analogue of the extensively studied N' =1 STU-model in four dimensions
[14, 19-24, 36, 37].

12
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and
0 ReT

—ReT O

0 ReR

br = —ReR 0

. br = €29

Note that ImR, ImS, Im7 , ImU > O for the complex scalars to parameterise four copies of the
Poincaré (upper) half-plane.

In order to describe the set of SO(3) invariant flux parameters, we need to split the SL(4)
index as d = (a,7) with a = 1,3,5. Then, the set of SO(3) invariant fluxes consists of metric
fluxes of the form

wapk = Wi €4 i w1a' = Wy 8, , wir® = w3 ¢
7 k k (32)
Wai' = W4 04i , Wq ¢ = ~ws €q° , wij" = we €,
as well as NS-NS fluxes
Haupe = h31 €ape > Haij = h3» €aij » (33)
and R-R fluxes
Fijr = — f31 €ijk , Fia7 = f320iq , Fibe = f33 €ibe
(34)

Fapij1 = —f506ai 0pj , Fabcijk1 = f7 €abe €ijik »

where a proper antisymmetrisation of indices is understood in (32)-(34). The RSTU-model thus
involves 6 +2 +5 = 13 arbitrary flux parameters and four complex scalars. Our goal will be to chart
its landscape of vacua.

3.1.1 Charting the landscape of the RSTU-model

The scalar potential of the RSTU-model comes along with two symmetries that involve the
simultaneous transformation of moduli fields and flux parameters:

i) The first symmetry is a rescaling of (each of) the imaginary parts of the complex scalars
accompanied by an appropriate rescaling of the flux parameters.

ii) The second symmetry is a shift of the axions Re7 and ReR in (31) accompanied by an
appropriate shift of the flux parameters.

The combination of these two symmetries of the potential allows us to search for vacuum
expectation values (VEV’s) of the form

(R)y=1i , (S) =(ReS) +i , (T)=i , (U) =(ReU) +1i, (35)

while maintaining generality. Nonetheless, to establish a connection with the N =1 type IIB
orientifold models of [10], we will further restrict to vacua without axions, namely,

(ReS) =(ReU ) =0. (36)

This corresponds to searching for vacua at the origin of the moduli space, i.e., My = I, which
can afterwards be moved to other positions in field space using the scaling and shift symmetries

13
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w H3) F3) Fsy | Fao

ID Type SUSY |(w; w2 w3 ws ws we | h3r hn | i1 2 f| f i

vac 1 N=04]| x ¢ 0 0 O 0 0 0 0 k =£1 0 0

vac2 | Mkws | N =0 0O « O 0 O 0 0 0 0 0 -« 0 0

vac 3 N=0 0 K K 0 0 0 0 0 0 0 0 0 0

vac 4 N =4 0 0 0 0 0 K 0 0 +K 0 0 0 —K
AdS3

vac 5 N=0 0 0 0 0 0 K 0 0 +K 0 0 0 K

vac 6 N=3 K 0 0 0 -« K 0 0 +K 0 =T« 0 -2k
AdS3

vac 7 N=1 K 0 0 0 -« K 0 0 FK 0 =+« 0 2k

vac 8 N =1 0 0 0 0 -« « 0 0 +K 0 0 0 K
AdS;

vac 9 N=0 0 0 0 0 -« « 0 0 +K 0 0 0 —K

vac 10 | AdS; N=0 0 2« « 0 O 0 0 0 K +Kk —K 0 +K

vac 11 | AdS3 N=0 0 2« « 0 0 0 0 0 K Kk —K 0 FK

vac 12 N =4 0 0 F«x F« « -2« O 0 2k 0 0 0 2k

vac 13 N=1 0 0 Fx Fx « =2«| O 0 2k 0 0 0 -2k
AdS3

vac 14 N=0 0 0 =+ =+ « 2«| O 0 2k 0 0 0 2k

vac 15 N=0 0 0 =+« =+« «k 2« O 0 | #¥2¢ O 0 0 -2k

Table 4: Fluxes producing a type IIB with O5/D5 vacuum at the origin of moduli space. The vac 1 is Mkw3
and generically non-supersymmetric, but becomes N = 4 when « = +¢. For the AdS3; supersymmetric
vacua, the N = p supersymmetry is realised as N = (p,0) or N = (0, p) depending on the upper/lower
sign choice of the fluxes. Vac 10 and vac 11 have been highlighted for future reference in the main text.

discussed above. The complete set of extrema of the scalar potential at the origin of moduli
space can be obtained employing the algebraic geometry software SINGULAR [35]. The result is
summarised in Table 4.

A quick inspection of Table 4 shows that there are both Mkws; as well as AdS; flux vacua.
Both types of vacua can be either supersymmetric or non-supersymmetric depending on specific
sign choices of the flux parameters. Very importantly, all the vacua are compatible with

Hiz) =F5=0. (37)

This fact, together with the vanishing of the axionic components of the complex fields (their real
part in our parameterisation), guarantees that all the vacua in Table 4 can be reinterpreted within
the context of N = 1 co-calibrated G, orientifold compactifications of [10]. We have verified
that, indeed, all the vacua in Table 4 are also extrema of the scalar potential of [10] upon a
straightforward mapping of flux parameters and moduli fields. Using the correspondence between
our three-dimensional setup and the top-down construction of [10], the (Einstein frame) volume of

14
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ID Scalar spectrum
2 2 2
e [ ] (2 ), P, T
8 (30)> \ 16 ©) ¥ 9"\ 8 ) 9y 167 1) 6 |G 6 |

vac 2 2

g7 im? = (%)(15) »0w9)
vac 3
vac4 m*L* = 8(19), Oas)
vac 5 A = 439y, 20s)
vac 6 m?L* = 8(10), 418)> 0(36)
vac 7 A = 4ay (1+V9)as), 206
vac 8 m?L? = 24(9), 8(2s), 029
vac9 A = 6310), 4(25)> 2(29)

2 _
vac 10 m=L* = 80(3), 48(9), 24(4), 8(7), O(41)
A = 10@), 8(9), 6(4), 4(7), 2(41)

272 _
vac 11 m=L* = 48(15), 8(13), 036)

A = B8(s), 413)> 2(36)
vac 12
vac 13 m*L* = 153), 8(19), 3(8)» 0(29)
vac 14 A= 5@, 4119), 38)» 2(29)
vac 15

Table 5: The 64 scalar masses at the type IIB with O5/D5 vacua of Table 4. The subscript in n(s) denotes
the multiplicity of the mass n in the scalar spectrum. Vac 10 and vac 11 have been highlighted for future
reference in the main text.

the seven-dimensional internal space, voly, and the string coupling constant, g, are given by

(Im7)® (ImR)? 5 1

1 8 = d = s
(voly) a 8s (ImU)3 ImR

"~ (ImS)2 (ImU)3 (38)

in terms of (the imaginary parts of) our moduli fields. Since all the vacua in Table 4 are at the origin
of moduli space, see (35)-(36), one automatically gets vol; = g5 = 1 for all of them. However, as
previously explained, we can move the moduli fields in (38) away from the origin of moduli space
(therefore changing voly and gs) just by rescaling the flux parameters. Therefore, in order to study
some phenomenological aspects of the AdS3; vacua we found, in particular, scale separation between
AdS3 and the internal space, it will be convenient to resort to a more standard picture in which the
moduli VEV’s are expressed in terms of the flux parameters. Once this is done, it turns out that
only vac 10 and vac 11 in Table 4 (which are highlighted therein) stabilise the four imaginary parts
of the complex scalars and yield well-defined vol; and g; in (38).

As far as stability is concerned, it is worth highlighting that negative masses turn out to
be always absent in the spectrum of scalar fluctuations, thus making all the vacua in Table 4
perturbatively stable within half-maximal supergravity. We have collected the 64 scalar masses at
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each vacuum in Table 5. For the AdS; vacua, we have normalised the scalar spectrum using the
AdS; radius, L? = —2/Vjy, and have also included the conformal dimension A of the would-be
dual CFT, operators. More concretely, A corresponds to the larger root of

m?L? = A(A - d) with d=2. (39)

3.1.2 Integer A’s and polynomial shift symmetries

It was beautifully observed in [12] that a polynomial shift symmetry mechanism is at play in the
DGKT type ITA compactifications [21], accounting for the emergence of integer-valued conformal
dimensions A’s. More concretely, a scalar field ¢ in AdSg4; enjoys a level k polynomial shift
symmetry of the form

RN RS CLERED U (40)

where ¢, ..., 1s a rank-k symmetric traceless constant tensor and X* are coordinates on an
embedding (d + 2)-dimensional flat spacetime, if its mass is given by

m*L? = k(k +d) , (41)

so that A_ = —k (smaller root) and A; = d + k (larger root) [38]. For a scalar field in AdSs, a
level k polynomial shift symmetry requires

m’L>=k(k+2) = A_=-k and A, =2+k. (42)
and the dual operator has conformal dimension A = 2 + k. One then finds values of the form

k=0,1,2,3, 4,5, 6 , 7., 8,
mil? = 0 , 3 , 8 , 15 , 24 , 35 , 48 , 63 , 80 , ... (43)
A=2,3.,4.,5 ,6 , 7,8, 9,10,

Remarkably, and with the exception of vac 6 and vac 7 which contain a mass m?L? = 4, all
the AdSs vacua in Table 5 come along with normalised scalar masses and A’s contained in (43),
thus pointing at a polynomial shift symmetry mechanism, as originally observed for DGKT vacua
in [12]. It would be interesting to further explore this observation and to identify the microscopic
origin, if any, of this polynomial shift symmetry. It could just be a bonus symmetry associated to the
simplicity of our compactification scheme: we are just allowing for the single type of O5/D5 sources
in (24). This is to be contrasted with more complex models involving intersecting Op/Dp sources,
which have been explored in the literature and typically feature non-integer A’s [10, 12, 39].10

3.1.3 AdS; flux vacua with scale separation, anisotropy and integer A’s

Let us focus for the rest of the section on vac 10 and vac 11 in Tables 4 and 5. Moving them
away from the origin of moduli space via flux rescalings, and expressing the new VEV’s in terms

0See ref. [9] for a recent example of a type IIA compactification with intersecting O6-planes still yielding integer-
valued A’s.
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of the fluxes one obtains

D=

fazé
, ImU = [+==] ,
" (f7)

1
2
S (if332 f7) w3 f4
mR=-—" """ qmg=— 08 _  ypr=-
w3 f33

S3 (if332 f7) ’

(if332 f7)
w3 f33
(44)

where the upper (lower) sign choice corresponds to vac 10 (vac 11). Positivity of the scalar VEV’s
in (44) then imposes

tf3f>0 , w3fsr >0 ,  w3fzz<0 and  f31 f33<0. (45)

Additionally, there is the relation
wr f1+2w3 f3=0 = wr=-2w3—, (46)

that arises as a tadpole cancellation condition for O5/D5 sources different from the ones in (24). In
other words, eq. (46) is the only non-trivial condition arising from the right-hand-side equation in
(25). Any other flux parameter in the RSTU-model not entering (44)-(46) must vanish identically
at vac 10 and vac 11. Summarising, the set of non-zero flux parameters consists of

{f1, fars 32, f33, w2, w3} 47)

subject to the tadpole cancellation condition (46). Very importantly, the unrestricted flux-induced
tadpole in (26) for the allowed O5/D5 sources in (24) translates into

6 (w3 f33) (%) =Jos/ps = Jos —Jps > 0. (48)

Therefore, both vac 10 and vac 11 require an excess of O5-planes over the number of D5-branes.
Since the number of O5-planes has an upper bound given by the number of fixed points of the
orientifold involution, the left-hand-side in (48) is also bounded from above. Lastly, a direct
evaluation of the scalar potential at vac 10 and vac 11, as well as the internal volume vol; and the
string coupling g in (38), yields

(f332f7)2 (w3f31)5(f332f7)5f72 2 (w3f33)f72 w%

2=64-220 g2 (volp)d =% R T Sty R By
(w3 f33)° S (vol?) (w3/f33)3 w§ § (w3f31) (f3pf7)

where L? = —2/V, denotes the AdS;3 radius.

(49)

Scale separation

1
As a proof of concepts, we will show an example that achieves scale separation, L > (voly)7,
and weak coupling, gy < 1, in a parametrically-controlled manner while keeping Jos/ps = fixed.
Let us first parameterise the fluxes as!!

f=2a*BN"Y | fr=2aB , fn=aBN , fa=-a®>, w=a , w3=p,
(50)

IThe example presented here is distinct from that analysed in ref. [13].
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with @,B8, N € N so that the fluxes are integer-valued and the condition (46) is automatically
satisfied. The fluxes in (50) yield

gs=N2 | vol;=23aB?NY | L=2N® | Josps =30, 51)

so the parameter N plays the role of a scaling parameter which must be taken arbitrarily large
(formally N — o) in order to get a regime of parametrically-controlled scale separation and weak
coupling without affecting Jos/ps. Setting for example a = 1, then the compactification scheme
will include the O5-planes located at the fixed points of the orientifold involution, but also a number
of D5-branes sitting on top of them such that Jos/ps = Jos — Jps = 3.

Anisotropy

Let us briefly touch upon the issue of anisotropy of the internal space versus scale separation.
When expressed in the string frame — we add a superscript * — all the internal cycles in our example
have a parametrically large volume while remaining scale-separated with respect to the AdS3 radius.
In particular, the characteristic sizes of the would-be one-cycles scale as

6,6 ~N  and  E~NT, (52)

a’ i

whereas the AdS3 radius doesitas L® ~ N e Consequently: three-cycles scaleas &3, , fl.sj «~ N >
gS

! 19 ! 2 ! 1 .
and ¢°., ~ N2 ; four-cycles scale as 7. ~ N72 and ¢., . ~ N72; the internal volume
ail ij abc7 aibj

cT’

7
scales as voly = g¢ vol; ~ £ ~ N%. Itis worth highlighting the different scalings of the

; jkabc
would-be one-cycles in (52), yielding an anisotropic internal space with the 7" direction playing
a distinct role. This is consistent with the obstruction to achieving parametric scale separation in
isotropic compactifications recently put forward in [40].

Let us take a closer look at the algebra spanned by the isometry generators (X,, X;) and X5

on the anisotropic internal space. For the metric fluxes in (50), the commutation relations in (8)

reduce to
[Xa, X7] = B X, , (X1, X7] =—a Xy .
[X4, X7] = B° X3 , [X3,X7] =—-a Xy , (53)
[X6, X7] = B X5 , [Xs5,X7] =-aXs ,

which correspond to a 2-step solvable algebra with degenerate Killing—Cartan metric. The algebra
(53) describes a particular example of a seven-dimensional solvmanifold (see eq.(2.2) of [26])
for which the Maurer—Cartan equation (7) can be integrated. The resulting seven-dimensional
solvmanifold can be seen as three copies of the three-dimensional solvmanifold E; sharing the
seventh direction [26].

Integer conformal dimensions

As highlighted in Table 5, both vac 10 and vac 11 come along with a spectrum of scalar per-
turbations within half-maximal supergravity that contains only non-negative masses. In particular,
the normalised mass spectra are given by

m*L? 80(3)» 48(9) > 244y, 8(7)» O(a1) »

vac 10 : 54
A = 103y, 89, 64, 47y 2341)

18



On type IIB AdS3 flux vacua with scale separation and integer conformal dimensions Adolfo Guarino

and

m?L? 48(15) » 8(13) » O36) »
vac 11 : (55)
A 8(15)» 4(13) » 2(36) -

Therefore, although vac 10 and vac 11 are related by a flip of sign of the flux parameter f; in
(44) (see also Table 4), their mass spectra are different. Remarkably, and despite the absence of
supersymmetry, all the 64 conformal dimensions for the would-be dual CFT, operators turn out
to be integer-valued. The values of the A’s in (54) and (55) are contained in (43), pointing at
polynomial shift symmetries with k = 8,6,4,2,0 and k = 6,2, 0, respectively.

3.2 Beyond the RSTU-model: breaking SO(3) invariance

Let us close this section by discussing a supersymmetric cousin of our solutions vac 10 and
vac 11 found in [26]. This supersymmetric solution is not compatible with the SO(3) symmetry
of the RSTU-models. For example, when plugging the metric fluxes of [26] into (8), the isometry
algebra in (53) gets modified to

(X2, X7] = 762 X, , [X1, X7] =2 Xy
(X4, X7] = £ X3 , [X3, X7] =Fa Xy (56)
[ X6, X7] = 8% X5 , [X5,X7] = Fa Xs

and can no longer be solely written in terms of the two SO(3)-invariant flux parameters w; and
w3 in (32).

We present in these proceedings the full spectrum of scalar fluctuations within half-maximal
supergravity for the supersymmetric cousin of vac10 and vacl1 found in [26]. It is given by

m?L? 80(4), 48(7)» 24(4)» 8(9)» O(a0)
SUSY vacuum : @ @ @ 5> FE0 57)
A 104), 8(7), 64y, 4(9) > 2(40) -

As aresult, the values of the normalised masses (and corresponding A’s) are the same as in the non-
supersymmetric vac 10 in (54), but the multiplicities are slightly modified. We have also verified
that the supersymmetric vacuum preserves N = (1,0) or N = (0, 1) supersymmetry within half-
maximal supergravity depending on the upper/lower choice of sign in (56). The normalised masses
and A’s in (57) belong to the list in (43), once again pointing at polynomial shift symmetries with
k=28,6,4,2,0.

4. Summary, open questions and future directions

In these proceedings, we have reviewed recent progress in the search for type II orientifold
reductions that accommodate AdS; flux vacua with various key features: small string coupling, large
internal volume, parametrically-controlled scale separation between AdS; and the internal space,
quantised fluxes, and integer-valued conformal dimensions for the would-be dual CFT, operators.
The first step in this direction was taken in [6] where the authors investigated type IIA reductions on
Gj-holonomy spaces with O2/0O6-planes. While most of the key features are achieved in the AdS3
flux vacua of [6], the conformal dimensions of the would-be dual operators are not integer-valued
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[39] (see ref. [9] for some recent examples with integer A’s). It was later observed in [39] that,
unlike for the DGKT vacua [21], the AdS3 flux vacua constructed in [6] are incompatible with a
refined version [41] of the AdS distance conjecture [42], owing to the absence of the necessary
discrete higher-form symmetries. These arguments placed the type IIA AdS3 flux vacua of [6] in
the Swampland.

It turns then natural to resort to the type IIB reductions on co-calibrated G; orientifolds with
09/05-planes of [10], which also accommodate AdS3 flux vacua. Unfortunately, it was first argued
in [10] that scale separation seems to be hindered by the quantisation of the geometric fluxes, and
then observed in [12, 39] that the A’s of the dual operators are not integer. In the midst of this
bleak outlook, ref. [13] took a second look at a simple class of type IIB orientifold reductions with
just a single type of O5-planes (and D5-branes), and showed that (classical) AdS3 flux vacua with
all the key features were indeed possible. Namely, type IIB AdS; flux vacua with small string
coupling, large internal volume, parametrically-controlled scale separation, quantised fluxes, and
integer-valued conformal dimensions for the would-be dual CFT; operators. The AdS; flux vacua
presented in [13], along with their supersymmetric counterpart identified in [26], are the solutions
we have re-examined in these proceedings.

A list of open questions and future directions to explore includes:

* Building on the analysis of [39], it would be worthwhile to investigate whether the discrete
higher-form symmetries required by [41] — which rule in the DGKT vacua [21] and rule out
the type IIA AdS; flux vacua of [6] — are present/absent in the type IIB AdS; flux vacua of
[13, 26].

* The simplicity of our compactification scheme — which just contains a single type of O5/D5
sources — allows for an exploration of various aspects regarding the sources. The first one
is to investigate whether the smeared limit of O5/D5 sources that we have considered here
provides a valid approximation to full-fledged AdS; solutions in string theory. In other words,
it would be interesting to analyse backreaction issues order by order in g along the lines
of [43—-46]. The second direction is to investigate the dynamics of open string modes in our
RSTU-models with O5/D5 sources [47]. More concretely, the half-maximal supersymmetry
of the three-dimensional models opens up the possibility for a search of potential instabilities
of the non-supersymmetric vacua within the open string sector, as recently done in [48] for
the half-maximal D = 4 supergravities of [14] arising from type IIA orientifold reductions in
the presence of a single type of O6/D6 sources.

* Regarding the higher-dimensional stability of the non-supersymmetric AdS3; vacua reviewed
in these proceedings, it would be interesting to carry out a detailed study of the Kaluza—
Klein (KK) mass spectrum. The tower of KK modes could be accessible via exceptional
field theory techniques [49] (see [34, 50, 51] for some examples of AdS; KK spectrometry),
suitably adapted to the context of type II orientifold compactifications. This could shed some
new light on how to make sense of scale separation and positive masses from a CFT viewpoint
[52, 53].

* It would also be interesting to explore the landscape of vacua — both within RSTU models and
beyond — for other possible type II duality frames involving a single type of Op/Dp sources
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with p # 2,5 (see [13] for a detailed discussion). These configurations likewise give rise to
half-maximal supergravities in D = 3. Such an investigation could provide valuable insight
into how prevalent scale-separated AdS; flux vacua are within type II string theory [54].

Finally, according to [55], non-supersymmetric anti-de Sitter vacua supported by fluxes must
be unstable. Alternatively, there are no non-supersymmetric conformal field theories whose holo-
graphic duals have a description in terms of Einstein gravity coupled to a finite number of matter
fields, precisely as our three-dimensional half-maximal supergravities. However, being in three
dimensions where vectors are dualised into scalars could weaken the range of applicability of the
various arguments put forward in the context of the Weak Gravity Conjecture [56] and its various
subsequent sharpenings. Also, the fact that there is a supersymmetric (therefore stable) version
[26] of the non-supersymmetric, scale-separated AdSs flux vacua with integer A’s found in [13]
motivates further investigation on the stability issue. We hope to come back to this, along with the
open questions outlined above, in the near future.
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