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ABSTRACT: We study ten-dimensional supersymmetric vacua with NSNS non-geometric
fluxes, in the framework of S-supergravity. We first provide expressions for the fermionic
supersymmetry variations. Specifying a compactification ansatz to four dimensions, we
deduce internal Killing spinor equations. These supersymmetry conditions are then refor-
mulated in terms of pure spinors, similarly to standard supergravity vacua admitting an
SU(3)xSU(3) structure in Generalized Complex Geometry. The standard d—H A acting on
the pure spinors is traded for a generalized Dirac operator D, depending here on the non-
geometric fluxes. Rewriting it with an exponential of the bivector 3 leads us to discuss the
geometrical characterisation of the vacua in terms of a S-twist, in analogy to the standard
twist by the b-field. Thanks to D, we also propose a general expression for the superpoten-
tial to be obtained from standard supergravities or S-supergravity, and verify its agreement
with formulas of the literature. We finally comment on the Ramond-Ramond sector, and
discuss a possible relation to intermediate or dynamical SU(2) structure solutions.
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1 Introduction and main results

An important problem in string phenomenology is the presence of massless, unobserved,

scalar fields in four-dimensional effective theories derived from string theory: the moduli.

Considering fluxes in the ten-dimensional background on which one compactifies usually

helps, since they contribute to the four-dimensional potential and can thus stabilise mod-

uli.

A motivation to study non-geometric fluxes is the hope of using them for the same

purpose: they were shown in several examples to stabilise moduli or to lead to de Sitter

vacua [1-10]. These fluxes initially appeared in four-dimensional gauged supergravities:



they correspond to some gaugings or components of the embedding tensor [11-13]. How-
ever, they cannot be obtained by a compactification from a standard supergravity. They
are rather traditionally considered to descend from ten-dimensional non-geometric back-
grounds [12, 14, 15]. Their derivation was clarified recently, at least for a class of back-
grounds, thanks to the formalism of S-supergravity [16, 17] (reviews on these ideas can
be found in [18-20]). This ten-dimensional local reformulation of standard supergravity
has two important features: it depends explicitly on non-geometric fluxes, giving them a
manifest ten-dimensional origin, and a non-geometric background of standard supergravity
can be reformulated into a geometric one of S-supergravity, allowing then for a compacti-
fication. Some vacua of four-dimensional gauged supergravities with non-geometric fluxes
thus get a clear ten-dimensional uplift. Now, one can hope to find ten-dimensional back-
grounds with non-geometric fluxes that would stabilise moduli after compactification. In
this paper, we are interested in supersymmetric backgrounds of S-supergravity and their
geometrical characterisation, as detailed below.

The NSNS sector of S-supergravity is obtained by the field redefinition (2.1) from
the standard supergravity metric gasn, b-field and dilaton ¢ to a new metric gysy, an
antisymmetric bivector SMY and a new dilaton <z~5 This is equivalent to parameterizing as
in (2.2) the generalized metric H with the generalized vielbein & instead of £ [19]. The new
fields allow to define ten-dimensional NSNS non-geometric - and R-fluxes in flat indices

QcAP = acprP — 2PN Bl oy, RAPC = 3Pl BT (1.1)

as in [21-23]. Building on [19, 23, 24], the Lagrangian and equations of motion for the NSNS
sector of S-supergravity were derived in terms of these fluxes in [16, 17]. A completion of the
theory to other sectors should be possible by further reformulating standard supergravities,
as discussed in [16] (see here section 4.2 on RR fluxes). The theory is also expected to
retain symmetries of standard supergravities, such as supersymmetry (SUSY). But we
do not have so far the fermionic fields and their SUSY variations. Natural candidates
for the latter can nevertheless be derived from the Generalized Geometry formulation of
p-supergravity, obtained in [16]. For standard type II supergravities, it was noticed [25]
that the SUSY variations of the gravitini 1/)]1\/’[2 and dilatini A2 could be rephrased in terms
of Spin(9,1)xSpin(1,9) derivatives, as in (2.5). These spinorial derivatives are determined
independently, applying the Generalized Geometry formalism, and we derived them for
[B-supergravity. They allow as well to reproduce the Lagrangian and the equations of
motion, as was checked both for standard and g-supergravity. We thus consider that they
should play an analogous role in both theories for the SUSY variations as well, and infer
for fermions of S-supergravity

- 5 -~ 1
Sy =éu (VA +napVP — STIADTIBETICFRDEFFBC> e? (1.2)

B _ -~ 1
oph? = <FAVA FI%apVP + ﬁUADUBEnCFRDEFFABC

—T4040 F T a5 (ﬂBcaccf; - TB)) 2,



(only the NSNS contribution) with p'? = FA@Z)}L(Q — A2 and €2 the SUSY fermionic
parameters. The upper/lower sign refers to the first /second number (1/2), VA is a covariant
derivative whose spin connection depends on the Q-flux, and further notations are detailed
in the paper. These fermionic SUSY variations will be our starting point in what follows.

When looking for new vacua of a theory, SUSY is a useful tool that provides technical
simplifications. In addition, the conditions for a vacuum to preserve SUSY bring constraints
that characterise, in particular geometrically, the allowed backgrounds. One gets this way
information on the properties of the possible vacua. This motivates the present work
for B-supergravity. These features are well illustrated for standard ten-dimensional type
IT supergravities in [26, 27] that we follow here. For a vacuum to preserve SUSY, the
fermionic SUSY variations should vanish. One further considers a compactification ansatz
for the background: in particular the geometry is a warped product of a four-dimensional
Minkowski (Mink) or Anti de Sitter (AdS) space-time, and an internal six-dimensional
manifold M. The conditions for SUSY are then decomposed accordingly. For (at least)
N =1 SUSY in four dimensions, the SUSY conditions were reformulated in [26] in terms
of Generalized Complex Geometry (GCG) [28, 29], into the pure spinors conditions (1.3)
and (1.4). The mathematical framework of GCG provides interesting interpretations of
the supergravity quantities and leads to a geometrical characterisation of M for a Mink
SUSY vacuum: for p = 0 (p is related to the four-dimensional cosmological constant), the
condition (1.3) indicates that M has to be a twisted generalized Calabi-Yau (GCY). This
generalizes the Calabi-Yau (CY) condition, valid in absence of background fluxes. The
pure spinors conditions are given by

et (d—HA)(e*%l) + e Ad(*) A Dy = 2 e Ay Re(®y) (1.3)

e? (d—HA) (e_¢<I>2> —i—e_QAd(eQA) ADy =3c e 4 iIm(ﬁ@l)—i—e_Ad(eA) A®y+RR, (1.4)
with the flux H = db, the warp factor e?4, the Ramond-Ramond contribution RR, and

MA: & =®,, dy=F_, e=+1, IB: &;=3_, dy=d,, c=—1. (L5)

&, are pure spinors in GCG, they are in particular O(6,6) spinors, but can be viewed
also as polyforms: for example, a (simplified) expression is given for them in (1.17), in
the case of an SU(3) structure.! In this paper, we follow the same procedure, described
in [27], and derive analogous pure spinors conditions for S-supergravity (including only the
NSNS sector)

1 5
DO+ (d + V% 1) (#) By = 22 A Re(@s) (1.6)

%D@ﬁe*“ (@49 00) (24 @2 = 32 e M ilm(Edy) +e~ (A=Y 1) (e4) s, (17)

!The conditions for a vacuum to preserve SUSY in various theories have been reformulated into analogues
of the pure spinors conditions, applying similar techniques to space(-time)s of dimension D (the external
part being Minkowski or Anti de Sitter). For type II and M-theory, such conditions were obtained for
D from 11 down to 3 in [30-41]. Rewritings of the previous conditions were worked-out in [42-44]. The
heterotic case (N = 1 Mink vacuum) was treated in [45]. Finally conditions for type II Mink vacua were
also written in terms of Exceptional Generalized Geometry (EGG) in [46-48].



where D is an important operator given in (1.10), and the other derivatives act only on
the warp factor. On the contrary to (1.3) and (1.4), the conditions (1.6) and (1.7) are
necessary but not sufficient to preserve SUSY, as shown in appendix B.3. This is probably
due to the absence of a RR contribution. The latter is expected to be simply added to the
right-hand side (r.h.s.) of (1.7), so the present work remains relevant.

The D obtained in the two conditions (1.6) and (1.7) turns out to be precisely the
generalized Dirac operator computed in [17]. There, we considered D = I'AD 4 where D4
is the Spin(d,d)xR* covariant derivative in a d-dimensional space-time [21, 25, 49-53],
and we chose for the Cliff(d,d) T*-matrices a representation as forms and contractions.
The generalized spin connection components were already determined in terms of fluxes
in [16], where we used the generalized torsion free condition [25] and further fixing, starting
with the generalized vielbein € (2.2) for f-supergravity. Proceeding similarly with &£ for
standard supergravity, we derived in [17] both Dirac operators D acting on a form A,

for standard supergravity:

DA, =2¢”(d— HA) (e*d’Ap) (1.8)
=2(0q-€"N—fo—H A —don)A4,, (1.9)

for B-supergravity:
DA, = 2¢° (d VO L+ T v +Rv) (e—J’Ap) (1.10)

=2 (6a-éaA +B8%0 tg— fo—Qo+Rv —do A + (6@5—7’) v) Ay, (1.11)

where the tensor 7 and the quantity 7 are defined around (2.9), the dot in the derivatives
indicates the action only on the form coefficient in flat indices, and the fluxes act with
wedges and contractions in flat indices as (see also appendix A)

1 1
HAA,= ?Habc e ne’ A e A Ay, RV A= gRabC La Ly LAy, (1.12)
1 1
fOApEifcabéa/\éb/\LcAp, QoApziQabcéa/\ t LeAp .

Remarkably, this Dirac operator D is appearing in the pure spinors conditions, both for
standard supergravity in (1.3) and (1.4), and for S-supergravity in (1.6) and (1.7). A poste-
riori, it looks natural, since D acts on O(d,d) spinors; for Mink (x = 0) with constant warp
factor, (1.3) and (1.6) can thus be interpreted as (generalized) Dirac equations. Although
this result was anticipated in [17], D was introduced there to study Bianchi identities (BI):
D? = 0 was shown to give BI of NSNS fluxes (together with a scalar condition) in absence
of NS-branes.
We study further this Dirac operator and prove that it can be rewritten as

for standard supergravity: DA, = 2e%e’*d (e*bAefd’Ap) , (1.13)
for B-supergravity: DA, = 2¢%eBvd <e_5ve_¢~’Ap) , (1.14)

where v = %Bm”Lan = %Babbabb. Although (1.14) is a common guess, it has never been
derived explicitly; we prove it here in appendix C.1, obtaining first a helpful expression in



curved indices (C.4). In (1.14) as well as in the generalized vielbein £ (2.2), 8 plays a role
completely analogous to the b-field in (1.13) and £. The b-field there is responsible for a
twist from TM@T* M to the generalized tangent bundle Ep of GCG, which can be viewed
as a gerbe [54]. The b-field is then subject to the cocycle conditions (see e.g. [25]), that
can be understood as global patching conditions, including b-field gauge transformations.
We thus suggest for S-supergravity a “S-twist” of the local TM @ T* M into the general-
ized cotangent bundle Eps discussed in [16, 17]. Obtaining the analogous to the cocycle
conditions is the next step. We believe that this would be equivalent to characterising glob-
ally well-defined, i.e. geometric, backgrounds of S-supergravity, a point discussed in details
in [17].2 The equations derived in this paper should be considered on such backgrounds,
otherwise just locally. A class of such backgrounds has been identified in [17]: those admit
isometries, and fields patch by S-transforms (constant shifts of 8 along the isometries direc-
tions) and diffeomorphisms. Three explicit examples in this class are known: the toroidal
example, the exotic 53- or Q-brane [53, 55-61], and the dynamical SU(2) structure solution
of [62].> The question is whether geometric backgrounds of B-supergravity exist beyond
this class. We come back to these ideas in section 4.1.

Finally, we further use the pure spinors conditions and the Dirac operator by look-
ing at the superpotential . Inspired by the literature on superpotentials for A/ = 1
four-dimensional effective theories obtained from ten-dimensional standard supergravi-
ties, in presence of an SU(3)xSU(3) structure, we propose (considering only the NSNS
contribution)

Ws = CJ (e=2%%, DIm 3Y), (1.16)
2 Jm

for a constant warp factor. C' is a constant, the Mukai product is defined in (3.7), and for
an SU(3) structure, the pure spinors are taken in the simple form

) =% 30 =iQ. (1.17)

The formula (1.16) reproduces standard supergravities superpotentials, choosing the Dirac
operator (1.8) and the dilaton ¢ instead of ¢~> This proposal is then expected to give the
expressions to be obtained from [-supergravity. For the SU(3) structure (1.17) and the
Dirac operator (1.11), we check, provided a few more assumptions, that (1.16) reproduces
formulas in the literature containing non-geometric fluxes. We get a good agreement with

2The GCG (or analogous) formulation of S-supergravity developed here, in particular the pure spinors
conditions and related geometrical characterisation of vacua, should for this reason help getting a better
handle on this ten-dimensional theory.

3 A warped Mink non-geometric background of type IIB supergravity with dynamical SU(2) structure is
presented in [62]. It is obtained from M-theory through type I by a chain of dualities. The internal space is
locally a T4/Z2 with complex coordinates z; and w, fibered over a T2 along z». D7 or O7 are along the fiber,
whose directions are isometries. Performing the field redefinition (2.1) towards SB-supergravity, one gets

_ 3¢ 3¢
4( P

3 3 - -
ds® = e_T‘Pdsi/[mk +e |dw|2 + |dzl|2) + 672‘2|d22‘2, e? =e 2, B =22, B =247, (1.15)

with @ a real constant and ¢(|zz2|). 8 patches with a S-transform in O(4,4), while the metric is that of D7
or O7 (provided the warp factor is the good one), so it patches accordingly. Note that for a constant ¢,
this vacuum is the complex version of the toroidal example.



expressions of [63-65] in type ITA and IIB, corresponding to an O6-plane and an O3- or
OT7-plane, while we obtain a new expression in the O5- or O9-plane (or heterotic) case.
More details and references, as well as a discussion, can be found in section 3.

The paper is organised as follows. The fermionic SUSY variations are obtained in
section 2.1. The compactification ansatz and consequent SUSY conditions are presented
in section 2.2, together with appendix B.1. The pure spinors conditions are derived and
discussed in section 2.3 and appendices B.2 and B.3. The work on the superpotential is
presented in section 3. The S-twist and related geometrical characterisation are discussed
in section 4.1 and appendices C.1 and C.2. Finally, the S-twist leads to further ideas:
RR fluxes for g-supergravity are discussed in section 4.2, while a possible relation to in-
termediate and dynamical SU(2) structure solutions is presented in section 4.3. Further
directions to explore are mentioned in section 5. Conventions and notations are detailed
in appendix A.

2 From the supersymmetry variations to the pure spinors conditions

2.1 Fermionic supersymmetry variations

We explained in the Introduction that S-supergravity is, in its current state, only formu-
lated in its NSNS (bosonic) sector. The field redefinition relating its fields to those of
standard supergravity is given by [19] (see [16, 17] for more details)

(g+b) = (7' +5), e 23/l = e 2\/lgl (2.1)

H-€T1e=E6T18, €= <€€Tb 60T> &= (S ;@) . (2.2)

Since [-supergravity is a local reformulation of standard supergravity (for instance, the
Lagrangians of the two theories only differ by a total derivative), the existence of its
supersymmetric completion is expected. We nevertheless do not have an explicit formu-
lation for the latter, so we obtain here in an indirect way its fermionic SUSY variations.
Some structures appearing in the Generalized Geometry formalism and in Double Field
Theory (DFT), namely the Spin(9,1)xSpin(1,9) derivatives [25, 66-70] or generalizations,
were noticed to give these variations for standard supergravities (type II, heterotic and
M-theory) [25, 52, 70-76]. These derivatives enter further quantities of supergravity (the
Lagrangian, the equations of motion), and we have shown for the latter that the corre-
sponding derivatives in S-supergravity played exactly the same role there [16, 17]. Thus,
as argued in the Introduction, we make the natural assumption that the derivatives give
analogously in g-supergravity the SUSY variations; this is what we now detail.

Type ITA and IIB standard supergravities have two pairs of chiral fermions; the NSNS
contribution to their SUSY variations is given by

1
5%’42 = ey <VA F SHABCFBC> e?, (2.3)

1
5pt? =14 <VA F ﬂHABCFBC - 5A¢> eh?,



where notations are defined in the Introduction and appendix A, and "2 are the SUSY
fermionic parameters, while the upper, lower, sign refers respectively to the number 1, 2.
These conventions match those of [25], except for the + there denoted 1,2 here, and the
use here of flat indices. The above variations can be rephrased in terms of the following
Spin(9,1)xSpin(1,9) derivatives

Dae? = (vA + ;HABCFBC> e, (2.4)
Dye' = (vA — ;HABCFBC> e,

4D et = <PAVA — 2—14HABCPABC — FAﬁAqS) e,

D€ = <FAVA + iHmrm - FA6A¢> e,

where the indices A A and spinors €', €2 are here related to each Spin group respectively.

One has [25]
0k = e Dget, 03, = e yDaé?, (25)
§pt =TAD €', 6p? = FZDZez,
using (A.10), and considering the vielbeins aligned. As explained previously, we consider
now the fermionic SUSY variations of (-supergravity to be given analogously by (2.5),

where we replace the vielbein e by é, the fermions w]l\}[2,p1’2 by 1;}/’[2, ph2, and use the
following derivatives determined in [16]

e 1 e

DA62 = (VA - UADVD - 877AD7]BE77CFRDEFFBC> e ) (2'6)
e 1 -

Dyel = (VA T L 8%TIBE77CFRDEFFBC> e

|
I4Dye! = <FAVA —TnapVP + ﬁTIADnBEWCFRDEFFABC
—T404¢ — Tnap <5B050(5 - TB)) e,
_ _ _ -— 1 -
A 2 A A D DEFRABC
" Dge” = (F Va+ 1"V + o mapipsier T T

TG Ty (ﬂ@%é B TB)) &

where the covariant derivatives V 4 and VA are defined in appendix A, and on spinors as

1
Vae = 0p€ + ZwABCnBDFDCE, (2.7)
. 1.
Ve = —ﬂABﬁge + ZU.)ACB’I’]BDFDC(?, (2.8)



and @ is the spin connection of 6, related to the @-flux as in (B.6), that was denoted wg
in [16, 17]. The tensor T4 = VpB4E often appears with the dilaton in B-supergravity,
because the above combination comes from the R™ factor in the Generalized Geometry
formalism [16, 17]; later on we will use the following expression and notation

1 1
T4 = —Qp™ + 585 fpe, T =—58" s (2.9)
We refer to the Introduction and appendix A for more conventions. From (2.5) and (2.6),
with aligned vielbeins, we deduce the NSNS contribution to the fermionic SUSY variations
of both a type ITA and IIB [-supergravity: it is given by (1.2), that we repeat here for
convenience

L o1
Syt =&t (VA +napVP — 877AD773E770FRDEFFBC> e? (2.10)

B . -~ 1
5p? = (FAVA FIapVP + ﬂ’?ADnBEnCFRDEFFABC

—T404¢ F T (5805065 - TB)) b’

2.2 Compactification ansatz and resulting conditions for a supersymmetric
vacuum

We now specify an ansatz for the fields, suited to the compactification of a ten-dimensional
background on a compact internal six-dimensional manifold M. Then, we will study the
decomposition of the previous SUSY variations accordingly, and deduce conditions for a
SUSY vacuum. To start with, we consider the following ten-dimensional metric

ds? = eQA(y)g}W(ﬂs)dx“dx” + Gmn(y)dy™dy™ , (2.11)

where Latin indices are the internal ones, and Greek indices are the four-dimensional ones;

e?4 is the warp factor. The ten-dimensional vielbeins are then decomposed into

Ay =%, = AWES () e = E(y) (2.12)
The ten-dimensional 847 is chosen a priori non-trivial only along the internal directions, i.e.

B =% =g =0, BPy). (2.13)

This ansatz allows to compute the various components of the ten-dimensional fluxes f, Q,
R, and those of the spin connections w and &. This is detailed in appendix B.1.

We now turn to the spinors, in particular to the ten-dimensional SUSY parameters.
In agreement with the above metric, the Lorentz group and its spinorial representation is

split in two factors; €2

should accordingly be decomposed on a basis of internal spinors.
However, we restrict ourselves to backgrounds with A/ = 1 preserved SUSY in four dimen-
sions, so consider only one external spinor (. We are then left with two internal spinors

77_1;2, and the decomposition is
Im{i=@®%+¢®%.’ Im{i=ﬁ®%+¢®%
€ =GN+ ®n =GN +C®n

the distinction between the two theories coming from the chiralities denoted with +.

: (2.14)

The six-dimensional and four-dimensional spinors are Weyl, and Euclidian respectively



Lorentzian. This implies the complex conjugations (n.)* = n° and ((4)* = (-. We also
consider 7', (y) and (4 (z). The ten-dimensional spinors are Majorana-Weyl, hence real, as
given by the sum of the two terms in €’. The ten-dimensional I'-matrices are decomposed
similarly, in terms of the six-dimensional v* and four-dimensional v*. The properties of
the latter, together with the components of the spin connections, allow to obtain the vari-
ous components of the two spinorial covariant derivatives V 4 and VA. This is detailed in
appendix B.1.

Finally, let us further specify the external part: the four-dimensional space-time is cho-
sen maximally symmetric. The three possibilities (Mink, AdS and de Sitter) forbid to single
out a vector, implying d4¢ = 0 in the background. In addition, the four-dimensional co-
variant derivative V,(, generically decomposed on a spinor basis, is then at most given by

L
Vals = gnte” nas7"Cx (2.15)

Let us comment on the coefficient. First, one can verify that V, carries a factor e=4.

Indeed, starting with the coordinate derivative 0, the multiplication by é*, brings such a

_Awdﬂaf. The matrices v* do not carry such a factor, since

factor; also, one has wo/j7 =e
they satisfy the Clifford algebra. So we get V, = e 4V,4. This factor, manifest on the
r.h.s. of (2.15), then carries the whole dependence on the internal coordinates. The generic
i+ is thus restricted to be a complex function of the external coordinates.* For Mink and
AdS (de Sitter does not allow to consider such a spinorial equation), the value |u4|? is
actually known to be related to the scalar curvature, i.e. to the cosmological constant.> We
thus restrict p+ to be complex constants, differing at most by a phase. SUSY will impose
1+ to be the complex conjugate of u_ = p.

We are now interested in vacua satisfying the compactification ansatz just described
and preserving AV = 1 SUSY. While not strictly necessary for SUSY, we make the ad-
ditional helpful assumption that the internal spinors ni are globally defined and non-
vanishing. Given a metric and an orientation on M, this further assumption reduces the
structure group of the tangent bundle, for one spinor to SU(3), and for two (i.e. not parallel)
to SU(2). Requiring the existence of such spinor(s), i.e. having a reduced structure group,
is a useful topological constraint allowing to consider equivalently specific globally defined
forms on M. In GCG, the structure group of TM @ T*M is reduced to SU(3)xSU(3) by
the existence of globally defined 771. This equivalently defines the pure spinors ®, that
can be viewed as polyforms (sums of forms of different degrees), as described in section 2.3.

414 defined in (2.15) can a priori change according to the theory ITA or IIB, although we do not denote
it differently here. In [77], this quantity is related to the vacuum value of the superpotential, with a sign
change in between the theories. Here we will rather introduce the sign ¢.

®Using relations with superpotential and scalar potential, the equality 3|u—|?> = —A was derived in [77].
We give here an alternative derivation. We use dotted flat indices for a purely external dependence; 7,4

and v* are the same as without dot, and are constant. On the one hand, from 4[V, V,B']C+ = Rdmﬂ*‘ig,
one gets using (A.10) and symmetry properties 2v° [Va, Vi]¢s = —Rd[ﬂﬁg. On the other hand, using
definitions of V, symmetry properties of w, and [v&,~4P7] = 4Py, one shows Vg4 (YP¢e) = ¥PVa(Cy).
From this, (2.15) and (A.10), one gets 2’yﬁ[vd,VB]C+ = 3/L+,u_77d3'yﬂg+. With R4 = 4A, we conclude
Bpp— = —A.



In addition to this topological condition, the spinors will have to satisfy differential con-
ditions. These are derived from the fermionic SUSY variations, that have to vanish in a
SUSY background. We obtain these conditions in the following, by setting (2.10) to zero
and imposing in these equations the above compactification ansatz (using as well material
of appendix B.1).

We start with the vanishing variation of the gravitini (2.10): in type IIB, it gives on
the internal directions

|
(G ® <Va + 10V — gnadnbenchdef vbc> ny’ (2.16)

~ 1
+C7 ® (Va * nadvd - 8nadnbenchdef7bc> 77&2 =0,

and in type ITA one should change the chirality on the n?. Projecting by chirality imposes
both lines to vanish. The two lines are also complex conjugate, so the only conditions are
(in type IIB)

~ 1
(Va + 70V — Snadnbenchdef’ybc> ny?=0. (2.17)

On the external directions, we obtain in type I1B

1 1
(Va ®1+ 5%576’7(4) ® 77044 + 5%5757(4) ® Vcncdﬁdeaefl) =0 (2.18)

1 _
& Snapr? G ® (poe 4 (Y004 £ o oo A) n'y?)

1 _
+570577¢- ® (nre™ni? = (v90ad £ 1neaB™0.A) ) = 0,
and for type ITA one should change the chirality of the n?. Again, both lines should vanish,
from which we deduce p% = p_ = p. So the only conditions are (in type IIB)

w2 4 ey (04A £ ngef0.A) it = 0. (2.19)

Note that having Mink (u = 0) is equivalent to a constant warp factor; this is due to the
fact we only have NSNS contributions.® We finally turn to the variation 652 in (2.10). A
few computations, using in particular vanagfyﬁ =4, lead to

optt = (7“Va ®L+ 74 ® inadnbenchdef e (2.20)
+ (1) ®7° (Va + 00 (24 — 0) F 14V F naaBP0: (24 + ¢) + nade>>el’2
= ® <2u—eAn1’2 + <21477ad77be77chdef e
#9"(Va + 00(24 = ) F naaV? T 10aB*00(24 + 6) & MTd))ﬁ?)

B 1
+® <2u+e Apl2 _ <2477ad7]be7lchdef yebe

+ 4" (Va + 00 (24 — @) F 14V F 00aB¥0: (24 + ¢) £ nade>>ni’2>

SWe reached the same conclusion in [16], using the equations of motion and a few more assumptions,
such as a constant dilaton. Here, it comes from SUSY.
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for type IIB, while for type IIA one should change the chirality on the n?. Setting this
variation to zero imposes both lines to vanish, from which we deduce again p% = p_ = p,
and the two lines are then complex conjugate. We are left with

1
2u nh? + 6A< Nadbelef R 42 + v (V +0,(24 - ¢)

24

F 1V F 1aaB0c (24 + 6) £ nad T d))ﬁig ~ 0.

To summarize, the backgrounds of interest satisfy the above compactification ansatz and
admit an SU(3)xSU(3) structure. In addition, they verify in type IIB the following three
constraints, namely the SUSY conditions or Killing spinor equations

pnt? et (FA+ B A 2 =0 (2.21)

~ 1
Vant? = (‘T‘Uadvd + gnadnbenchdef 'ybc> ny? (2.22)
Yinb? — —2ueAnt? — ( R+7(24-9) TV F 8,24+ 9) + T) et (2:23)
(for type ITA one should change the chirality on the 5?) where we introduced the notations

. 1
=100, Y=1"Va, Bo=r" 15", ¥ ="V, T=A"1tT", R= aatlberics R/

2.3 Supersymmetry conditions in terms of pure spinors

We now want to formulate the previous SUSY conditions using pure spinors @, for moti-
vations discussed in the Introduction. To do so, we follow closely the procedure described
in the appendix of [27]. @ are defined at first as the following bispinors

e =nieny, ¢ =nien. (2.24)

The product can be expressed thanks to the Fierz identity given in six dimensions by

6
1 1
77+ ® 77 - Z k! (n+T7(1k a177+) 'Yalmak s (225)

where indices are lowered by the flat metric. In addition, the Clifford map relates antisym-
metric products of y-matrices and differential forms

C= Zk, ) €A A e = Zk, SR G (2.26)

Thanks to this map, the above pure spinors can be viewed as polyforms, i.e. sums of forms
of different degrees; note that ®4 in (2.24), expressed with the Fierz identity, should be
understood as slashed. @, are examples of Spin(6,6) spinors on TM@T* M, as considered
in GCG. Being bispinors, they are as well Spin(6) x Spin(6) spinors; similarly, they are pure
because they are built from two pure spinors (any spinor is pure in six dimensions). As
mentioned in the previous section, we require them to be globally defined, which reduces the
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structure group of TM@T*M to SU(3)xSU(3). On the tangent bundle, this gets declined
into an SU(3) or an SU(2) structure group. For example, &1 for an SU(3) structure are
given as polyforms in (3.3) in a simplified case. More details on such examples are provided
in section 3.1. The pure spinors are acted on by Cliff(6,6) I'-matrices, from which one can
construct a chirality operator. Through the Clifford map, their chirality is simply related
to the degree of the forms, i.e. the summation runs only over forms of even, respectively
odd, degree, for positive, respectively negative, chirality. This is equivalent to the number
of y-matrices, so via the Fierz identity, it is related to the chiralities of the n’: ®, or ®_
is of positive or negative chirality.

Reformulating the SUSY conditions on the 1’ (2.21)—(2.23) as polyform equations on
the pure spinors essentially amounts to compute the exterior derivative

d@i e Va(pi . (2.27)

To do so, we write (2.27) with y-matrices acting on the 7, thanks to the Clifford map
and the bispinor expressions. We then use the above SUSY conditions, and finally rewrite
the resulting expression in terms of forms, using the Clifford map backwards. The whole
procedure, with the required properties of the Clifford map, are detailed in appendix B.2.
Note the following subtlety. We obtain at first expressions for d® that are simpler than
the final ones (1.6) and (1.7). Establishing them only required to use (2.22) and (2.23),
but not (2.21). This is due to the absence of a RR contribution. We nevertheless follow
further the procedure of [27] for standard supergravity, and construct from (2.21) another
form expression, that should be given by the RR fluxes but is here vanishing. We add this
quantity (as in [27]) to one of the d®4 obtained. This eventually results in (1.6) and (1.7),
that we repeat here for convenience

9 (d—%a : La-i-Tv—l-R\/) (e*¢3<1>1) te24 (d+6a.ba) (€24)® = 22 e Ay Re(®y) (2.28)
e? (d — V. ta +7T v +Rv> <e_‘£<1>2> +e24 (d + Ve La> (€2A)<I)2 (2.29)
=3¢ e A ilm(u®,) + e (d —Vve. La> (e?) @2,

where @ 5 and € depend on the theory (1.5). The sign ¢ can be viewed as a change of u
in between the two theories, see footnote 4.

Let us comment on these pure spinors conditions, and compare them to those of
standard supergravity given in (1.3) and (1.4). The NSNS sector of the two theories
are known to match for vanishing b and 5. Here, one can verify that the pure spinors
conditions do agree in that case, which is a non-trivial check of our result. More generally,
it is remarkable (and another confirmation of our result) that the differential operator
acting on the pure spinors in both theories is precisely the Dirac operator D discussed
in the Introduction. This was anticipated in [17] where D was computed for the two
theories, as given in (1.8) and (1.10). This Dirac operator D = I'AD 4 was obtained from
the Spin(d,d)xR* derivative D4 for a d-dimensional space-time [16, 21, 25, 49-53] and
the Cliff(d,d) T**-matrices, for which we took a representation as forms and contractions.
Using the expressions of D in terms of fluxes (1.9) and (1.11), the nilpotency D? = 0 was
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shown to give the Bianchi identities of the NSNS fluxes [17]. Here, ®; 2 being Spin(6,6)
spinors, they are naturally acted on by the Dirac operator in both theories, and the pure
spinors conditions can be viewed as Dirac equations (with r.h.s.).

Let us now focus on the particular case of a Mink space-time (= 0): it provides an

interesting characterisation of the background in standard supergravity, as discussed in the
Introduction. Here, (2.28) and (2.29) reduce to

e (A= V" ta+ T v +RV) (€7901) + 724 (A4 V1, ) ()01 =0 (2.30)
e? <d —ve. la +T Vv +Rv> <e_d~’ Re <I>2> +e 4 (d 1+ 3Ve. La> (eA) Re®y; =0 (2.31)
e? (d — Ve + T v +Rv> (e“g Im <I>2> +e A <3d v [,a) (eA) Im®y =0. (2.32)

In contrast to standard supergravity, the warp factor terms can here not be factorised with
the dilaton, because of the sign in front of V@ (e2A) tq. In other words, the condition (2.30)
cannot be written (in full generality) as a pure spinor closed under the Dirac operator D
of (1.10). We do not get the analogous to the GCY condition, but still have the analogous
to the generalized complex structure condition, as discussed in section 4. Since these warp
factor terms cannot be absorbed within D, they can be understood as a (new) effect due to
the compactification, that goes beyond the manifold M and the Spin(6,6) xR structure of
D; they are reminiscent of the underlying ten dimensions. Nevertheless, in the particular
case of backgrounds for which %d,A = 0, e.g. when 3 is only non-zero along isometry
directions (see [17, 19] for related discussions), the warp factor terms can be factorised. We
are then back to a situation analogous to standard supergravity, where the pure spinors
conditions are expressed purely in terms of D (and RR). The corresponding background
characterisation is discussed in section 4.

The pure spinors conditions (2.28) and (2.29) have been derived using the three SUSY
conditions (2.21)—(2.23), meaning that the former are necessary for SUSY to be preserved
in the backgrounds considered. It is important to study whether they are also sufficient:
this would guarantee that a solution to (2.28) and (2.29) does preserve SUSY. In addition,
this would allow to trade solving Killing spinor equations for form equations, which is of
practical interest. Following the method of [27], we address this question in appendix B.3.
We conclude that (2.28) and (2.29) are not sufficient: they allow for a remaining freedom
or ambiguity with respect to the SUSY conditions. However, we argue that this ambiguity
should be fixed in presence of RR fluxes. Moreover, the RR contribution is expected to
simply consist in an addition to the r.h.s. of (2.29), in analogy to standard supergravity
with (1.4). Therefore, the results established in this paper remain useful, the discussion on
the structures appearing, such as the Dirac operator and the related background charac-
terisation, is in any case relevant.

3 The superpotential

In this section, we first come back to pure spinors defining an SU(3)xSU(3) structure and
discuss their properties. They allow to write down an expression for the NSNS part of
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the superpotential obtained from standard supergravities, as reviewed. The appearance
of the Dirac operator leads us to propose a corresponding expression from [(-supergravity,
that includes non-geometric fluxes. This proposal is compared to the literature and further
discussed.

3.1 SU(3)xSU(3) structure pure spinors and standard N = 1 superpotential

The pure spinors ®+ have been defined as bispinors (2.24) in terms of the internal spinors
nli’Q. For globally defined 7., one gets an SU(3)xSU(3) structure group on TM @& T*M
(see sections 2.2 and 2.3). The corresponding structure group of the tangent bundle then
depends on the two internal spinors: for n}r and 77?F parallel, i.e. proportional, one gets
an SU(3) structure; otherwise one has an SU(2) structure. For the latter, the differential
conditions on the pure spinors impose to distinguish further two cases: for n}r and ni
orthogonal, i.e. related by a gamma matrix, one gets an orthogonal (or static) SU(2)
structure; if the two spinors are neither parallel nor orthogonal, one gets an intermediate
SU(2) structure. If the angle between the spinors is actually varying on M, one talks of a
dynamical SU(2) structure. We discuss more and provide references on these various cases
in section 4.3.

Thanks to the Fierz identity and the Clifford map, the pure spinors can be viewed
as polyforms. The corresponding formulas for ¢ vary accordingly to the cases just men-
tioned: the different expressions can be found e.g. in [78]. One has for an SU(3) structure

2 2

o, = m8|ei'9+e_“, d_ = —iell- ’CLS‘Q, (3.1)
where J is a real (1,1)-form and Q is a (3,0)-form, with respect to an almost complex
structure. These forms satisfy further conditions we will come back to; for a CY they are
the Kéhler form and the holomorphic 3-form. |a| is related to the norm of the internal
spinors; those are taken here to be of the same norm, as is the case in presence of an
orientifold plane. The latter in turn further sets |a|> = e, that we will also use. In the
following we will consider a constant warp factor and constant phases 04, as done for most
of the formulas for the superpotential in the literature. The orientifold when present then
fixes the phase 6, while 6_ is left free (that phase is not physical) [79]. We thus choose
for convenience 6_ = m, while 0, will be fixed as

03 or O7: €% = +i, 05 0r 09 : €% = +1, 06 : ¢+ is free. (3.2)

Note that O4- or O8-planes do not allow for an SU(3) structure. Also, for an O6-plane, ¢!+
is sometimes taken to be 1 in the literature. Given the fixing of these various parameters,
we will consider in the following the simpler SU(3) structure pure spinors (1.17)

) =% 20 =iQ. (3.3)

With the above assumptions, the pure spinors conditions for SUSY in standard supergrav-
ity (1.3) and (1.4) simplify to

e?(d— HAn) (e_¢<I>?) =2 ey Re(®9) (3.4)

e?(d— HA) (e*‘i’@g) =3ce 4 iIm(z®?) + RR. (3.5)
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In general, two pure spinors ®; and ®3 of GCG defining an SU(3)xSU(3) structure
satisfy some compatibility conditions. Those include conditions on the norms, that need
not be specified here, and the following

(B1, (v v +EA) D) = (D1, (v v +EA)DP) =0, V(v +&)eTMOT*M, (3.6)
where the Mukai product is defined as taking the top (here six) form
<\I/1, \I/2> = \Ifl A A(\Ifg)‘top, (37)

and A brings a sign by reversing all the form indices. The compatibility condition (3.6) can
also be formulated with matrices TA. In the case of an SU(3) structure, this leads to the
condition

JAQ=0, (3.8)

which can also be understood from the almost complex structure.

We now turn to the superpotential for which we will use the various properties just
described. The superpotential W of the N' = 1 four-dimensional effective theory obtained
from standard ten-dimensional supergravities has been formulated in terms GCG pure
spinors: this was done for an SU(3) structure [80, 81] (see also [82]), and then for an
SU(3)xSU(3) [77, 83, 84] (see also [85] for a uniform presentation; note the last three
references contain warp factors). Up to the RR contribution, this superpotential can be
written for a constant warp factor as

Wis = CJM@)?, (d— Hn) (e—¢1m ¢g)>, (3.9)

with a constant C' and the Mukai product defined in (3.7). Let us comment on this expres-
sion. For a supersymmetric Mink vacuum without RR, (d — HA) (e‘¢ Im @g) vanishes; in
case RR are present, their contribution to the superpotential is also precisely the one that
cancels (3.5). So the formula (3.9) gives W = 0 as expected. Another way to see this is to
use [27]

f <\I/1,(d—HA)\I/2>=J <(d—HA)\Ifl,\I/2>, (310)
M M

to rather get (d — H A) ®: the other condition (3.4) makes again the superpotential vanish
for a Mink vacuum, up to a derivative of the dilaton. This last derivative should however not
contribute because of the compatibility condition (3.6), as we will see below.” Finally, for
an AdS vacuum, one gets from (3.4) or (3.5) that W is related to u, so to the cosmological
constant, as expected [77]. Let us mention as well that Wyg can be rewritten without H
but with e~® on both pure spinors, thanks to (1.13), leading for an SU(3) structure to the
standard J. = b + iJ combination.

"Note also that a constant warp factor typically leads to a constant dilaton in the (SUSY) vacuum.
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3.2 Proposed superpotential and comparison to the literature

The formula (3.9) was extended in [2, 64, 84] to include non-geometric fluxes. Performing
a dimensional reduction, these papers further compared their W to corresponding four-
dimensional superpotentials expressed in terms of moduli [11, 63]. To include @- and
R-fluxes, the idea was to replace d — H A by a more general derivative operator, such as
the Dy of [64] discussed in details in [17]. So we naturally propose here for the (NSNS)
superpotential (with constant warp factor)

Wis = CJ (e ?®9, D Im 3Y), (3.11)
2 Jm

as already mentioned in (1.16); D is the Dirac operator discussed previously. Picking for
the latter the standard supergravity one (1.8), the general formula (3.11) reproduces the
standard W (3.9). Doing the same in [-supergravity leads to an expression for W with
non-geometric fluxes. A difference with previous papers is that () and R have here a ten-
dimensional interpretation. We now compute this superpotential more explicitly for an
SU(3) structure, and compare our results to formulas of the literature.

We use the expression (1.11) for the Dirac operator in S-supergravity, and the various
definitions. We also consider that the coefficients in flat indices of the SU(3) structure
forms, Jup and 4., do not depend on internal coordinates: these coefficients are usually
replaced by moduli, that only have a four-dimensional dependence. Finally, we recall that
J is a real two-form. In type IIB, we obtain at first

WstiCJ 6_&<Cgf<><]+826QO(J/\J)—F;?RV(J/\J/\J) (3.12)
M .
+C¢9dq~5/\J+820<T—6¢~)>\/(J/\J)> nQ,

with ¢y = cos(0), sg = sin(f;). More explicitly,

1
fod =5 f wle & A NG (3.13)
1 1 be 1 ~a ~e ~f
5 Qo(JnlJ)= §Qa §JCbJef — Jeedpf | ECNENE
1 1 abc 1 1 e« f 29
30 Ry (JAJAT)= §R §Jchaleg — cherfJag e“nel ne
1 N 1 1 be ra abAa 7 ~e ~f . =
§(T—V¢))\/(J/\J)=§ —56 e + B0w@ | JaeJrg €N ET A E9.

The last equation indicates that (T — 6&) v (J A J) is proportional to J. This implies
that the second row of (3.12) is proportional to J A Q. Requiring an SU(3) structure, i.e.
enforcing the compatibility condition (3.8), then makes this second row vanish.® Note this

8This reasoning could be generalized to a generic SU(3)xSU(3) structure with the condition (3.6),
allowing to discard the dilaton terms, or more precisely the terms due to the R* factor. The corresponding
terms at the level of DFT are also truncated in [65] thanks to another argument: the orientifold projection,
considered odd on the winding. Interestingly, we do not need this projection so far here.
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property needs to remain true despite the moduli fluctuations. Using further (3.8), only
some terms remain from the (- and R-fluxes contributions: we get effectively the following
reduced actions

1 1
5 Qor(JnJ) = —iQabCJCQbeéa/\ enel (3.14)

1 1
5 Bve (Ta T Ald) = ngabCJcerfJagéeA N (3.15)

Finally, let us distinguish between the possible phases according to the choice of orientifold.
Note that the notion of orientifold is not really defined in the context of S-supergravity,
since the RR sector has not been studied so far; the distinction between O3, O7, and O5,
09, should then be viewed more formally as a choice on the phase #,.° Absorbing the
possible minus sign of (3.2) in a redefinition of C', we get

O3 or OT: WNgziCJ e? <;Q<>,« (J/\J)> nQ, (3.16)
M
. - 1
05 or O9: Wstin e_¢<f<>J+3'RvT(J/\J/\J)>/\Q. (3.17)
M .

Let us compare these formulas to those in the literature. The first superpotential with
non-geometric fluxes was proposed in [11] based on duality arguments, and was given in
terms of moduli (STU model). This expression was recovered in [63] for type IIB with an
O3-plane from an expression in terms of internal forms; we compare the latter to our (3.16).
Forgetting about the H-flux, we find an exact agreement, fixing C' = —%. The same type
of contraction as Q¢ appears in the superpotential of [63], as well as in [65]. For the case
of an O5- or O9-plane, we have not found in the literature an expression in terms of forms
to be compared to our (3.17); this expression is then new to the best of our knowledge. It
could be used as well for heterotic (see footnote 9). One should still perform the expansion
and integration on a form basis to get the expression in terms of moduli. This is however
beyond the scope of this paper. From T-duality arguments, our expression (3.17) looks in
any case very plausible.

We now turn to type ITA, that should be compared in the literature to the case of an
O6-plane. Our formula (3.11) leads to a D Re ). This quantity however does not appear
in the literature, except in [80] but without non-geometric fluxes, and in [84] where it is
only implicitly proposed. On the contrary, D is rather acting on ®J in [63] and [64]. Such
a situation could only be reached after integrating by parts with D, similarly to (3.10).
While the latter holds for standard supergravity thanks to the absence of boundary on
the compact M and the H-flux acting with a wedge, the analogous result for D in -
supergravity is not obvious to derive, because of the contractions on forms. A proof might
still be obtained using the specific form (1.14) of D, or that D, a Dirac operator, acts on
pure spinors, or comparing expressions of the superpotential in terms of moduli. In any
case, let us assume here that this property holds, i.e.

f (¥1,D¥y) =J (DVy, ¥y, (3.18)
M M

9The 05, 09, case is also sometimes discussed, in the literature on superpotentials, with heterotic, as
the two are simply related by S-duality.

,17,



allowing us to start in type IIA with
- C 30 0
Wns = 5 M<D (e <I>1> ,Im @5 (3.19)

Pursuing the same reasoning as in type IIB, we derive from (3.19)

- . b 1 i
WNs=—e‘9+CJ e~ (ifoJ+2 Qor (JAJ)+§ Rv, (J/\J/\J)> AReQ. (3.20)
M .

This formula agrees completely with the proposal of [64], up to fixing C'. The same goes for
the comparison to [65], up to a redefinition of (2, and a conventional minus sign difference
in the R-flux. Finally, our formula agrees with that of [63], up to C' and numerical factors
in the contractions.

The comparison of our proposed W and formulas of the literature implicitly considers
that the ten-dimensional non-geometric fluxes of S-supergravity are the same as the four-
dimensional ones. This has worked well so far, but in type ITA, we did not reach formulas
with explicit moduli dependence.'® Indeed, a derivation of the moduli formula of [11]
does not seem to have been performed directly in the literature, its comparison to other
expressions is usually rather done thanks to duality arguments. In [65], an oxidation is
made in type ITA, instead of a reduction, and ends with a comparison and matching of the
DFT Lagrangian of [53]. Since S-supergravity fluxes (and Lagrangian) agree with the DET
ones, upon the strong constraint and setting b = 0 [16], we would conclude on a matching
with [65]. In the latter however is indicated a difference between ten-dimensional and four-
dimensional fluxes, on the contrary to what we have considered so far. This discrepancy
might be related to the way four-dimensional scalar fields, loosely called here moduli, are
defined. Following STU models, the authors of [65] include the fluctuation of the b-field in
a modulus; in S-supergravity, we would obviously not get such a modulus when expanding
of our superpotential. It is unclear whether the b-field modulus would simply be traded for
us into a [ modulus, because there is actually no explicit dependence in S in (3.16), (3.17)
and (3.20). An expansion of our superpotential may then only include the geometric moduli
and dilaton, and the comparison should thus be done at that level. These points deserve in
any case more study. Still, we conclude that the general formula(s) proposed here for the
superpotential, depending on the Dirac operator, reproduces remarkably well expressions
in the literature in terms of structure forms and non-geometric fluxes.

4 Geometrical characterisation and more on the 3-twist

For both standard and S-supergravity, the Dirac operator (1.8) or (1.10) can be rewritten in
terms of exponentials, either of the b-field (1.13) or of 5 (1.14). The rewriting of the former
is straightforward, and we prove the latter in appendix C.1; let us recall this result here

DA = 2¢%¢PVd (e—ﬁve—i’A) . (4.1)

YDoing so would allow a comparison to [86, 87] where new non-geometric terms were obtained from
M-theory. They are however unlikely to be reproduced here, due to the assumption of an SU(3) structure.
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As discussed in the Introduction, these exponentials can be viewed as twists on TM@T* M,
already by looking at the generalized vielbein & or & (2.2) corresponding to each theory.
We discuss this point in more details in the following, and argue how this is crucially
related to the geometrical characterisation of (SUSY) backgrounds of -supergravity. We
further elaborate on the consequences of this S-twist, for the RR sector, and in relation to
intermediate and dynamical SU(2) structure solutions.

4.1 Geometrical characterisation of the backgrounds

Conditions for preserving SUSY usually provide a geometrical characterisation of the man-
ifold M, the prime example being the Calabi-Yau. As mentioned in the Introduction, the
formulation in terms of GCG [28, 29] has provided such a characterisation in presence of
background fluxes (see [27, 85] for reviews). We analyse in this section the situation for
[b-supergravity. Let us first recall some terminology, and the results for standard super-
gravity. To each pure spinor @ (here of non-zero norm) corresponds a generalized complex
structure (GCS). Having a pure spinor satisfying

d® = (v v +EA)D, (4.2)

for some (v + &) € TM @ T*M is equivalent to its GCS being integrable: M is then
generalized complex. Furthermore, if ® is closed, M is a generalized Calabi-Yau (GCY).
Finally, having a generalized Kéhler manifold requires two distinct closed pure spinors.
For standard supergravity, a SUSY Mink background with H = 0 asks for M to be a
GCY [26, 27]: the pure spinor e?A=9®, in (1.3) is closed for 4 = 0 and H = 0. In absence
of RR fluxes, with a constant warp factor, the second condition (1.4) further constrains to
a generalized Kéhler manifold (reviews on this case can be found in [88-90]). The GCY
characterisation was proven useful, leading for instance to an extensive search for solutions
on six-dimensional nilmanifolds, as those are all GCY [91]. In presence of a closed H-flux,
the corresponding b-field induces a twist; a pure spinor closed under d — H A, as in (1.3)
with @ = 0, then characterises a twisted GCY. The twist by the b-field can be seen through
the rewriting d — HA = e de~?", or in the off-diagonal block of the generalized vielbein
€ (2.2), as discussed in the Introduction. It twists the local TM @ T* M into the, globally
non-trivial, generalized tangent bundle Erp.

We now turn to S-supergravity and the pure spinors conditions (2.28) and (2.29), to
study whether an analogous characterisation can be obtained.!! We focus on the Mink
case (p = 0) and the first condition (2.28); the second one is expected to be corrected by
a RR contribution. We thus look at (2.30), written with the Dirac operator (4.1) as

D@1=—4(¢4A+6Av)¢y (4.3)

This equation is analogous to the case of a (b-twisted) integrable GCS, as in (4.2). As
mentioned in section 2.3, whenever VA = 0, the warp factor can be absorbed in the Lh.s.,
to get e24®; closed under D, precisely as for standard supergravity. We now consider this
case in more details, i.e.

DO =0. (4.4)

"For an SU(3) structure, an alternative might be to study the conditions in terms of the SU(3) torsion
classes, and compare them to the fluxes, as e.g. in [92].
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This is the analogue to the b-twisted GCY condition. In the Dirac operator acting on the
pure spinor, the standard e?” is here traded for eV, as given in (4.1), precisely as the
corresponding generalized vielbein £ (2.2) now has 8 in the (other) off-diagonal compo-
nent. This can also be understood when viewing these exponentials as O(d,d) elements
acting in the spinorial representation on the spinors, with T'A given by forms and con-
tractions, while €& and £ are correspondingly O(d,d) matrices (see e.g. [45]). It is thus
natural in [-supergravity to talk of a twist by 3, and to consider (4.4) as a [-twisted
GCY condition; for g = 0, we recover a GCY condition. If we can make sense of it, the
geometrical characterisation of M is then this g-twisted GCY. Furthermore, in absence of
RR-fluxes and with a constant warp factor (the latter is automatic for a SUSY solution,
from (2.21)), we get from (2.29) a second pure spinor closed under D, analogously to a
twisted generalized Kéhler M.

Under the S-twist, the local TM @ T* M should be globally described by a generalized
cotangent bundle Ep#, discussed in [16] (see also [21]), and given by

M — ET*
! (4.5)
M

i.e. fibered reverse wise with respect to the standard Ep. Characterising precisely M
in B-supergravity as a (-twisted GCY amounts to define properly this E7«. To do so,
there should be global conditions and restrictions on the way [ is patched, analogously
to the cocycle conditions for the b-field and Ep, as discussed in the Introduction. In
addition, for the bundle E7s to be physically relevant for S-supergravity, these patching
transformations of 8 (and of the other fields) should be symmetries of the theory. This was
studied in details in [16, 17]: we found that in general, symmetries of S-supergravity are
not suited to define Ep«; however, by considering restrictions or subcases, we showed that
a symmetry enhancement could occur (as assuming isometries provides T-duality to string
theory), providing new symmetries allowing to construct Eps. We determined in [17] a
class of backgrounds where this scenario is realised. Those admit n isometries generated
by constant Killing vectors, i.e. all fields are independent of n coordinates. In this subcase,
the transformation

Vm,p,q, P — P+l 0, wP!=0, wP!=0 for p or ¢ not along the n isometries (4.6)

with w antisymmetric, is a (manifest) symmetry of S-supergravity, that leaves the non-
geometric fluxes invariant. It is called the S-transform, and is an element of the T-duality
group O(n,n). Backgrounds of -supergravity where fields are patched using S-transforms
and diffeomorphisms were shown to be globally well-defined and geometric [17]; Ep« is
then likely to be defined without obstruction. In addition, such backgrounds were shown
to correspond in standard supergravity to non-geometric backgrounds, themselves T-dual
to geometric ones. The latter admit by definition a standard Ep description, so the Epx
discussed here can be viewed as an alternative and dual description of an existing Ep. It
is traditionally considered that non-geometric backgrounds cannot be described by GCG
and Ep (see e.g. [21, 25, 54] for obstructions), but the construction just mentioned now
seems to provide a description within Generalized Geometry, understanding this formalism
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in a slight extended sense though. An important remaining question is whether there are
other cases than the one detailed above for which constructing FEps is possible; if so, the
hope is that those other backgrounds would provide truly new physics [17]. We sketch in
appendix C.2 an argument that concludes rather negatively on this question.

Let us finally go beyond the structures proposed so far to characterise the backgrounds,
and mention other possibilities pointed out recently in the literature. To start with, bivec-
tors enter in Poisson geometry: for instance, S defining a Poisson structure is equivalent
to a vanishing R-flux.!? This could be an interesting subcase for B-supergravity. For Pois-
son structures in GCG, see references in [93]. A related object is the Schouten-Nijenhuis
bracket, defined with a bivector m: [, -]sn. A differential d, acting on a vector can also be
defined, as being equal to the bracket action (see e.g. [94]). The quantity |7, 7|gn is given
by the R-flux, with 7 instead 3: its vanishing is thus equivalent to 7 defining a Poisson
structure. It is also equivalent to (d,)2 = 0, from the Jacobi identity. For B-supergravity,
one may choose m = (3, or stay more general and consider the two bivectors separately.
For instance, if M admits a symplectic structure, it admits most of the time as well a
Poisson structure (taking, when possible, the inverse of the symplectic form to be the Pois-
son bivector). In that case, one can have two bivectors: the Poisson 7 and the dynamical
field 8. This could provide more structures: for example, one could study whether the
transformation g — S + d,V, with a vector V, is a symmetry of fg-supergravity. Fur-
ther structures have been indicated in the literature. Exponentials e’V for a bivector 6,
similar to the exponential in (4.1), enter in several mathematical contexts, in particular
as f-transforms acting on forms. Dirac structures and related algebroids, or deformations
of them, have been defined from such exponentials as well as b-transforms [95-97].1% Lie
and Courant algebroid structures involving a bivector were also introduced and studied
in [94, 98-100]. There, a symmetry named S-diffeomorphism was considered. In a different
though related construction [101], a new bundle similar to our generalized cotangent bundle
Er+ was proposed; it defines a “Poisson-generalized geometry”, where the patching is done
via (-diffeomorphisms. Unfortunately, neither of these constructions seems to provide a
geometrical description of S-supergravity. Indeed, g-diffeomorphisms are not a symmetry
of the latter, if applied literally on §: a reason for this is that the field redefinition giving 3
from the standard supergravity g and b is in [94, 99] not the same as (2.1). Furthermore, two
distinct bivectors are considered in [101], one with vanishing R-flux: this does not apply to
[B-supergravity in full generality, but could be considered in a particular case, as discussed
previously. One may still wonder whether Ep+ could be defined as an algebroid, and what
bracket should be associated to it. It could be worth studying at first whether the Courant
bracket (or a S-twist version of it) is preserved under S-transforms, in presence of isometries.

2Let us make a side remark. The commutator of two V on a vector V is given by the R-flux and
the analogue for V of the Riemann tensor, namely ﬁm"pq [16, 23]. Considering the square of tm V"™ on
an object V"¢, is then given by the R-flux and ’/é[m”p‘ﬂ, where the latter is actually related to V,R™".
Therefore, for a Poisson 3, the operator P v squares to zero on contractions, analogously to the exterior
derivative d on forms. A corresponding cohomology could then be studied. Here though, this operator
rather acts on forms.

13In [96], these structures are related to D-branes. Combining that work and our results could then lead
to a calibration of SUSY branes with pure spinors, in S-supergravity.
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4.2 On Ramond-Ramond fluxes in 3-supergravity

RR fluxes F), of standard type II supergravities often appear through the polyform F' =
> F,. Forgetting about the Romans mass for simplicity, one has F' = (d — HA)C, where
C is again a polyform, given by a sum of corresponding potentials. Both F' and C are
known to behave as O(d,d) spinors, see [17] for a discussion and references on this point.
This is consistent with d — H A being a Dirac operator (the dilaton can be considered here
constant): the spinor C' acted on with the Dirac operator gives another spinor F. Related
considerations appeared recently in [49, 51, 53]; see in particular [49] for the spinorial
representation. In S-supergravity, we have a different Dirac operator. Several candidates
can then be thought of for the, so far not obtained, RR fluxes:

e A first possibility is simply e®Vd(e#V (). This would essentially result in non-
geometric NSNS fluxes contracting on standard RR potentials. These contractions
may either lead to new types of RR fluxes, or rather complete fluxes of standard
supergravity. In a supergravity theory containing both a b-field and a g, with a
constraint among them, as discussed e.g. in [16], the Dirac operator would a priori
depend on all NSNS fluxes, and applying it on C' would lead to a completion of
the standard RR fluxes, as in [65]. The above possibility e®Vd(e=?¥C) would then
correspond to a subcase in this more general setting.

e Another possibility is to have a different kind of potentials, given by polyvectors in-
stead of forms [16]. A sum of those denoted by = could correspond to another O(d,d)
spinor. The (sum of) RR fluxes would then be given by e?Vd(e~#V+), which would
certainly provide new types of fluxes. This proposal was sketched in [102] where
the first terms of the expressions for these new fluxes were given from deformations.

n [78], B was introduced by picking the generalized vielbein € (2.2) instead of the
standard &£; the RR polyvector potentials just mentioned could appear similarly in a
setting where the RR sector is captured by the generalized vielbein, i.e. exceptional
generalized geometry or field theory. Choosing there a different generalized vielbein,
or equivalently a different group generator in the representations decomposition, in-
stead of the standard one of e.g. [103, 104], could provide a derivation of the RR fluxes
(see also [105, 106]). The latter could then be compared to the above expression.

RR fluxes of g-supergravity may provide an uplift to some of the known four-dimensional
RR non-geometric fluxes [63, 107, 108]. The former would then be new types of fluxes,
which is in agreement with the expressions proposed above. Reproducing four-dimensional
fluxes is however not the decisive criterion. Rather, the RR fluxes should ensure consistency
of the p-supergravity theory, as in standard supergravity. One way to make them appear
consistently would be through a field redefinition from the standard RR fields, similarly
to the NSNS sector.!® It would be interesting to get the corresponding rewriting of the

1411 the world-sheet approach by Berkovits, named the pure spinor formalism, the standard RR fluxes
enter explicitly, and appear again as an O(d,d) spinor. Changing that spinor, or that of the RR potentials,
is one possibility mentioned above, and could correspond to a field redefinition. Note that the NSNS field
redefinition (2.1) is also straightforward on the world-sheet, since it involves precisely the combination g+ b.
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action, and in particular of the standard topological terms involving the b-field. Another
way is through supersymmetry; in particular RR fluxes are expected to contribute to the
r.h.s. of (2.29). If they are given in terms of polyvectors through the above ~, it is yet
unclear how to obtain a polyform expression for them that would fit on the r.h.s. of (2.29).
The correct formulation of the pure spinors conditions may then not be in terms of forms,
but rather with O(d,d) spinors and Cliff(d,d) I'-matrices.

4.3 [-twist and intermediate or dynamical SU(2) structure solutions

When looking for solutions to the pure spinors conditions, it is convenient to distinguish the
three cases of an SU(3), orthogonal SU(2) or intermediate SU(2) structure, as discussed in
section 3.1, each of them being described by a different pair of pure spinors. Those depend
on parameters, namely the “moduli” (radii, complex structure moduli), the phase 6., and
for an intermediate SU(2) structure the angle between the internal spinors ni’z. There are
in addition the norms of the spinors, which are related in presence of an orientifold to the
warp factor. For simplicity, the previous parameters are often set to constants when looking
for solutions. It is however more interesting to get solutions with varying parameters. A
first example are Frey-Grana solutions [109]: those admit an SU(3) structure and allow for
the phase 6 to vary. More challenging are dynamical SU(2) structure solutions, for which
the angle between the internal spinors varies. They can lead to genuinely SU(3)xSU(3)
structure solutions, that interpolate between different structures, for instance having an
intermediate SU(2) structure at most points which becomes an SU(3) structure at some loci
where the angle between the spinors vanishes.'® SUSY Mink solutions with intermediate
SU(2) structure on a compact M have been found in [79, 113] (see also [78, 114] for
clearer formulations). No SUSY solution with such a structure is allowed on AdS, [115,
116]. The differential conditions coming from N = 1 SUSY require M to have some
geometric properties, and those differ for the two SU(2) structure cases; the geometry
underlying intermediate SU(2) structure solutions has been characterised in [117]. For
a Mink dynamical SU(2) structure, the SUSY conditions were given in terms of forms
in [78]. It is notoriously difficult to get such a solution on a compact M and none have
been found so far. One reason is the coordinate dependence together with the compactness
global constraint. Dynamical SU(2) structure solutions have been found as a non-geometric
background [62] (see the related footnote 3), or on non-compact spaces [118-121]; they have
been further studied in [122, 123].16

In section 3.5 of [78], solutions with an intermediate SU(2) structure, denoted (£), were
related by a S-transform to solutions with an SU(3) structure, denoted (]|). As discussed
there, provided a set of conditions on the fields, in particular b)) = 0, one would have

e PV eTPND) 5 = e e OBy 5y . (4.7)

This was shown to hold for pairs of pure spinors on a torus, as well as for those of solutions
found in [27, 113] on a nilmanifold. In both cases, the angle between the internal spinors

15Such a situation can lead to type changing loci, discussed in [90, 110-112] and references therein; for
type change with S-transformations, see also [91].

16 Analogous considerations were made in M-theory compactified to three dimensions in [124, 125]; re-
lations to D7 gaugino-condensation are also mentioned there. In addition, a dynamical SU(3) structure
solution on a seven-dimensional manifold in type ITA is mentioned in [126].
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of the (£) solution was, on the Lh.s. of (4.7), encoded in 3. Suppose now that the angle
between the two spinors varies on the manifold. The (local) intermediate SU(2) structure is
by definition rather a dynamical SU(2) structure. If the angle is still encoded in a 8 through
the relation (4.7), that 3 is also varying.!” The latter could then be interpreted as the field
of B-supergravity, providing a new understanding of a dynamical SU(2) structure.!® Let
us reformulate this idea more precisely.

We recall that the Dirac operator of both standard and S-supergravity can be written
in terms of twists by b or 3, as in (1.13) and (4.1). Consider now the exterior derivative
d applied on both sides of the relation (4.7), and set it equal to zero: the l.h.s. corre-
sponds to a closed pure spinor (or say, solution) of S-supergravity, due to the 5 and (4.1),
while the r.h.s. is a solution of standard supergravity, due to the b-field and (1.13). More
precisely, suppose we have an SU(3) structure solution to the pure spinors conditions of
[S-supergravity on a manifold M. Assume at first its 8 to be constant. Then, if a re-
lation (4.7) is established, it implies that M can admit as well an intermediate SU(2)
structure SUSY solution of standard supergravity, because of b,) a priori non-zero. More
interestingly, if 5 varies (more probable for non-zero non-geometric fluxes), one gets on the
r.h.s. a dynamical SU(2) structure solution of standard supergravity. This would be an
interesting way to generate and interpret such solutions. However, global aspects should
be further studied. Compactness is not guaranteed in this process, global requirements on
B in [-supergravity might differ from those on the angle in the dynamical SU(2) struc-
ture. Constraints due to orientifolds in standard supergravity should also be taken care
of. It would still be interesting to study whether the dynamical SU(2) structure solu-
tions mentioned above, namely [62] and [118-121], satisfy (4.7) and verify this scenario.
The reformulation of the last solutions in terms of S-supergravity could then provide new
holographic interpretations, since they were studied in the AdS/CFT context.

5 Outlook

Motivations for the work done in this paper and the results obtained have been presented
in the Introduction. Various ideas and directions remain to be investigated: some have
been discussed throughout the paper, in particular in section 4, and we mention here a
few more. As described in sections 2.1 and 2.2, a first result was to deduce, from the Gen-
eralized Geometry formalism and DFT, expressions for the fermionic SUSY variations in
B-supergravity. It would be interesting to recover them from a (fermionic) SUSY comple-
tion of the bosonic NSNS Lagrangian at hand. A related question is whether the fermions
of B-supergravity are obtained via a field redefinition from those of standard supergravity,

"The relation (4.7) was shown to hold in [119] where the r.h.s. was a dynamical SU(2) structure solution.
The B was however constant and the dynamic was encoded in another function. More precisely, the r.h.s.
was the Lunin-Maldacena (LM) background [127]. It is given by a (constant) S-transform, equivalent to
a combination of two T-dualities and a rotation, applied to the sphere of the standard AdSsxS® back-
ground [21, 118, 119]. LM is the gravity dual to the so-called -deformation of A" = 4 SYM, a marginal
deformation of the theory that reduces the number of SUSY.

'8The non-abelian T-duality transformation described in [128] looks analogous to (4.7); it would be
interesting to compare the two, given our discussion and the result of [121].
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or rather correspond to different states in the spinorial representations. A similar question
can be asked for the Killing spinor equations. In [129], an expression for the Q-flux, for us
part of B-supergravity, is proposed in terms of spinors of standard supergravity in a non-
geometric background. A relation between fermions of both theories would help clarifying
this proposal.

An important object in this work is the Dirac operator D, that acts naturally on
O(d,d) spinors. It appears in the pure spinors conditions, but also in the superpotential,
in the RR fluxes, in the NSNS fluxes Bianchi identities (BI), and plays an important
role in the geometrical characterisation of the backgrounds. It would be interesting to
determine this operator in other theories, such as the heterotic string. For the latter, pure
spinors conditions were derived in [45], in an N = 1 Mink vacuum. An object, that could
correspond to D, was obtained. It contains dilaton derivatives, and the H-flux with a few
contractions instead of wedges, similarly to the results of [130], and reminiscent of what we
obtained here. Note that the equation involving the H-flux can also be written in terms of
+H , or with the operator d® = i(d—0). It would then be natural that the “S-dual” equation,
i.e. the condition (1.4) where RR fluxes enter with a Hodge star, could be written as well
with d°. This rewriting was obtained in [42]: it involves a generalization of d° depending
on a generalized complex structure J42. Reformulating this generalized operator in a
Spin(d,d) language would be interesting (it could be given by T'A748Dg). This would
provide to the second pure spinors condition a fully spinorial interpretation, while the first
condition was already considered as a Dirac equation. This spinorial perspective could be
helpful, for instance in dimensional reductions.

In standard supergravity, the pure spinors conditions have been used to various ends.
For N' = 1 Mink vacua without NS5-brane, these conditions, equivalent to preserving
SUSY, were shown to imply, together with fluxes BI, that all equations of motion are
satisfied [27, 79, 131, 132]. This result is an important technical simplification when looking
for vacua. It would be interesting to derive the analogous result in S-supergravity. This is
expected to hold using Killing spinor equations instead of pure spinors conditions. Indeed,
as for standard supergravity [25, 70], the S-supergravity equations of motion were written
in terms of the Spin(9,1)xSpin(1,9) derivatives acting on a spinor [17], using the BI. If
these derivatives vanish, the equations of motion are satisfied; furthermore, this vanishing
is precisely the Killing spinor equations, as explained in section 2.1, hence the result.
Reaching the same conclusion from the pure spinors conditions would be interesting.'?

These conditions were also used for the calibration of SUSY D-branes, and similar
results were obtained for NS5-branes (see [79] and references therein).2’ Our results may
then be of interest for 53- or Q-branes, and further exotic branes. Mutually BPS intersecting
NS-branes have been considered in [58]: those could be examples to test these ideas. Our
work may help as well for the world-volume actions of NS-branes, discussed e.g. in [134-137].

19 A notion of generalized special holonomy, defined from extensions of the Spin(9,1) xSpin(1,9) derivatives
to EGG, is considered in [133] to characterise preserved SUSY. Expressing this notion directly in terms of
our Dirac operator and Spin(d,d)xR™ derivative acting on the pure spinors would be interesting as well.

208trictly speaking though, NS5-branes cannot be described in GCG since the latter requires dH = 0. A
related discussion can be found in [76].
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A Conventions

In this paper, the ten-dimensional flat (tangent space) indices are denoted A ... L and the
curved ones are M ... Z. The notation is analogous when compactifying, but we use Latin
indices for the internal directions (a... for flat, m... for curved), and Greek indices for
four-dimensional ones («... for flat, ... for curved). Finally, the index A runs over a 2d
range for a d-dimensional space-time, and denotes the flat O(d,d) index. The formulas given
below are written with six-dimensional indices but are actually valid in any dimension.
The vielbein €%, and its inverse €™, associated to the metric g by gmn = €% Nap éb,,,
allow to go from curved to flat indices. A p-form A is given by
1

1
A= EAmlmmpdxml Aoonde™ = HAal...apéal Ao AEw, (A.1)

The contraction of a vector V- = V™0, = V*J, on A is defined by

1 m m m
Viva= ooV Amm, de A on da (#-2)
It is also denoted by ¢, = €™ 4im, that satisfies the following commutation relations
VvA= VaLaA, {éa7 Lb} = 51?7 {La7 Lb} = 07 <A3)

while a contraction on a scalar vanishes.
The spin connection coefficient wp®. and the structure constant f%,. (or so-called geo-
metric flux) are defined as

Vp(0e) = wpcla, wpec = €"pE%, (On€™c + échnmp) =e"pe", Vyee, (A.4)
e = 28" m0pe™ g = —2€" (.05 €%m (A.5)

and the covariant derivative in flat indices on a vector V' is given by
VoVl = 0,VP + wb Ve, (A.6)

For the Levi-Civita connection, one has the relation (B.4) between w and f. We also use
the other covariant derivative V whose action on a vector V in flat indices is given by
VeVt = —geca vt 4 ge bye (A7)
Its spin connection %" was denoted wg® in [16, 17]; it has a definition analogous to (A.4).
It is related to the Q-flux in (B.6), which is similar to (B.4). We refer to those two papers
for more on this covariant derivative V. Its action on forms was shown to be given by
~a ab L e ~a dc
V1 =—p5 ab’%"‘?@a GALch_Qd le (AS)

where the dot denotes the action only on the form coefficient in flat indices.
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Finally, we consider constant matrices v in flat indices, satisfying the Clifford algebra
and following related properties

{7“,7b} = 2", [V“ﬂb] =2y, where A1 = playe aal o (ALg)

,ya,yb _ nab + ,yab’ ,ya,ybc _ ,yabc + zna[b,yc] ) (AlO)

B Compactification and pure spinors conditions

B.1 Consequences of the compactification ansatz

From the compactification ansatz of the ten-dimensional fields given in section 2.2, we
compute here the various components of the fluxes; we recall they are defined as

fABczzéAMa[BéMC] ; QABC:aAﬁBC o 2/8D[BfC]AD , RABC:3éAMéBNéCPBQ[AIaQﬁNP] )
We get

[y = 2800581, e = 26%m0pE™ e s [0y = =020 A, ["g. = 650.A,  (B.1)
faﬁ'y = fa,Bc = fabv = fabc = Oa

Qu" = 08" = 28" i, Q" = ~035%0uA, Qu™* = 675" 0uA, (B.2)
Qaﬂ’y = Qaﬂ’y = Qaﬁc = Qab’y = Qabc = 07
R%¢ — SBd[anBbc] , any other component of RABC — . (B.3)

From those we obtain the components of the two ten-dimensional spin connections (in flat

indices)
1
waPc nep = B (mepfPac +ncefFoa+nasfpe) | (B.4)
1
waﬂ'y Nps = 5 <n66fﬂa'y + "7’yef65a + naefeéq/) ) (B-5)
W b _ 1 b e e
a c Thd = 9 Modf" ac + Neef da + Naef ac)

Wab'y Nod = _na'yadAa waﬂc Nps = 7704566143

wale = wa’y = W’y = wePe = 0,
&t s" npe = % (nepQs™” + n5pQc”* + nppncen™ QrPF) (B.6)
0" 1ge = % (Uchbad + Mpa Q™ + Ubdncenanfde> : (B.7)
5%° Ny = —0%maB 0 A, %5 Nae = 65neaBl0A,

&/jaﬁ'y _ Eaabc _ &/)ab'y _ &/)aﬁc _ vaﬁ'y =0.

As discussed in section 2.2, the ten-dimensional [-matrices satisfying the Clifford al-
gebra {I'4, TP} = 2p8 are decomposed as follows

Il
o
o

re — 42 @1
rAz{ rel o (B.8)

' =74 ®" a=4,...,9
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The six-dimensional v* and four-dimensional v satisfy as well the Clifford algebra, and
are constant. In addition, the v* are purely imaginary and Hermitian: %7 = ~%. The
chirality operators are given by ) = —iy*9 and Y(4) = iy93: they square to the identity
and anticommute with the other y-matrices. 7(g) is also Hermitian.

Given this decomposition, we compute the following combinations
res — ’Yaﬁ ®1, re — 1 C@,}/ab7 (B9)
1
1 = 2 (i ®7") (P @1) = (4" ®1) (31 ®7%) ) = 7" ®1".

Together with the above components of spin connections, this leads to the following com-
ponents of the spinorial covariant derivatives

Vaa=1®V,, VA0 =1@V", (B.10)
_ 1 b dvy _ 1 B d

Via=a =Va®1 + 2Woz Aol = Vo ®1 + 2"7046’7 Y(4) ®7“daA, (B.11)

—A=a Lo, c L & c e

VA= = 5 g = 37 N @7 NeaB*0:A . (B.12)

These are used in the SUSY variations in section 2.2.

B.2 Reformulation of the supersymmetry conditions with pure spinors

We introduce in section 2.3 the pure spinors @ in terms of which we want to reformulate
the SUSY conditions (2.21)-(2.23). To do so, we will use the Clifford map (2.26), and some
of its properties that we first detail here, before starting the reformulation. For a k-form

Ay, the Clifford map gives the following rules
V= (o) A A = (DSt A, (B13)
that come from identities on y-matrices, such as
{’yb,’yal"'“k} = 2'yba1"‘“’“ for k even, [fyb,'yal"'ak] = 2’yb‘”"'a’c for k odd. (B.14)

One subtlety in the Clifford map is due to the fact that the é* are real while the v are
purely imaginary. This makes a difference when considering a complex conjugation on
forms of odd degree: one has

it @n =b =97, nten =¢_=-37, (B.15)

implying

Re (p®_) =i In(fd7). (B.16)

We now use these properties, as well as the hermitian conjugation of v-matrices

i i
=2, (1) = b, (v7) = =, (B.17)
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to compute the exterior derivative on the pure spinors (2.27). We also use the bispinor
expressions, and the SUSY conditions (2.22) and (2.23) in type IIB. We obtain

297 = {v*, Vad,} (B.18)
= Vi @ni + 90k @ (Van?)' + Vank @ nily + 0t @ (Vi2)'
= <<§7 - %R— g (2A— é) + B2 (2A+ <23> —T) ki — 26‘Aunl) ®u;

o 1 T
S ) (nabvbni + gnadnbenchdef v%i)

8
+ni®<(—€7—iﬁ_a(m_¢2) ~,(24+9) +T) ni—2e‘Aun3>T

o Nt . t
= Vil @n2 + nay*n} ® (Vbni> — Vit @iyt —nl ® (%3)

. 1
+ <_77abvb771+ + —Naapener R vbcni> @2y

1 ot 1 2
— Rk @nt + o @ik

1 2 1 2
- gnadvani ® 2y mene s RS + gnadnbenchdef ~ent @ nye

{7 (24-0) .8, }+ (8, (24+8) ~ T b | 4 Re(n ) .

We rewrite the R-flux terms via the above rules: denoting é* A +n%u, by € + ¢, we get

1 1 = 1
= 5 (R B] = 270y By metiey R + < taamenes R Ay (B.19)
1 1 abc
= —gnadnbenchdef (3 ((é + L)3 —(e— L)3) +(e+)(e— L)2 —(e+ L)2(é — L)) D,
1
= —§RabCLaLbLC(I)+ ,

where the last two lines should be overall slashed. € and ¢ with different indices anticom-
mute, and the R-flux is antisymmetric, so maintaining the indices a,b, ¢ fixed allows to
commute € and ¢ in the second line. With notations of the Introduction and appendix A,
we finally obtain

2007 = [1%, Vb, |~ {7 (24-0) 8.} + (8. (24+ ) - 7.8, |
—2 Rovd] —de” i Im(H97)
_9 (6‘1 g — O <2A . ¢3) & A+ (ﬁ“ba,, <2A + ¢3) - T“) lo — Rv) o,
—4e A ilm(ad_),
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where the last line should be overall slashed. We compute similarly
208” = [*, V.| (B.20)
=Yk @2 + 40k @ (Var2)' = Vanl @0y —nk @ (vi2)]

1 - ~ _
_ <(€7-4R-&<2A—¢) + 8, (2A+¢> —7‘) nh - 2e A;ml_> @l
a, 1 b, 2 1 def,  be, 2 f
+9"N: ® | 1.V 12 + gnadnbench e/

- 1
— <_77abvb77-11- + gnadnbenchdef P 1) @210

o ((F-tra(24-0) -8, (244 ) +T) a2+ 2t
= {7“7 %(IL} — % (2 (R, B} + 100y DA e R + naanpency R 7“%7‘“)
—[?(24-9). 8|+ {8, (24+9) - T8} —4e*uRe(8,) .

and as above

1
-3 ( {R, B} + 10ay" D" Mener R + naanpency R 7bc<I>_7“) (B.21)
1 1 . } 3 } 3 ) abc
= —gnadnbenchdef <3 ((e + L)3 —(e— L)3) +(e+)(e— L)2 —(e+ L)2(6 — L)) P
= —lRabCL Lpte®
= 3 alble™® —

where the last two lines should be slashed, as well as the following resulting one

24 =2<6a =04 (2A—<£) &+ (ﬁ“bab (2A+q§) —T“) to — Rv) ®_ —de ApRe (D).
Using the Clifford map backwards, we finally get for type IIB two equations on forms

e? (d—?“-LﬁTv +Rv) (e—$¢+>+e—“ <d+§%a) ()0, =—2¢" ilm(ud_) (B.22)
e? (d—%a-ba—i—Tv —i—Rv) (e—$¢_)+e—2A (d—i—%awa) (62‘4)@_ =2 puRe(®,). (B.23)

This calculation can be done as well in type ITA: the difference comes from the SUSY condi-
tions (2.22) and (2.23) where one has to change the chirality of n?. The above computation
can be reproduced almost identically considering d®. in place of d®_ and vice versa: this
replaces ni into one another, and the type ITA SUSY conditions can then be used, leading
simply to an exchange of &, and ®_ in the computation. Doing so, commutators and
anti-commutators get exchanged because of the even/odd degree change, but this goes
through without issue; in particular we get eventually the same R-flux term, since (B.19)
and (B.21) give the same resulting action on the pure spinors. The only difference in the
process may appear in the u-terms, because of (B.15), and in the signs induced by the
(anti)-commutators. In the end, we obtain in type ITA

e<5(d—6“-ba+7v+3v) (e—% ) —24 <d+V“ )( 2P — 2eAiTm(udy) (B.24)

é(d v La+Tv+Rv)< é@) —24 <d+va )(2A)CI>+=2e’A,u Re(®_). (B.25)
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The above computation should in principle be completed by RR contributions, that
we do not have here; we would still like to obtain the result as if they were present. We
thus follow closely the analogous computation done for standard supergravity with RR
fluxes in [27] (the result is even specified there not to hold without RR), and we perform
an additional step, which in absence of RR may not look required. It involves the SUSY
condition (2.21), that has not been used so far. From that condition in type IIB, we obtain

0=nt @ (un? +et (PA—B,A)n2)™ = uB_ — e B, (PA - B,A) (B.26)
0= (nnl+e* (FA+B,A)nt) @t =ad_ — e (PA+ pA) B, (B.27)

from which we deduce

0= 2Re(md_) — e {aA,qi} e [ﬁaA,E] (B.28)
s O=eAilm(Ed_) —e A (d —ve. La) (B . (B.29)
We subtract this quantity on the r.h.s. of (B.22) and get
e? (d Ve g+ T v +Rv> <e—<5<1>+) 424 (d rve. La) (24D, (B.30)
— =3¢~ (o) + e (4= V) (1) By

In type ITA, we proceed similarly with the SUSY condition (2.21)

0=nL® (un + e (PA— P,A) 2)"" =y, — et 8 (FA - p,A) (B.31)
0= (un'+e* (PA+B,A)n}) @ull =mdb, — e (PA+B,A) S, (B.32)
to get
0=2ilm(Ed,) — A [&A,qT_] e {ﬁaA,E} (B.33)
o 0= imEe,) + et (4= V) ()3 (B.34)

We add this quantity to the r.h.s. of (B.24) to obtain
e? (d — Ve + T v +Rv) (6—5@7) +e 4 (d + Ve La) (eQA)CIL (B.35)
=3¢ A ilm(Ed, ) + e 4 (d —Vve. La> (eA)E.

There is a priori no RR contribution to the other pure spinor condition, so we do not mod-
ify (B.23) or (B.25). Our final pure spinors conditions are then given by (B.23) and (B.30)
in type IIB, and (B.25) and (B.35) in type IIA, as summarized in (2.28) and (2.29).

B.3 On the sufficiency of the pure spinors conditions

In section 2.3 and appendix B.2, we have derived the pure spinors conditions (2.28)
and (2.29) using the SUSY conditions (2.21), (2.22) and (2.23); in other words, we have
shown that (2.28) and (2.29) are necessary for the backgrounds of interest to preserve SUSY.
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We study here whether these two conditions are also sufficient. Following [27], this amounts
to considering a generic expansion of V7", and of further quantities appearing in (2.21),
(2.22) and (2.23) on a complete basis of six-dimensional spinors. One then checks whether
the coefficients in these expansions are determined by the pure spinors conditions to be
those of the SUSY conditions. It will turn out not to be the case, implying that the
conditions (2.28) and (2.29) are not sufficient. We argue that this is due to the absence
of RR fluxes.

We start by expanding the following combinations on a complete basis of spinors {171’2,

yent2, 7(6)771’2}. Taking chiralities into account, we get in type IIB

- 1 .
(7“ (Va, ¥ nadvd> +ﬂ77ad77benchdef V“bc) ny? = (T1’2+1U 1’27(6)) N+ V2 (B.36)

- 1 . .
(Va £ 7ad V! = S Maaberes R 7“) ny? = (Pal’Q + 1623;27(6)) ny? +iSkriyint?

where the coefficients Val’z, Pa1 2 and Q}l’2 must be real. A more generic situation would
be to consider only V on the internal spinors. However (2.28) and (2.29) impose without
ambiguity these particular combinations of V, V and R-flux to act on the spinors, so there
is actually no restriction here. From these generic expansions, we compute the exterior
derivative of the pure spinors as in (B.18) and (B.20)

2497 = {7", VP, } (B.37)
= Yok @2 + 40k @ (Var2) ' + Vanl @ 02Ty + 0k @ (vi2)]
1 .
= ((% L V1> nh + (Tl + 1U17(6))?71_) ®n

. 1 . : f
+97) ® (nabvbni + g adtlenie RYTA 7 + (Pf + 1623%)) ny + 153”%)

- 1 . . 2
+ (—nabvbni + adhelles BT + (Pi + 1Q¢117(6)) ny + ISidvdnl) @iy

+7l ® (<—§7 - iR + V2> n? + <T2 + iU%(@-)) nE)T
= [, Va8, | - 2 B0
+9°8, (P2—1Q2) =128 7" + (P) +1Q4) 8477 + Sk B+
LV + BV + <T1 - iUl) P_ +P_ (WJF iﬁ) :
208” = [1%, V.$_] (B.35)
= Yok @2 + 10k @ (Var2)' = Vanl @ 0Ty —nk @ (v2)]

1 .
= <<% — ZR + V1> T]}r + (Tl + 1U1’Y(6))Tll> ®773T
= 1 . ;7 T
+9') ® <77abvb773 + gnadnbenchdef veen? + (Pa2 + 1Q27(6)> n” + 1Ssd7d7ﬁ>

- 1 . .
— <—%be7}1 + g adtlenie RYTA % + (PJ + IQh(a)) i+ 153d7d771> ®n Ty
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e (TR ) () i)

2dF~ = {yaﬁaqﬁ_} — 2 R
+9°8 (P2+1Q2) — 182" 87" — (P) +1Q4) 897 — 1Sk B 7"
VI8 V4 (T i) Fe 9 (T2 - i07).

We then use the Clifford map on these equations. We first compare the result from (B.38)
to (2.28) and deduce

Sea=Saq=0, Q. = Q2 =0 (B.39)
P24V} =0, (24 8) + nw (8704 (24 + 8) - T)
Pl+V2=—4, <2A - J)) e (ﬁbdad (2A + gz}) . Tb)

T'—iU' =T? —iU? = —2¢ 4y

Fixing this way the coefficients reproduces (2.22) and (2.23), provided one sets P! = P2 =0;
we will come back to that point. We turn to (B.37): comparing it to (2.29), taking
into account the identifications (B.39), one obtains precisely (B.29) as a constraint. The
latter should allow to reproduce the remaining SUSY condition (2.21). To verify this, we
introduce a generic expansion of the following quantity

0uA = 7" (Ry? +iWPyq)) i — X12nL?, (B.40)
where R}l’2 and W; 2 are real. Then, we consider the sum

0 =1L @ (X202 + 0,403 — 7 (R2 + iW2yg) n2) " (B.41)
+ (XL + 0,470} — 7" (Ry + iW, ) ) ® 0t
_ {aA,{} +(R2+iW2) B4 + (RL—iW!) v®, + B X2+ $_XT.

Using the Clifford map on the last equation, and comparing the result to the obtained
constraint (B.29), we get

Wl=W2?=0, R: = —R2 = —8%3,A, X' = X2 = pe 4. (B.42)

This reproduces precisely the SUSY condition (2.21).

To conclude, the SUSY conditions (2.21), (2.22) and (2.23) are reproduced starting
from the pure spinors conditions (2.28) and (2.29) in type IIB, provided one fixes P} =
P2 = 0. The ambiguity or freedom in the P2 is in our opinion related to the absence of
RR fluxes: those would otherwise bring more constraints. The Pl? could also be related to
the norms of the internal spinors, so far not needed. These norms are fixed in [27] thanks
to the RR contributions; this may explain the ambiguity we get here. We conclude that the
pure spinors conditions (2.28) and (2.29) are not sufficient, but the remaining ambiguity
should be fixed by considering the RR sector. We expect the same situation in type IIA.
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C The Dirac operator and the 3-twist

C.1 Rewriting of the Dirac operator

In this appendix we prove that the Dirac operator of S-supergravity (1.10) or (1.11) can
be rewritten as (1.14), also given in (4.1). As explained in the Introduction and section 4,
the analogy with the twist by the b-field can lead to guessing this rewriting, as being
the expression for a generalized derivative with non-geometric fluxes. For instance, -
transforms acting in a spinorial representation as an exponential on pure spinors, as well
as shifts on a background Q-flux, are mentioned in [2]. However, this common guess has
never been proven: a first difficulty is to compute this operator (4.1) where wedges and
contractions mix, another one is the interpretation of such an operator at ten dimensions
which was lacking before the introduction of S-supergravity. Let us prove here this rewriting
of the Dirac operator. To do so, we will first compute (4.1) in curved indices and then
rewrite it in flat indices to match it with (1.11).

Contractions are anticommuting (see appendix A for conventions), but Sv contains
an even number of them and is therefore commuting with itself. Powers of it are then
naturally defined, and the exponential €V is defined by the serie. Standard properties are
thus satisfied, namely e®¥e Y = 1 and 0,,e?¥ = efV0,,5v. We deduce for a p-form A

PVd(e PV A) = ePVda™ A e PV (—0m(BV)A + 0nA) . (C.1)
Using the commutation relations of a one-form and a contraction, one can further verify
Vn =1, dz™ A (BV)™ = n(Bv)" 181, + (Bv) dz™ A (C.2)
= dz™ A e PV = e BVda™ A —e PV M, (C.3)
from which we finally deduce
ePVd(e PV A) = dA — (dz™ A O (BV)A + BT 1,0 A) + B 1.0m(BV)A. (C.4)

The last term is proportional to the R-flux, thanks to the anticommuting properties of the
contractions. We now rewrite the above expression with flat indices. Using

0.2 = &1, 8, (aqﬁm” + Qédqﬂ’”[mﬁré”]d> : (C.5)

we obtain
e?Vd(e PV A)=dA — B0, - A — %Qabcé“ AutcA+ Rv A (C.6)
v
(p—1)!

where the dot stands for acting only on the form coefficient in flat indices. Thanks to the

B L™ 00 (6™ 1m) Agy ..ap € NE? L. &% + BPE 1 04(E™ 0 )E ALt A,

definition of f%,., of a contraction, and the commutation relations, one can show
BYP1yE™ 04 (6 1) Aqy...ap €6 A E L. EW (C.7)

1
- 55“1’]"‘:@17%14 + ﬁ“bémcﬁa(éalm)éc A plg A,
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from which we deduce
1 1
eﬁvd(e_BVA) = (d — B0, - —iQabcéa A lple + RV ~|—2ﬁ“bfcach> A. (C.8)

Rescaling A, one gets further

e?eBvd (e_ﬁve_‘£A> (C.9)
ab 1 bec~a 1 ab pc T~a abn 7
=(d— 80, _iQa e’ Aple + R v —|—§ﬁ FCapte — Cae® A +B%0qtp | A.

This can be verified to be the same as one half of the Dirac operator (1.11), recalling (2.9).
This proves (4.1).

C.2 Invariance of the Dirac operator

We described in section 4.1 a class of geometric backgrounds of S-supergravity, determined
in [17], with well-defined global aspects. We further argued that it should be possible
for them to construct Ep+. Obtaining similar results beyond this subcase looks however
unlikely, as we now argue. Inspired by standard supergravity and the role played by b-field
gauge transformations for Ep, it seems a natural requirement to ask for the invariance of
the Dirac operator (4.1) when patching the fields. Let us determine accordingly the allowed
transformations of 5. A transformation that admits an infinitesimal form can be written
as the shift (assumed antisymmetric)

5471 = P (C.10)

In addition, we consider that it only acts on [, and not for instance on the derivatives,
so we do not include diffeomorphisms here. We use for the Dirac operator D the simple
expression in curved indices (C.4) (we neglect the dilaton that does not play a role here).
For D to stay invariant under (C.10), one should have for any form A

— (dz™ A O (wVv)A + @™ 1.0 A) + 0 (B 1r0m(BVv)) A=0. (C.11)

This polyform equation should vanish degree by degree, so the last term vanishes indepen-
dently of the first two. Since this should hold for any form A, we can first consider constant
ones, implying

dz™ A Op(wv)A =0 VA constant (C.12)
< Ym, Op(w@wP?)ipgA =0 VA constant (C.13)
< VYm,p,q, Om(@??) =0. (C.14)

We deduce that for any form A
@O A =0 Vr, @"0,X =0, (C.15)

where X stands for any tensor component. For example, the components of the metric
can be used into the components of some form A, so @w'™0,, should vanish on them.
Conditions (C.14) and (C.15) imply

5 (B™ 10m(BV)) =0, (C.16)

so these two conditions are also sufficient to verify the invariance of D.
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The requirement can be refined by asking the invariance of D not on any form A, but for

forms whose components are built from physical tensors and fields (e.g. the pure spinors).

In addition, asking for the presence of n isometries allows to solve the condition (C.15)

by having w?? possibly non-zero only along the isometries (see also [17] for a relation
between (C.15) and isometries). The transformation (C.10) then boils down to the S-
transform (4.6), bringing us back to the subcase mentioned above. Going beyond seems

however difficult: for instance, allowing for a priori any linear coordinate dependence in X

implies w = 0.
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