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Abstract

We study supersymmetric domain wall solutions in four dimensions aris-
ing from the compactification of type II supergravity on an SU(3) x SU(3)
structure manifold. Using a pure spinor approach, we show that the super-
symmetry variations can be reinterpreted as a generalisation of the Hitchin
flow equations and describe the embedding of an SU(3) x SU(3) structure
manifold into a G5 x G5 structure manifold. We find a precise agreement
between the four- and ten-dimensional supergravity results. The flow equa-
tions derived here should have applications in constructing the gravity duals
of Chern-Simons-matter conformal field theories.
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1 Introduction

The task of finding compactifications of ten-dimensional supergravity that
lead to a four-dimensional effective theory with N' = 1 supersymmetry has
received much attention. One promising approach is compactification with
flux, where the internal manifold can be deformed away from being Ricci-flat
(see, for instance, |1] for a review). Fluxes can induce torsion, meaning that
the internal six-manifold will no longer have SU(3) holonomy, for example,
but rather SU(2) or SU(3) structure. The constraints on the geometry of
the internal manifold are then most conveniently rephrased in terms of gen-
eralised complex geometry using SU(3) x SU(3) structures defined on the
formal sum of the tangent and cotangent bundles [2, 13, 4, 15, 6, [7, |8, [9].
Finding explicit examples of such manifolds that lead to four-dimensional
Minkowski vacua has proven difficult in practice [7]. This led to the search
for alternative AdSy vacua (see [10, 11, [12] and references therein) which may
also provide a useful starting point for realistic models via the KKLT pro-
posal [13]. In this paper we shall focus on another class of four-dimensional
vacuum configurations - domain walls - which are readily found in gauged
supergravity [14, 15, [16]. The near-horizon limit of a domain wall in four
dimensions can produce an AdS, spacetime that can be interpreted as arising
from an SU(3) x SU(3) structure reduction of type II supergravity [11,12].
Much of the work to date has focused on the construction of examples of
AdS, vacua that can be reinterpreted as stacks of orthogonally intersecting
branes and Kaluza-Klein monopoles in ten dimensions. Domain wall probes
in SU(3) x SU(3) structure backgrounds have also been studied for their
interesting supersymmetry-breaking properties [17]. The aim of this article
is to provide a general characterisation of domain wall vacua arising from
SU(3) x SU(3) structure compactifications.

The equations of motion for supersymmetric domain wall configurations
are known to reduce to a set of first-order flow equations for scalar fields [18].
This is exemplified in four-dimensional, matter-coupled, N’ = 2 supergravity
arising from type ITA supergravity compactified on a half-flat six-manifold.
For a domain wall configuration one finds a set of first-order flow equations
for the hyper and vector multiplet scalar fields. This system of equations
can be shown to be equivalent to the Hitchin flow equations [14], which
describe the embedding of the half-flat SU(3) structure six-manifold into a
Go-holonomy seven-manifold with boundary [19]. The mirror symmetric de-



scription of this configuration is given by type IIB supergravity compactified
on a Calabi-Yau six-manifold with electric Neveu-Schwarz (NS) fluxes. This
was further extended to type IIB supergravity with electric and magnetic
NS fluxes in [15], which is mirror dual to type IIA supergravity compactified
on a manifold with SU(3) x SU(3) structure. The flow equations derived in
four dimensions were shown to be equivalent to the generalised Hitchin flow
equations [5, 20], which describe the embedding of an SU(3) x SU(3) struc-
ture manifold into G X Gy, or generalised Gy [21)], structure manifold. We
shall further extend this analysis to a more general set of four-dimensional
charges comprising torsion, Ramond-Ramond (RR), NS and non-geometric
fluxes, and correspondingly derive a general set of flow equations in four and
ten dimensions. Our results can be interpreted as describing the embedding
of an SU(3) x SU(3) structure manifold into an ‘almost’ G x Gq structure
manifold, with the RR fields providing the obstruction to integrability of the
generalised almost-G5 structure.

The dual approach of analysing the domain wall flow equations in both
four and ten dimensions has the advantage of circumventing some well-known
problems. One of the outstanding technical issues in flux compactifications is
to find an appropriate definition of the spectrum of light modes in the absence
of harmonic forms [8,19, 22]. While progress has been made for coset- and nil-
manifolds [23], the comparison of the truncated four-dimensional theory and
its ten-dimensional counterpart is complicated and unclear in general. On
the other hand, from the four-dimensional gauged supergravity point of view,
the models corresponding to flux compactifications |24, 25], SU(3) structure
compactifications with electric RR and NS fluxes [26] and SU(3) x SU(3)
structure compactifications with electric and magnetic RR and NS fluxes
[27] are well defined theories. In order to have a more complete understand-
ing of generalised compactifications and the various low-energy vacua, it is
worthwhile to study the problem in both four and ten dimensions.

We shall initially follow the completely four-dimensional approach and
look for half-supersymmetric, BPS, domain wall solutions of general gauged
N = 2 supergravity. In section 2] we derive the domain wall flow equations,
following the analysis of [15, 16, 28], and further discuss their modification in
the presence of orientifold projections. In section [3] we shall derive the flow
equations from the ten-dimensional perspective. Our goal will be to find a set
of equations describing domain wall vacua of SU(3)xSU(3) structure com-
pactifications by manipulating the ten-dimensional type II supersymmetry



transformations, inspired by the black hole discussion in [29]. For simplicity,
we choose to focus on configurations preserving at least 1/16-supersymmetry
i.e. at least two unbroken supercharges. This allows us to follow the calcu-
lation of the A/ = 1, Minkowski and AdS, vacuum conditions described in
[7], appropriately modified for domain wall spacetimes, and write our results
in terms of pure spinors ¢, and ®_. The resulting expressions will provide
an extension of the results of [3] to compactifications with non-trivial RR
fields, as well as more general domain wall profiles (see also [30] for related
work). In section @] we compare our two results and show that there is a
precise agreement between the four- and ten-dimensional derivations. For
clarity, we provide some simple examples with vanishing RR fluxes and we
also discuss the extension of our results to a non-geometric setting. The gen-
eralised Hitchin flow equations that we find are consistent with the proposal
of generalised mirror symmetry [6], interchanging the ITA/IIB fluxes and the
two pure spinors @, < ®_. Furthermore, our results provide a useful on-
shell check of the truncation and reduction proposal of [9]. We present our
conclusions and discuss possible applications of our results in section [Gl

The reader should be aware that in order to more easily make contact
with the literature, we have chosen to use different metric conventions in
four and ten dimensions, and that an explanation of the dictionary can be
found in section [l Due to this technicality, we have provided a pedagogical
review of our conventions in appendix [Al Appendices Bl and [ contain a
review of pure spinors and the necessary features of general four-dimensional,
matter-coupled, N' = 2 supergravity. Appendix [D] specialises to theories
arising from type II supergravity compactified on SU(3) x SU(3) structure
manifolds with electric and magnetic RR and NS fluxes. In appendix [El
we provide details of the derivation of the Hitchin flow equations from the
four-dimensional A = 2 supersymmetry transformations for SU(3) x SU(3)
structure compactifications.

2 Domain wall vacua in 4D supergravity

2.1 4D N = 2 supergravity

Let us consider an off-shell compactification of type IIA supergravity on an
SU(3) x SU(3) structure manifold [9, 131] Y, with an SU(3) structure man-



ifold Y [8] as a particular case. The resulting theory is a four-dimensional,
N = 2 gauged supergravity coupled to ny = hD vector multiplets and
nyg = (h®Y +1) scalar/tensor hypermultiplets [24, 25]. The most important
point for us is the relation between the fields of type ITA supergravity and
those of the four-dimensional theory. When compactifying on a Calabi-Yau
manifold, one is accustomed to making a harmonic expansion of the various
fields and truncating to the set of modes which are massless in four dimen-
sions. Motivated by this, [8, 9] proposed that in SU(3) and SU(3) x SU(3)
compactifications, where the distinction between heavy and light modes is
unclear due to the lack of a harmonic expansion, one should proceed by trun-
cating the space of forms to a finite-dimensional subspace. The guiding phys-
ical principle was that one should aim to be left with only the gravitational
multiplet along with vector, tensor and hypermultiplets. In particular, all
possible spin-3/2 multiplets should be projected out. Furthermore, the trun-
cation should not break supersymmetry and, therefore, the special Kéhler
metrics on the moduli spaces of the pure spinors ., which are in one-to-one
correspondence with metric deformations, should descend to the truncated
subspaces. One then defines a set of basis forms on these subspaces, in terms
of which the ten-dimensional fields and the pure spinors can be expanded.
We shall now review our conventions for the truncated pure spinors, which
we denote ®% and @Y in the SU(3) and SU(3) x SU(3) structure cases,
respectively. We refer the reader to appendix [D] for further details.

When Y has SU(3) structure the truncated pure spinors ®% are defined
as

) = XAwp — Fpwh, (2.1)
0 = Zlaq — GpaB?,

where A = (0,4), i = 1,...hY and A = (0, a), a = 1,... AV, The
non-harmonic basis of forms (D.3) on Y is

(WA ) wA)a (aA ) /GA) . (23)
The rescaled sections introduced in ([2.2]) are defined as
(Z;?‘X ’ GnA) = W(ZA ) GA) ) (24)

where 7 is a normalisation factor (see the discussion around ([D.13)) for more
details). XA and [y = £<—FA are the homogeneous complex coordinates and
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the derivative of the holomorphic prepotential I’ for the Kahler moduli, re-

spectively. Z4 and G4 = aaz—GA are the homogeneous complex coordinates and

the derivative of the holomorphic prepotential G for the complex structure
moduli, respectively.

The failure of the basis forms (23] to be closed can be expressed as
dyoa = eanw®,  dpft = equt
dHWA = 6;20414 — 6AABA, dHu)A =0 y (25)

where it is convenient to define a twisted derivative operator dy = d — HA.
The NS flux gives rise to

H= 6640z,4 - eOAﬁA , (2.6)

which we shall call H deformations. We refer to the remaining flux parame-
ters (e, e4;) as T(orsion) deformations, as they all have a geometric origin.
Finally, we note that d> = d% = 0 implies

eAAeAE - eAgeAA =0. (2.7)

The RR fluxes are introduced using the basis of even forms (2.3]), accord-
ing to
Fluz — e p ™ — mPw,. (2.8)

The SU(3) x SU(3) structure case is somewhat more complicated. We
shall review the main points here and refer the reader to appendix D for
further explanations. When Y has SU(3) x SU(3) structure we define a

basis of polyforms (D.18) as
(@a, @™ A=0,1,...00Y | (44,8 A=0,1,...3Y (29

Le. the basis forms are no longer of fixed degree. The truncated pure spinors
Y are then defined as

0 = XAo, — Fpo?, (2.10)
0 = ZAay — Gya B (2.11)

To discuss the non-closure of the basis forms (2.9) it is convenient to introduce
a generalised differential (see e.g. [9] and references therein)

D=d —HA —-Q- —R_, (2.12)
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where ()- and RL act on a generic k-form C' as

(Q . C)ml...mk,1 = Qab[mlcabmg...mk,l]a (RLO)ml...mk,g = Rabccabcml...mk,g .
(2.13)
The action of D on the basis forms and the subsequent constraints on the

fluxes is given in (D.34)-(D.30).

The RR fluxes are introduced using the same basis (2.9)
Flue — o o —mAo, . (2.14)

When considering the RR fields, it is useful to introduce a third polyform &
(that reduces to a three-form ¥ in SU(3) structure case)

S = (aa - Bt (2.15)
such that the total RR contribution is given by

F =D 4 Ffue (2.16)
In the SU(3) structure case this becomes

F =dyy + Flte (2.17)

The fields (¢4, {4) are the RR scalars or dual tensors in the hypermultiplet
sector in four dimensions. One may notice that the definition (Z.15]) is sensi-
tive to the fact that some RR fields may appear as tensors in four dimensions
in the SU(3) x SU(3) structure case. This is not a problem, as in all expres-
sions of interest . only appears through its generalised derivative DY, 219,
which contains just the gauge invariant combinations that are not dualised

into tensors [27]. Finally, we note that it is often convenient to introduce the
rescaled RR fields

(<71747 EAﬁ) = ﬁ(CAa EA) ) (218)
and the rescaled total RR contribution

Fy=qF . (2.19)

where 7 is a normalization factor (see the discussion around (D.22])).

Let us now return to the four-dimensional, N = 2 gauged supergravity.
The gravitational multiplet is given by

(g/u/a w,zw ;ja Ag) s (220)
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where g, is the metric, Ao A= 1,2 are the two chiral gravitini and Ag is
the graviphoton. The vector multiplets are given by

(AL, XA N Y =1y, (2.21)

where AL are the gauge bosons, A4 are the doublets of chiral gaugini and ¢’
are the complex scalar fields appearing in the expansion of truncated pure
spinor Y and <f>9r 1), 2I10). The ngy hypermultiplets contain two chi-
ral hyperini, which we collectively denote as (4, and four bosons, which in
principle can be scalar ¢* or tensor By, fields,

(Car €% ¢", Biw) a=1,....2ny+2, (2.22)
u=1,....dng+4—np, I=1,...np.

If the tensors are massless, e.g. as happens for the universal hypermultiplet
tensors in Calabi-Yau compactifications, they can be dualised into scalar
fields; otherwise, they have to be kept as massive tensors. The scalar fields
q" contain the dilaton ¢, the complex scalars z* appearing in the expan-
sion of the truncated pure spinors ®° and ®° ([22), [211), and the scalars
(¢4, Ca) appearing in reduction of the RR sector. In the SU(3) structure
case [26], (¢#, C4) appear as scalars in the four-dimensional theory, while
in the SU(3) x SU(3) structure case [27] some combinations are dualised
into tensors. The four-dimensional components of the NSNS two-form B,
naturally appear as a tensor. Nevertheless, in the SU(3) structure case it is
massless and for convenience it is dualised into a scalar.

For the domain wall configurations that we are interested in, we only
consider the situation where both the vector and tensor field strengths are
vanishing. With this assumption the supersymmetry transformation laws for
the fermions (CI)) simplify and the supersymmetry conditions are

&bufi = D,e;+ Z'SAB’VMEB =0, (2.23)
SNA = g tiyret f WiABz, =0 (2.24)
0Ca = 0P, ia0uq"y"e + N, =0 . (2.25)

Here P, ;, parameterise the scalars in the hypermultiplets. Note that in
the absence of (hyper) tensor multiplets, P, ;. coincide with the vielbein

'We refer the reader to |8, 9] for a thorough discussion of the reduction and truncation
of the type II theories to four-dimensional N=2 supergravity.



of the quaternionic manifold. In the presence of (hyper) tensor multiples,
they parameterise the scalars which have not been dualised into tensors [24].
The fermion shifts S5, WiAB and N, g‘ encode the gauging. For the cases
we are interested in, the gauging will always be Abelian [25, 26, 27]. As a
consequence, the electric and magnetic triholomorphic momentum map takes
the simple form

Py = &1kl Qr = Gk | (2.26)

where k% are the Killing vectors associated to the gauge group and k' are
their magnetic duals. Using the homogeneous special coordinates X and the
derivative of the holomorphic prepotential Fs for the Kéhler moduli space,
defined in appendix [D we can define an SU(2) triplet of superpotentials

- K+

W=es (XAﬁA - FAQA) : (2.27)

such that the fermion shifts are related to the superpotentials W as follows

7 -

Sip = 50 W (2.28)
WAB = ARG T (2.29)
PNy = i035h" VW (2.30)

where g;; and hy, are the metrics of the scalar o-model in the vector and
hypermultiplet sectors, respectively, and K, is the Kahler potential defined
in (0.9) and (D:21)). It is convenient to decompose the SU(2) vector W into
its norm and a unit norm vector 7 [2§]

W=Wm, @-i=1. (2.31)
Multiplying (2.31]) by 77 we obtain the expression for the “superpotential”
W=i-W. (2.32)

If we consider type ITA supergravity compactified on an SU(3) structure
manifold with electric RR fluxes? e A, the corresponding gauging of the N = 2

2The constants cp in [26] are related to the electric RR fluxes by ca = —2ex.



supergravity [26] is purely electric, i.e. it corresponds to the choice CjA =0
The components of the SU (2) superpotential W are given by

W= 2efe XARe(GAe A TN
W2 = 26% XAIm(GAe A ZAeAA) )
W3 = ezwe%XA(gAeAA —(fean — 2en) (2.33)

where ¢ is the four-dimensional dilaton, related to the ten-dimensional dila-
ton by

e = %e%—fﬂ : (2.34)
K_ is the Kéhler potential defined in (D.Idland (D.21). Using equations
(D.37), (D.38) and (D.39) we can rewrite the components of the superpoten-

tial W in terms of the pure spinors (Z1), (Z2) and the RR fields (ZI7) as
follows

W' = -2 (dyRe®?, @) , (2.35)
W? = =254 (dyIm®? | @9) | (2.36)
W? = —2e?tK+(Fr @Y | (2.37)

(-, -) is the Mukai pairing (B.4]) and we have dropped the [, from each bracket
to keep our formula compact.

If we consider the more general SU(3) x SU(3) structure case with electric
and magnetic RR fluxes (eA, mA), the theory will contain massive tensor

multiplets and the components of the superpotential W are given by [27]
Wt = 26“”6 2 [XARe(GAe A — Z%% ) — FARe(Ggm™ — ZAmAA)] ,
W2 = 2¢%e s [XAIm(GAe 'y — Z%ean) — FAlm(Gam™ — Z4m M)] |
w3 = 62906% [XA(Q:Ae A — (feqn — 2ep) — FA(fAm CAmA 2m )] )
(2.38)

Using equations (D.37), (D.38) and (D.39) we can rewrite these expressions
in terms of the pure spinors (2.10), (2Z11)) and the RR fields (2.16)

W' = —2¢e#T5+ (DRed? <i>°> , (2.39)
W2 = —2e#TE+(DImd° | ¢9) (2.40)
W3 = —2e K+ (@Y . (2.41)
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2.2 Domain wall solutions

We are interested in domain wall spacetimes in four dimensions described by
a metric of the for

ds; = " gdzda’ — eV ar? | (2.42)

where p is a constant and, for simplicity, we have chosen a flat worldvolume
metric 7,3, and o, 3 = 0,1,2. For the coordinate transverse to the domain
wall, we will use ‘r’ and ‘3’ to denote a curved and flat index, respectively.
We shall make the usual, physically motivated assumption that scalar fields
will only depend on the direction transverse to the domain wall.

We can now proceed to analyse the supersymmetry variations as in [15,
28]. From 0 ; = 0 we obtain

U'e" e 3 = —2im s WeP | (2.43)

where we have used that the domain wall is flat (8I]) and we have defined
n4ip = 37045 The consistency of (2.43) implies

V(U (r)) = W) = VU (r) = £|W) . (2.44)
Inserting (2.44]) back into d1), 4 = 0 we obtain the BPS projector
é?AI:l:}_Lﬁ-EAB’)/g&?B , (245)
where h is the U(1)y phase of W
W = h|W|. (2.46)

“wom

The subscript “y” refers to the line bundle of the special Kahler geometry
of the vector multiplet scalars. From 41, ; = 0 we obtain

ho.h = Zie PVIm(hW) , (2.47)
&J’LAB = 0. (2.48)

For a constant curvature metric we have that [28]

1 7 1
Da(hESA) = Z%ﬁg h§€A , (2.49)

3In four dimensions we use the mostly-minus metric signature in order to be consistent
with references |26, [27].

11



which can be used in 49, ; = 0 in order to obtain

1 1
7 = igeUIm(hW), (2.50)
U = 4ePRe(hW), (2.51)

where (72 is proportional to the curvature. Comparing (2.44) with (251), or
alternatively taking the limit ¢ — oo in (Z.50), we obtain

Im(hW) =0 | (2.52)

which implies from (2.47) that 0,h = 0. From (2.23) we further obtain the
expression for the Killing spinor

ealr) =e2Ve] (2.53)

where 5% is a constant spinor obeying the projection condition (2.45). Fi-
nally, using the projector (2.45) in equations (2.24]) and (2.25]) we obtain the
following set of flow equations

ot =Fe PVgIh VW | (2.54)
0.¢" = Fe PV g™ hO,W | (2.55)
U =+e?hV . (2.56)

The detailed derivation of the generalised Hitchin flow equations from (2.54])-
(Z50]) is presented in appendix [El Here we shall only summarise the relevant
results.

By manipulating (254) we can derive the expression for the flow equation
of Im(h®Y). Under the assumption that 7 does not depend on the vector
multiplet scalars, we can put (2.54) into the desired form

U+5E oA 1 A
0, Im(he éX )\ _ _ 1 -pU (3// ) ’ (2.57)
Im(h eV 2 Fy) 2 A
where, in terms of the rescaled sections (2.4 and (2.I8]), we have

wh = QnIeWFKZ_+ [(ReGA,] + /@Q:Aﬁ> mh — (ReZﬁ + /{C,?) mAA — /ﬁﬁmA} ,

Wa

271165”1(2_+ [(ReGAn + FG@M) eAA — (ReZ,;1 + HCﬁAeAA) — /<LT~]6A] ,
(2.58)
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where kK = Z—? is a constant, due to (2.48)), whose value depends on the specific
solution. From the left-hand side of (2.57]) we can immediately reconstruct

O Im(h U+ $9), while from the right-hand side (Z58) we obtain
9. Im(h U+ %) = —n! PP [DRe(? K E5| (2.59)

where D is the generalised covariant derivative defined in (2.12)). The ma-
nipulation of (Z5]) is more complicated and it is less straightforward to put
it into the form of a flow equation for Im®_, as explained in appendix [El In
order to get rid of the terms that do not recombine into a partial derivative,
we have to impose W? = 0, that is

(DIm®°, %) = 0. (2.60)

Note that this does not necessarily imply the stronger condition DImd° = 0.
After some manipulation we then find that we can rewrite (2.53) as

K
o, [ Im(EVFZN Y _ L aoaw (€ (2.61)
" Im(e(1—A)U+T+GnA) 2 Ea)
where we have defined A\ = lj’:%, and
EM o1 o1kt (Re(hF)pam* — Re(hX™) ey
( ) 2077\ Re(hF)amA — Re(hX) ean ) (2.62)

From the left-hand side of (2.61]) we can easily reconstruct &,Im(e(l_’\)U*KT ®0)
while from the right-hand side (2.62]) we obtain

&Im(e(l_A)UJr%éo_) =n! e“”%Jr(l_)‘_p)UDRe(thi) . (2.63)
From the integration of (Z57) and (Z61) we also obtain
DIm(hd9) = DImd° =0 . (2.64)

Putting this together we find that the generalised Hitchin flow equations are
given by

%e‘“DJ“”’U&,Im(e(l_’\)U*K_2+ P0) = e(1-NU+ 5 DRe(h®)), (2.65)
%e‘“DJ“”’U&Im(eU*K_z+ hd)) = — U5 [DRed? + K E5|, (2.66)
DImd°® =0 , (2.67)
DIm(hd%) =0 . (2.68)
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Note that for vanishing RR fields and RR fluxes k = A = 0.

In order to prepare for the comparison with the ten-dimensional result,
we will rewrite (2.65)-(2.68)) in a more convenient way. First, we can make
use of the definitions (2.19]) and (D.26]), and use the dilaton relation (2.34) to
substitute for K ;. Then we can use the expression for the four-dimensional
dilaton that is valid for domain wall configurations \U = —(¢ + U) (see

(E16])) to obtain

LemwtrU=2U+0) T (2U+?)e=?90 ) = DRe(e ?hdY) , 2.69

(2.69)
LemetrU=(U+0) Tm(eV*+¢e~hdY ) = —DRe(e ?d%) — kv/2 F,(2.70)
DIm(e ?®°) =0, (2.71)
DIm(e *hdY) =0 . (2.72)

2.3 Orientifold projection

In the previous subsection we considered a supersymmetric domain wall solu-
tion in A/ = 2 supergravity preserving one half of the original supersymmetry
(2:45). One can interpret such a solution as originating from the compactifi-
cation of an appropriate ten-dimensional brane configuration filling three out
of the four uncompactified spacetime directions, as we shall describe further
in sections Bland @l For consistency, such compactifications often require the
introduction of orientifold planes which may produce a further reduction of
supersymmetry. Here, we shall discuss how the flow equations that we have
derived above get modified by such an orientifold-type projection.

In [32] and [33] it was shown how one can perform a consistent trunca-
tion of gauged N' = 2 supergravity with scalar and scalar-tensor multiplets,
respectively, such that the N' = 2 multiplets are rearranged into N' = 1
multiplets. The identification of the fields to be truncated out involves con-
sidering the consistency of the fermionic supersymmetry transformation laws
(C1)) when a linear combination of the two gravitini is set to zer

¢4, =0, (2.73)
with the independent combination
Yur = 0", 4 (2.74)

“In this section we are using the notation of |34].
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being identified with the A" = 1 gravitino. The projectors p; and g4 satisfy

T T

Pra=a =1, pMei=q"pi=0. (2.75)

Correspondingly the supersymmetry parameter combination

¢ =piles (2.76)
generates N/ = 1 supersymmetry, while the orthogonal combination

A =qey (2.77)

should not appear in the N’ = 1 supersymmetry transformation laws. It is
not difficult to realise [32] that the only way to achieve this without spoiling
the N' = 1 supermultiplet structure is to set one of the two supersymmetry
generators to zero Ay = 0, as one might expect. Consistency of (Z73) then
requires that the corresponding gravitino shift is set to zero

W, = —2i¢gMS,,p P =0. (2.78)

Solving the condition (2.78) determines which scalar fields are truncated out
by the projection and thus how the domain wall solution gets modified. The
truncation of the other fermionic transformation laws provides conditions for
the consistent reduction of the scalar manifolds [32]. We are not going to
make any assumption about the preserved supersymmetry. Rather, as we did
in the previous section, we will derive the BPS projectors from the supersym-
metry conditions (2.23)-(2.25), this time imposing (2.78)). It is convenient to
work from the outset in terms of the spinors (Z70) and (2.77), for which the
BPS projector (2.45])

ei= F2ihy* n;ize” (2.79)

gives rise to
(4 = thys [npCC +nid]
Ay = +hvs [nﬁ)\_ + nLC_} , (2.80)

where
ny = -2ipMnisp P, ny=-2i¢"Tn 0. (2.81)
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Note that, according to (2.31)),
W” = Wn” , WJ_ = WnJ_ . (2.82)

It is natural to expect that on implementing the truncation, i.e. imposing

condition (278

WJ_:nJ_ZO, (283)
we will obtain two copies of an A =1 % BPS condition:

Cy = £hnyys (2.84)

Ay = thnfys A (2.85)

In fact, let us consider again the component 61, = 0 of equation (2:23)), this
time imposing n, = 0, according to the truncation condition (2.78). We then
find

U'eysCy = mWe (2.86)

U'ePVmys )\, = nﬁW)\_ . (2.87)

The consistency of these expressions again gives (2.44]). If we now insert
(2:44) back into (2.86) and (2.87) we obtain, as expected, the projectors
(287) and (Z8E). Continuing as before, we can use 09, ; = 0 to obtain

nh &(nﬁh) = tie PYIm(hWV) , (2.88)
nﬁi_z O-(nyh) = Lie PYIm(hWV) , (2.89)
together with (Z50) and (Z51). From this we can deduce that 9.h = 0 and

find the analogue of (2.48)
(9rn|| =0. (2.90)

Using (2.84) and (2.85) in (2.24) and (2.25) we can proceed as before and
obtain equations (2.54)) and (2.57]), taking into account that due to the con-

dition (2Z78) the flow equations (Z54) and (Z57) are restricted to the set
of scalars that survive the projection. From (2:23) we again obtain (2.53),
which in the new basis reads

Go= e2¢h, (2.91)
Ay = 220 (2.92)
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where (0 and A} are constant spinors subject to (2.84) and (2.80).

As shown in [33] one can obtain three classes of projection of the N = 2

theory. Let us define
a*

where the parameters a and b are complex constants satisfying (via (2.79))
la|>+1b]? = 1. For orientifold projections a and b further satisfy |a|*—|b]*> = 0
and are related to the phase @ in (D.24) by e = 2|a|?b/a*. The three types
of projection are the “Heterotic” projection (a =1, b =0), which projects

out all the RR fields, and two orientifold projections <a = %, b= —%),

<a = %, b= %) For these different values of a and b we obtain

(H) a=1,b=0, n, =-n*=0, ny = (n' +in?),
(B) a:%,b:—\%, n, =n?=0, ny = (n' +in®),
() a:%,b:—\%, n, =n'=0, n| = (n®+in?) .

It is straightforward to see that n) is pure phase using (Z31]) and (283). The
condition (Z83)) corresponds to W3 =0, W2 =0, W' = 0 in the three cases
H, B and C|, respectively. This is enough to identify the reduction of the
scalar sector and, hence, the corresponding truncation.

Note that when manipulating (2.55]) we found that we could only write
a flow equation for Im®® when W2 = 0. This meant that a solution corre-
sponding to the geometry described by (2.65)-(2.68) naturally splits NV = 2
supersymmetry into two copies of N' = 1 via the choice B. This suggests
that the ten-dimensional configurations that give rise to such domain wall
solutions feature orientifold planes with 6 = £7 1.

Finally, we shall briefly discuss the truncation H, since it is likely to
correspond to an SU(3) x SU(3) structure compactification of the Heterotic
theory at the zeroth order in o/. As in [33] we can see that the constraint

5The + sign is due to the SU(2) symmetry of the problem that allows us to exchange
g1 with &5 by acting with o' [33]. In our case, this would just correspond to a different
choice of a and b.
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W, = W?3 = 0 implies that all the RR scalar fields and fluxes are identically
Zero .

P=l=ea=m?=0, (2.94)
and that the NV = 1 Kéahler-Hodge manifold is the product of the complex
structure deformations and the Kahler class deformations. As there is no
projection acting on the Calabi-Yau manifold, the definition of dy is the
same as in the N' = 2 case (ZI0)-(2I1I). Finally, in the absence of the RR
part, n' =1 and xk = A = 0, the equations (2.69)-(2.72)) read

diRe(e™® hdY) = 9,Im(e ? %) |,
dgRe(e @) = —9,Im(e™? héi) ,
dgIm(e™®®°) =0,
dylm(e™? h(fg) =0,
where we have defined a new transverse coordinate
9, =Py, . (2.99)

From the ten-dimensional perspective it is known that there are subtleties in
the analysis of pure spinor equations for heterotic compactifications (see [37]
for a recent discussion), and so we shall leave a detailed discussion of this
case for later work.

3 Domain walls in 4D from 10D supergravity

We will now turn to the derivation of the flow equations from the ten-
dimensional perspective. We want to have a ten-dimensional type II su-
pergravity configuration which gives rise to a domain wall in the effective,
four-dimensional description. Therefore, we shall consider an ansatz for a
spacetime of the form M2 x,, R x,, Y, where Y is a SU(3)xSU(3) structure
manifold and the products are warped. As we shall make use of the demo-
cratic formalism [38], it is most convenient to work in the string frame. We
will take the following general form for the metric:

ds? — e2Ar) (62V(T)7]a5dxad$ﬁ + 62G(r)d7,2) + G (7, y)dy™dy™ (3.1)

where now «, 3 = 0, 1, 2 label the domain wall Wgrldvolume directions, which
are flat, and m,n = 1,...6 label directions on Y. A(y,r) is called the warp
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factor and we want the term in brackets to describe a supersymmetric domain
wall solution in four dimensions. We shall allow the ten-dimensional dilaton
¢ to depend on the transverse and internal coordinates ¢ = ¢(y,r), as is
appropriate for a domain wall configuration.

Let us introduce the modified RR field strengths
Fiogy = dCupy + HAClr_g (3.2)

where dC|,) are the standard RR field strengths@. The most general RR flux
decomposition respecting the domain wall symmetry is

F,r(LlO) — VOldw /\ f7|7,|—3 + dr /\ f?JL_—l —|— Fn + V014 /\ Fn—4 9 (33>

where volg, and voly denote the obvious volume forms on the domain wall
RY2 and the total four-dimensional external space R'? x R,, respectively
(both viewed from ten dimensions). All f’s and F’s are forms on the internal
manifold Y. For domain walls the Fp and Fp are pure internal and external
p-form fluxes, respectively. In type ITA, the index n runs over 0, 2,4, 6,8, 10
while in type IIB n runs over 1,3, 5,7,9. From now on, we shall set fll =0 =
f*, in agreement with the choice of section 2 where the tensor fields were
set to zero. In four dimensions such tensor fields would correspond to fluxes
on the domain wall worldvolume and are not considered in [9], to which we
want to make contact.

The RR fluxes described above contain both field strengths and their
duals, so we must impose the self-duality relations

(n=1)(n—2)

10 (=D(n-2) 10
F((n)) =(-) *10 F((loln) ; (3.4)

between the lower and higher rank field strengths. Unless explicitly stated
otherwise, we shall always make use of the self-duality relations to write the
RR fields entirely in terms of F'.

The NS flux is decomposed in a similar manner as follows:
HUYO = Hy +dr AV, | (3.5)

where Hj and by(y, r) are forms on Y, and ’ denotes a transverse derivative
0/0,. Once again, for simplicity we shall only consider the by = 0 case here.

6We are essentially following the conventions of |4, 6], up to some differences consisting
in a sign for H in type IIB and the sign change C(2,41) — (=)"C(2n41) in type IIA.
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3.1 Analysing the supersymmetry variations

The type II gravitino and dilatino supersymmetry variations in string frame
are

1
O = (Dar % HuP)e + — ZFQNPMP € (3.6)
oA = (Moo + HP e+ — Zr Fy, Dy P (3.7)

where one chooses the upper sign for ITA and the lower sign for IIB. Capital
Latin letters run over all ten directions. These expressions are written in the
democratic formalism [38] with all spinor indices suppressed; so, for instance,
¢ = (e, €?) is a doublet of ten-dimensional Majorana-Weyl spinors. The P
matrices act on these doublets as P = T'y; and P, = I'f,0! in type ITA, and
as P = —o3, P, =o' for (n/2+1/2) even and P, = io? for (n/2+1/2) odd
in type IIB. We will also make use of the modified dilatino variation [6],

SA =TMypy =X =0, (3.8)

in which all RR terms cancel.

We begin by substituting our ansatz for the metric (31]), the RR fields
(33) and the NS field ([33]) into the supersymmetry variations,

1 1

ot = §Fa@/Ael+§eA_G(V’+A’) ar€’ —Ffae =0, (3.9)
1 1, 1 1 e? 2

St = e +§FﬁAe —gFTre =0, (3.10)
1 1 1 ™m €¢ % 2

) = Dm+4H e —ZF g, e gFrme =0, (3.11)

1
SA = (E — 90+ Z‘H + 2@//1) e+ 2V + 24" — ¢)eATOD !
1
+ 79" Gl "€ =0, (3.12)
where we have made the standard ansatz that € is independent of the world-
volume coordinates € = €(y,r). Underlined indices are flat tangent space

indices. From now on it should be understood that slashed quantities are
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purely internal e.g. 99 = I'™0,,¢. The € variations are found from the
expressions above by taking the map

H— —H F— +F, (3.13)

and interchanging ! and €2.

The transverse component of the gravitino variation d¢! plays an impor-
tant role in what follows. We want to manipulate this component so that
we can determine the transverse dependence of the spinor parameter €. By
comparing with the modified dilatino variation, it is straightforward to see
that we can use the worldvolume component of the gravitino variation to
simplify the transverse component. Specifically, we calculate I'“§1)! and use
the result to substitute for the 4 and RR terms in §¢} = 0 to find

St = 0" — %(A' + Vet =0. (3.14)

This is easily solved by a typical domain wall ansatz, factoring out the trans-
verse dependencd’:

e(r,y™) = ez Ve (y™) . (3.15)
If we then substitute this back into (B.I0) we find

1 1 ¢ ~
0y = (A + V')l + ST, 04 — %Fr,ﬁ =0, (3.16)

which is the same as §1! = 0. We should now decompose the ten-dimensional
quantities appearing here into four- and six-dimensional components. This
requires us to make an ansatz for the spinor decomposition and for the pro-
jection condition enforced by the domain wall.

3.2 N =1 spinor ansatz and the BPS projection con-
dition
Throughout the rest of this section will shall focus on type ITA supergravity,

as the type IIB case proceeds analogously. For type ITA backgrounds the
supersymmetry parameter is a ten-dimensional Majorana spinor € that can

"While (3.I5) appears to be the same as (Z53)), the reader is reminded the two expres-
sions are written in different frames. We shall carry out a comparison in section [4l
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be split into two Majorana-Weyl spinors of opposite chirality. In order to
harness the compact pure spinor notation found in the equations describing
N =1 Minkowski and AdS vacua [6], we shall consider backgrounds which
initially preserve at least four supercharges before any domain wall projection
conditions are applied. The Killing spinors can be decomposed as

) = o+ oy,

2 2
aw) = Gen?wy+cenPy), (3.17)
where (, = ({_)* is a generic constant four-dimensional spinor of positive chi-

rality, while the nf) = (n=7)* are two particular six-dimensional commuting

spinors of positive chirality that characterise the solution. In the usual abuse
of notation, we use the subscripts &+ to denote both four- and six-dimensional
chirality. The norms of the internal spinors are defined as

V1P =lal*, AIn®IP? =18 . (3.18)

@)

We would like to find a domain wall solution preserving at least 1/2 of
the N/ = 1 supersymmetry in four dimensions i.e. 2 supercharges. Therefore,
we should expect the four four-dimensional supersymmetries to be related
by a projection condition. Motivated by the probe Dp-brane supersymmetry
projection for general N' = 1 backgrounds [39, 40], we make the following
ansatz for the domain wall projection condition:

Y0..2C+ = ol = Yl = ia . (3.19)

Consistency of this ansatz requires that « is pure phase a~! = a*. Following

[29], it would be straightforward to extend our spinor ansatz ([B.17) and the
projection condition ([BI9) to allow for a greater amount of supersymme-
try. The projection condition (3.I9) is a physically well-motivated choice as
it agrees with the supersymmetry constraints on %—supersymmetric domain
walls in A/ = 1 supergravity in four dimensions [18] and with (2.84).

It is natural to ask whether there is any relation between «, a and b.
For probe D-branes in Minkowski or AdS background certain relations have
been found for specific examples in [41]. However, as this appears to be an
example-dependent feature we shall not impose any further relations between
the phase and the complex coefficients here. In general, we shall only require
that the domain wall should preserve two of the four four-dimensional super-
charges, corresponding to A/ = 1 supersymmetry on its worldvolume. From
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the ten-dimensional perspective this amounts to a preservation of 1/16th su-
persymmetry. We shall not pursue this point any further, but refer the reader
to [23] for a discussion of 1/16th-supersymmetric type II intersecting brane
configurations that give rise to domain walls after dimensional reduction on
cosets and nilmanifolds.

3.3 Pure spinors and Hitchin flows for domain wall
vacua

Using our ansatz for the projection condition (B.19), along with the 4 + 6
decomposition of the spinors (B.I7), we can now rewrite our supersymmetry
variations in terms of pure spinors. We shall give the result here and refer to
our appendix [Bl and appendix A of [7] for further details of the calculations.
We construct the normalised pure spinors from bispinors as follows:

¥, = —%nf) 0" (3.20)
By virtue of (8:15]) and (3.I7), the bispinors nil) ®77§:2 ' are independent of the
transverse coordinate. However, using the Clifford map (B.3)) we see that the
related differential polyforms have r-dependence through the vielbein. As is
usual in the literature, we shall drop the slash notation which distinguishes
the polyform and bispinor. We would now like to rewrite the supersymmetry

conditions derived above in terms of differential constraints on ® . After a
lengthy calculation we findd

dy [ 7Im®_] = 0,

dp [e*'’Red®_] MF — eV =CIm (a*0, [*4T3V 90, ]),
dy [¢**?Im (a*®4)] = 0,
d [e¥7"Re (a*®y)] = e727¢ ,Im [V 0] |

where dg = d + HA is the twisted exterior derivative on the six-dimensional
manifold Y. The result for type IIB is found by taking the map (3I3).
In deriving these expressions we have made use of the following additional
constraint derived from §,,

dla]? = |b2dA,  dJb|? = |a|2dA . (3.25)

8These equations have been derived independently in [30].
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Note that we have used F = % o(F'), where ¢ is an involution which reverses
the order of indices on a form, to rewrite the RR fluxes F in terms of their du-
als F. This makes it straightforward to verify that the above equations agree
with those presented in [7, 42, 43], in the limit where the four-dimensional
component of the spacetime becomes Minkowski or AdS.

In general, one finds that the right-hand side of (8:2]]) is non-vanishing
and proportional to (Ja|2—|b|?)F. As described in section 23] orientifold pro-
jections enforce |a|* = |b|?, and in [39] it was shown that the same condition
is necessary for an N' = 1 Minkowski spacetime to admit supersymmetric
probe D-branes. For anti-de Sitter spacetimes, one can show that |a|? = |b|?
is a consistency condition of the background itself 7], independent of the
probe D-brane argument. When the warp factor A is independent of the
transverse direction r, it is straightforward to check that the same holds true
of the domain wall background (B.1]).

We can also rewrite the four external components of the gravitino varia-
tions, (8.9) and (B.I0), in terms of the pure spinors. We have already shown
that the transverse dependence of the spinor parameter € can be factored
out (BIH), leaving us with just one equation (B.I6]), which was used in the
derivation of the (3.2IH3.24). Equation (3.I6) is a transverse flow equation
for the metric data A and V', with a potential given in terms of F' and dA.
Following [9, 29], we will rewrite the potential using the Mukai pairing on the
internal manifold (B.4)). Multiplying (3.16) on the right by nfﬁ and taking
the spinor trace we find

_z'aed’ (F,®.)

(A + V') = T o o)

(3.26)

and we see that the dA contribution drops out by virtue of the compatibility
condition (B.I0). In the following section we will show how equations ([3.2I+
B.24)) and (3:26) agree with those derived by analysing the flow of the vector
and hypermultiplet scalar fields in four dimensions.

Hitchin flow

We have shown that the set of equations (B.21)-(3.24) defined in terms of
pure spinors on Y, along with (3.25)), describe the necessary conditions for a
domain wall solution in four dimensions preserving at least 2 supercharges.
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Following the literature discussing the cases with vanishing fluxes [3] (see
also section [L.]), it is interesting to ask whether there is a 7-dimensional
interpretation of these results, where the manifold Y is fibred over an interval
given by the direction transverse to the domain wall. In fact, following the
discussion of the AdS, backgrounds in [43], it is relatively straightforward to
show that this set of equations can be rewritten in terms of a generalised G4
structure defined by [47]H

p = eMCr ARe®_ FIm (a*d,) (3.27)
p = —Imd_ F e %r ARe(a’®y) | (3.28)

where p and p are related by the generalised Hodge star in seven dimensions.
It is then possible to rewrite the six-dimensional pure spinor equations in
terms of the seven-dimensional quantities as

dy [2MV)7%] = 0, (3.29)

~

dH [63(A+V)—¢pj| — _64A+3V+Gd,r, /\ F’ , (330)

where now d g = dg +dro, is the twisted exterior derivative in seven dimen-
sions. These equations define a generalised G5 structure p which is integrable
with respect to H and F', or, alternatively, an almost generalised G struc-
ture with F' providing the obstruction to integrability [20, |43]. This implies
that our set of equations (B.21))-(3.24]) are a form of generalised Hitchin flow
equations describing the embedding of the SU(3) x SU(3) structure mani-
fold YV into a generalised GG, manifold, where one now has Gy x GGy struc-
ture defined on the formal sum of the tangent and cotangent bundles of the
seven-manifold. Written in seven-dimensional notation, these equations are
the same as their Minkowski [20] and AdS counterparts [43]. One only no-
tices a difference on decomposing p and p into forms on Y, when the more
general r-dependence of the pure spinors on a domain wall background be-
comes apparent. In Hitchin’s original language [19], the case with F' = 0 was
called a strongly integrable generalised GGy structure. When the flux contri-
bution dr A F' is identified as being proportional to p, the flow equations give
Hitchin’s definition of a weakly integrable generalised G5 structure.

9We thank Paul Koerber for useful discussions on this point.
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4 Comparing the flow equations

In this section we shall show that our domain wall vacua equations derived
in ten and four dimensions are in agreement. By directly studying the su-
persymmetry variations for domain wall configurations we are essentially
carrying out an on-shell (up to imposing Bianchi identities [44]) test of the
procedure proposed in |9] for SU(3) x SU(3) structure compactifications. The
analogous check for N = 1 Minkowski and AdS vacua has been carried out in
[34], where it was shown that the pure spinor equations found in ten dimen-
sions [6] agree with those found by first carrying out an SU(3) x SU(3) struc-
ture compactification [9] and then looking at the conditions for maximally
symmetric vacua. A key point in this check is the relation between the pure
spinors in ten dimensions ([3.20) and the Kaluza-Klein truncated pure spinors
in the four-dimensional effective theory (2.I0)-(2.11). For SU(3) x SU(3)
structure compactifications the truncation of the pure spinors such that ap-
propriate special Kéhler geometry arises in the kinetic terms of the resulting
four-dimensional theory has been fully discussed in [9]. We have reviewed
some necessary details of this in section 2 and appendix [Dl but for the re-
mainder of this section it is sufficient for the reader to remember that one
can make a rigourous comparison of the pure spinors.

In order to compare our flow equations we have to pay attention to our
conventions, in particular the metric signature and the choice of chirality as-
signed to the spinors. The supersymmetry analysis in section 2lemployed the

mostly-minus metric signature (+, —, —, —), in keeping with with previous
four-dimensional supergravity conventions |15], whereas the ten-dimensional
analysis used the mostly-plus signature (—, 4+, - - - , 4+) which is more common

in the flux compactification literature [1]. We can rewrite our ten-dimensional
expressions in the mostly-minus convention by inserting a minus sign for any
explicit upper index or metric factor gy;ny and multiplying all gamma ma-
trices I'y; by 4. Of particular importance is the projection condition (3.19)),
which becomes

G =a"y (. (4.1)
By comparing this with the four-dimensional projector (Z84]), we find that
we should make the following identifications

Cr— ()¢, a=h. (4.2)

The rescaling of spinors (, can be understood as a Kahler transformation
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in four dimensions, and is equivalent to the C* action on the pure spinors
B.20).

References [8, 34] assigned negative parity to ¢! and positive parity to €2,
whereas we have used the opposite convention, see (3.17)). Our pure spinors
®, are mapped to the complex conjugate of those used in [, 134], denoted
<I>_0i, and we also need to send H — —H. Therefore, we should work out the
supeérfjrmmetry equations for @ and map them to equations in terms of ®Y
using:

O, — ) =X wp — Fpot, (4.3)

—@ — (I)(iIZAOéA—GAﬂA, (44)

The pure spinors ® are now the same as those employed in section 2, and
they have been expanded on a finite basis of forms. As we found that |a|? =
|b|? for domain wall backgrounds, the complex coefficients a and b in the pure
spinors (3.20) give rise to two combinations of phases. In fact, it is only the
sum of the phases that is of physical significance, and it convenient to set
the phase in @, to be 1. For instance, in the SU(3) structure case we then
have

) =e", 0 =¢e¥Q, (4.5)

where now @ is identified with the phase appearing in the compensator field
C (D.24)). The normalisation (B.11l) and compatibility (B.10) conditions for
the SU(3) structure case are

1 i _
Let us look at how this effects the flow equations. In the reduction to

four dimensions, the warp factor A (B0 is neglected [8, 9]; hence, in order
to perform our comparison we will set A = 0 in (3.21))-(3.24):

dy [e7Im (@%)] = 0 (4.7)
dy [e"Re (®°)] = —F—eV790, (Im [’V ?hdY]),

(4.8)
dy [e?Im (h®)] = 0 (4.9)
di [e?Re (hdY)] = e*V"% 9, (Im[¢* ¢ @°]) | (4.10)

10Unlike [34], we do not need to map the fluxes as we have used the uniform notation
of |39] throughout.
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where now dg = d — HA. It is this set of equations (4.7)-(4.10) that should
be used to compare with the results from section 2l To proceed further, we
need a dictionary between the four-dimensional quantities U, ¢ and their
ten-dimensional counterparts V', G. The standard relation between the ten-
and four-dimensional Einstein frame metrics is

ds}y, = volg! dsi_+ gh.(r,y)dy™dy" (4.11)

where volg,, is the volume of the internal manifold in ten-dimensional Einstein
frame. Similarly, the dilatons ¢ and ¢ are related by e™2? = e~??volg,, where
now volg, is the volume of the internal manifold in ten-dimensional string
frame. Recall that the ten-dimensional Einstein frame metric g,Fy and string
frame metric g,7, are related by g,jy = e’ giiy; therefore, the volumes
are related by volg, = 6%V016E. Putting this together we find the relation
between the ten-dimensional string frame metric and the four-dimensional

Einstein frame metric
dsfos =e*dsy +- . (4.12)

We can now apply this to our metrics (3] and (242 to match the param-
eters as follows
VeotU, G=p—pU. (4.13)

As an initial consistency check we can compare the expressions for the
Killing spinors in four dimensions. The four-dimensional component of the
Killing spinor that comes from decomposing the ten-dimensional solution
(B15) naturally appears in string frame, ( = e%@ , where (j is an arbitrary
constant spinor parameter. We can rescale this to Einstein frame in four
dimensions using ( — e 2(. If we now use the matching of the metric
factors (AI3]) we find ¢ = ¢ (o, which agrees with the result found from the
four-dimensional approach (2.91).

Returning to the flow equations (£.1)-(ZI0), one can see that in order to
have agreement we need to perform the following rescaling:

PY — 2V eI, F—rV2e?F . 4.14
+ +

The rescaling of the pure spinors is easily achieved by appropriately fixing an
overall V-dependence of the internal metric g, (r,y). However, the source
of the V-rescaling of the RR term F' is unclear. We believe that it is linked
to a necessary rescaling of kinetic terms in the effective action which will
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become clear upon a careful analysis of the dimensional reduction, and we
shall pursue this point further in future work [45]. Despite this, it is pleasing
to see that we are able to find an agreement between the domain wall vacuum
equations in the four- and ten-dimensional approaches.

Finally, let us now return to the equation derived from (B.16) describing

the behaviour of V' (see (3.20)):
V' = —@7“:’ <I>_i) , (4.15)

4 (d_, D)
At first glance one might worry that this has not captured all the relevant
terms in the transverse flow. From the four-dimensional perspective, we
have already seen that the potential term in the transverse flow of the four-
dimensional metric component U is given by W (2.58]), which contains RR
flux and torsion terms due to the non-closure of the pure spinors. This dis-
crepancy is resolved by noting that a simple splitting of the ten-dimensional
Einstein frame gravitino kinetic term using ¢ = (¥, ¥m) does not lead
to a canonical kinetic term for the four-dimensional gravitino component
I8, 19]. Rather, one should consider the combination ¥, = 1, + %%mwm.
Applying this reasoning to the ten-dimensional supersymmetry transforma-
tions one finds precisely the torsion terms (®,,d®_) that are missing from
the right-hand side of (AI5]), in agreement with the four-dimensional result
of section 2. We shall not write the expression here as it is equivalent to the
four-dimensional result given earlier.

4.1 Examples

In this section we shall discuss some particular examples of the flow equations
B21)-([B.24) with certain fluxes vanishing. Switching on the different kinds
of deformations, we find different behaviours for the field ¢ and K., and
different classes of metrics. The simplest metric is obtained when W3 = 0,
as in this case the four-dimensional dilaton is given by (E.16])

e =e U, (4.16)
and, consequently, the relations (4.13)) simplify to give

V=0, G=-(1+pU. (4.17)
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The ten-dimensional metric then reads
ds?y = Napdz®dr’ + e 204P)U) g2 4 Grmn (7, y)dy"dy™ (4.18)

Note that the factor G can always be absorbed by a rescaling dz = Ae_(”p)U(T) dr;
thus, the resulting ten-dimensional metric is just that of R x Y, where Y
is an SU(3) x SU(3) structure manifold

dsiy = dsgi + dz* + ds’ (2) . (4.19)

The simplest way to impose W3 = 0 is to set to zero the total RR term
F= 0 (D.40), i.e. not only the RR fluxes ex = m™ = 0 but also the scalars
(" =C¢a=0.

From the ten-dimensional perspective, strictly speaking the pure spinor
equations describing N = 1 Minkowski and AdS vacua do not hold when
F =0, as the resulting vacua are in fact N' = 2 [7]. This argument uses the
fact that only the RR term mixes the two spinors €', €2 in the supersymmetry
variations ([B.9)-(B.I1). Without this mixing there is no reason for one to not
take the two four-dimensional components of the spinors to be independent
parameters (; and (5. This highlights the fact that the pure spinor equations
derived above are formally conditions to have at least N' = 1 supersymmetry,
and in particular that F' # 0 does not necessarily imply N = 1 supersym-
metry, as can be seen explicitly in certain orientifold examples [7, |44]. For
domain wall backgrounds with F' = 0, this equates to the situation where
N = 2 supersymmetry is generated from two copies of N' = 1, meaning that
the BPS projection conditions do not mix ¢; and (5. It is then straight-
forward to check that, with an appropriately modified projector ansatz, the
supersymmetry conditions can still be consistently written as in the previous
section. In four dimensions, we are working in an A/ = 2 language from the
outset and the F' = 0 limit is perfectly consistent, being obtained by setting
k=A=0.

Given the standard relation between the four- and ten-dimensional dila-
tons (2.34)), we need to evaluate e+ in order to determine the behaviour of
e®. One can proceed by rewriting the flow equation (Z.57) in components

Im(h eU+%) GO
Im(h U+ X) 1 Gi

Oy Ky = =Pl : (4.20)
Im(h eV Fy) 2 Go
Im(h eV +5 F) Gi
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where we have chosen X? = 1. As one can see from (2.58), Gy contains the H
deformationd] (ef', ega), i.e. the NS fluxes (Z.6]) and the ey component of the
RR flux (D.31). The torsion T° deformations (e}, e;4) (D.4]) are all encoded
in Gy, together with the e; components of the RR flux (D.31]). G° contains
the non-geometric deformations of type R (m%, m®4) (D:34) and the RR flux
m? (D.31)). Finally, the G* contain the non-geometric deformations of type
Q (mYy, m?) (D:34) and the RR fluxes m’ (D.31). In the SU(3) structure
case eg is the ITA massive supergravity parameter, i.e. the Romans mass, m’
corresponds to the Freund-Rubin parameter, m® are the two-form fluxes and
e; are the four-form fluxes.

From the structure of ([£20) we can see that e+ is extremely sensitive
to the presence of G° and Imh. In fact, for G° = 0 and Imh # 0, we find
that e=%+ = ¢?U. This case is particularly simple, as in the absence of RR
terms (i.e. W? = 0) the ten-dimensional ITA dilaton ¢ is constant. In order
to extract e %+ one has to solve ([.20) case by case, setting to zero the
appropriate fluxes on the right-hand side. The most efficient way to achieve
this is to first find the constraints imposed by the homogeneous equations,
then to plug those with non-vanishing right-hand sides into (2.51]) and (2.52)),
solving in terms of U. We shall not discuss all possible cases here, but rather
focus on some interesting examples that make contact with the literature.
We start by restricting ourselves to solutions with W° = W? = 0, such that
(4.20)) is considerably simplified. Such solutions occur in the absence of non-
geometric deformations and for vanishing “magnetic” RR fluxes m® = m! =
0.

The three cases of interest for us are:

e ' deformations
For G; # 0 there is a unique solution with

h =i, e K+ =2, b=0. (4.21)

e H deformations
For G # 0 there is a unique solution with

h =1, e Kt =, b' = const . (4.22)

11GQee appendix [Dl for further explanation of the various deformations.
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e '+ H deformations
For Gy # 0, G; # 0 there is a unique solution with

h =1, e Bt =, b" = const . (4.23)
The fields b’ are the real parts of the complex scalars ¢' = b'+iv’ = 35. Let us
stress that the above result is only sensitive to the presence of Gy and G;, and
not to the fact that they contain 7" deformations and H fluxes, rather than
“electric” RR fluxes. Consequently, (£.21))-(4.23) hold when F' # 0. However,
this is not the case for the metric and dilaton, which are sensitive to the
presence of the RR term F. Let us now rewrite the flow equations (2.69)-
2.72)) for F = 0 and in the absence of non-geometric deformations. The
metric always has the form (£I9) while the structure of the flow equations
depends on the presence of the torsion 1" and the NS fluxes H.

T deformations

The pure SU(3) structure case, that is when only 7" deformations are present,
gives the standard Hitchin flow equations. In the absence of H-fluxes and
non-geometric () and R fluxes, the generalised differential operator D reduces

to the ordinary differential d. Using (£10])-(£17) and (£21]), we find

9.Im®° = —dImd | (4.24)
0.Re®’. = —dRed’ | (4.25)
dim®° =0 , (4.26)
dRe®) =0, (4.27)

which are easily recognised to be the Hitchin flow equations describing a
particular class of SU(3) structure six-manifolds that are known as half-flat
[46]. More explicitly, the necessary and sufficient conditions for an SU(3)
structure manifold to be half-flat are

dRe®) = —d(JAJ) =0, (4.28)
dim®° = d(Im Q,) =0 . (4.29)
The other two pure spinor equations give rise to
dIInCI)9r =dJ =—-0,(Im Q,), (4.30)
1
dRe®’ = dRe Q, = —50:(J A ), (4.31)
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and imply that the total non-compact seven-manifold, constructed by the
fibration of the six-manifold over the direction transverse to the domain wall,
has Go-holonomy. These equations were first derived in the physics literature
for a domain wall solution with ey; # 0 in [14, 146]. Here we have given their
formulation with the general torsion compatible with the half-flat condition,
and with constant ten-dimensional dilaton (¢ = 0 for convenience).

H deformations

Let us now consider the case with non-vanishing NS H-flux in ten dimensions.
The appropriate configuration which could give rise to a domain wall after
compactification to four dimensions is generated by a stack of NS5-branes.
As discussed in [46], it is possible to smear an NS5-brane over three of its
four transverse directions such that the harmonic function depends on only
one direction, which descends to the direction perpendicular to the domain
wall in four dimensions. For such a configuration the ten-dimensional string
frame metric, H-field and dilaton take the form

ds® = dsgio +dz* +dsy(2) , (4.32)
6 = 9(2).
H € H)Y,R), (4.33)

where the flux H is harmonic (Z7). When Y is Calabi-Yau, the mirror
manifold Y is precisely the half-flat, SU (3) structure manifold with vanishing
H-flux and constant dilaton [46] discussed in the previous subsection. In
this case Y has SU(3) holonomy and the pure spinors ®. are the familiar
Kahler form J and holomorphic three-form €2, both of which are closed.
The transverse flow of the pure spinors is then supported solely by the H
deformations. The metric (£.32) evidently coincides with (4.19), while H is
harmonic by construction (2.6]). From (4.22]) and (2.34]), we find that the ten-
dimensional dilaton is e? = e¢?V. In this case the domain wall flow equations
become

dylm[e™? @] = 0, (4.34)
dyRee™® ®°] = —9.Im[e® ®}] , (4.35)
dglm[e=? %] = 0, (4.36)
dyRe[e™® @] = 0.Im[e® @] . (4.37)
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T 4+ H deformations

We shall now consider the most generic geometric background with F' = 0.
As one can see from equations (4.21)) and ([4.23), it is quite similar to the T’
background, apart from the fact that the NSNS two-form scalars can take any
constant value, not necessarily zero. The ten-dimensional dilaton is constant
and we choose ¢ = 0 for simplicity. The flow equations are then

9. Im®° = —dyImdY | (4.38)
9.Re®’ = —dyRed’ | (4.39)
dpgIm®°® =0 , (4.40)
dpRe®’ =0 . (4.41)

This set of equation were first derived in [3], where it was shown that they
describe the embedding of an SU(3) x SU(3) structure manifold into a Go X Gy
structure manifold. In particular, it was shown that the flow equations lift
to a set of conditions which an describe a generalised G5 structure p , p on
M; = Y x I, which is integrable with respect to H, as we described in detail
above (see (B217) and (32])). A particular case of such backgrounds with
only ega # 0 is included in the analysis of [15]. In the absence of the flow
terms (i.e. the 0, terms), and if H is a primitive (2,1)-form, then these
equations are equivalent to Gualtieri’s definition of a twisted generalised
Kéhler structure (see section 6 of [3]).

4.2 Non-geometric deformations

Finally, we shall comment briefly on the case of non-geometric backgrounds.
From the four-dimensional perspective, whenever W? = 0 the dilaton ¢
and the metric take the form (£I6) and (£I9), even in the presence of
non-geometric deformations. As a consequence of (4.17), the flow equations

(2.69)-([2.72) can then be written as

Dim e &°] = 0, (4.42)
0.Im _e__‘z’ h (f(_); = —DRe [e_‘z’ <i>0_} ; (4.43)
om [¢? 80| = DRe e h ] | (4.44)
Dm [e=* h %] = 0, (4.45)




where the precise expression for the dilaton ¢ can be obtained by using (4.20))
to determine K, analogously to the geometric case. We shall limit ourselves
to the example of () deformations, for which we find a solution with

h=1, e Kt =7 V=0, (4.46)
and, therefore, the dilaton in (£42)-(4.45) is given by ¢? = e~ 2.

Turning to the comparison of the flow equations, we recall that in ten di-
mensions our derivation assumed that the background was globally geomet-
ric. Nevertheless, it has been argued [34] that one can formally incorporate
non-geometric charges in the pure spinor equations for N' = 1, maximally
symmetric vacua by replacing the twisted derivative dy appearing there with
the generalised derivative D (2.12]). We shall not pursue the non-geometric
case in any detail here, but note that on substituting dg — D in the domain
wall pure spinor equations derived in ten dimensions (A.7)-(@I0), we find
formal agreement with the four-dimensional result presented above (4.42l)-

(E45).

5 Discussion

We have studied BPS domain wall configurations in gauged four-dimensional
supergravity arising from type II supergravity compactified on an SU(3) x
SU(3) structure manifold. Starting in four dimensions, we used standard
manipulations of the supersymmetry transformations to derive a set of flow
equations for the scalar fields of the vector and hypermultiplets in a domain
wall background. We then showed how these equations could be recast as
a set of generalised Hitchin flow equations, describing the embedding of the
SU(3) x SU(3) structure manifold into a Gy x Go structure, or generalised
G, manifold, provided that the pure spinors satisfied (DIm®? (iﬂ) = 0.
Interestingly, from the ten-dimensional perspective, this condition follows
directly from one of the supersymmetry constraints for a domain wall config-
uration (3.20) and the compatibility constraint (B.10) for an SU(3) x SU(3)
structure manifold.

For simplicity, our ten-dimensional analysis focused solely on configura-
tions that could give rise to domain walls in four dimensions preserving at
least two supersymmetries. This allowed us to adapt the formalism previ-
ously used to describe maximally symmetric type II supergravity vacua in
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terms of pure spinors. As we have already noted, the conditions of Grana et
al. [6] are strictly for backgrounds preserving at least N' = 1 supersymme-
try in four dimensions. The same applies to the domain wall configurations
here, and by carefully comparing our ten-dimensional result with the orien-
tifold truncation of the four-dimensional counterpart, we were able to show
a precise agreement between the two approaches.

This matching between the equations describing domain wall vacua in the
ten-dimensional and four-dimensional theories is a useful test of the SU(3) x
SU(3) structure compactification procedure proposed in [9]. For maximally
symmetric vacua this check was carried out in [34]. As we argued above,
due to the prevalence of domain wall vacua in gauged supergravities our
results provide a valuable additional check. Furthermore, the generalised
Hitchin flow equation for domain walls derived here are symmetric under
the proposed generalisation of mirror symmetry for SU(3) x SU(3) structure
backgrounds:

(i)g_<—>(i)3 y F][AHF[[B . (51)

The flow equations we derived in ten dimensions also included a non-
trivial warp factor A. However, in order to make a strict comparison with
our four-dimensional result we made the standard assumption that the warp
factor vanishes [9]. It would be interesting to reconsider domain wall vacua
in warped compactifications directly in terms of N/ = 1 supergravity in four
dimensions. In [42] it was suggested that the appropriate four-dimensional
effective theory for warped SU(3) x SU(3) compactifications is a partially
gauge fixed version of matter-coupled, N' = 1 superconformal supergravity
(see also [30]). However, the relation between this and the warped version
of the off-shell approach of [9] remains unsettled. In future work, we aim
to reassess ‘warped’ domain wall vacua in the A' = 1 superconformal theory
and determine their relation to the cases we have considered here [45].

Finally, we shall briefly comment on the applications of the generalised
Hitchin flow equations we have derived to gauge/gravity duality. Recently, it
has been realised that Chern-Simons-matter conformal field theories are dual
to massive type IIA supergravity solutions of the form AdS, x CP?, with the
Romans mass Fy acting as a deformation parameter (see |48, 149] and refer-
ences therein). It has been suggested in [48] that the appropriate equations
for describing the gravity duals of such Chern-Simons-matter theories should
be a generalised version of the Hitchin flow equations. Therefore, our re-
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sults (B.21)-([3:24) should prove useful in constructing interesting examples
of these gravity duals.
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A Conventions

The gamma matrices in ten dimensions satisfy {vy, v} = 2gumn. In four
dimensions we use the mostly-minus convention for the metric, making it
easier to compare with the gauged supergravity literature, whereas in ten
dimensions it is more convenient to use the mostly-plus convention. The

details of how to change between conventions can be found in section 4l

: o . . AB
The covariant derivative on spinors is defined as Dy = Oy + 107 L as,

where flat indices appear underlined. All four- and six-dimensional gamma
matrices are Hermitian, apart from 7° = —4'. The four-dimensional gamma
matrices are chosen to be pure real, while the six-dimensional gamma matri-
ces are pure imaginary. With these definitions, the chirality matrices are

_ ; — _AF = T
V5 : Z’?/Q‘ -3 : fyi B 7? ) (Al)
Y= W4 Y = T = T

Note that with our conventions 75 is pure imaginary. The ten-dimensional
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gamma matrices can be decomposed as
FM:7M®L Fm:%’)@’}/m ’ (AQ)

where p labels four-dimensional directions and m labels six-dimensional di-
rections on the internal manifold. The ten-dimensional chirality matrices
are

s=v%®1, Iy=1®97, =78y =I1. (A.3)

We often use the democratic formalism [38], where all spinor indices sup-
pressed. For instance, € = (¢!, €?) is a doublet of ten-dimensional Majorana-
Weyl (MW) spinors. For type IIA backgrounds the supersymmetry param-
eter is a ten-dimensional Majorana spinor € that can be split in two MW
spinors of opposite chirality:

€ = €1 1+ € y F(lO)El = €1, F(lo)Eg = —€9 . (A4)

In type IIB the two supersymmetry parameters €; o are MW spinors of posi-
tive ten-dimensional chirality (I'(0)€12 = €1,2).

B Pure spinor definitions

Recall that generalised complex geometry studies structures on the direct
sum of the tangent and cotangent bundles Ty ® 17 12,13, 4, 13, 16]. A gener-
alised almost complex structure J is defined as a map of Ty, & T onto itself
such that J2 = —I, and obeys the Hermiticity condition J!0.7 = ¢, where
0= ((1) é) is the natural metric on Ty & T7. The existence of ¢ implies that
the structure group on Ty @ T{; is reduced to O(6,6). Spinors lie in represen-
tations of the Spin(6,6) cover group, although often one refers to the related
representation of the Clifford algebra Clifford(6,6), which can be defined in

terms of matrices A", p,, obeying the following algebra [4, 6]

DR =0, O"pd =", {pp} =0,  (B)
where 6, is the 6 + 6-dimensional metric on Ty @& T }f,, described above, and
m,n =1,...,6. One can also find a representation of this algebra in terms

of forms using
A" =dz™N Pn = ln , (B.2)
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where ¢, = 19, dy™ A ... Ndy*™ = ]35,[{“(1@“2 A ... Ndy®! is the familiar con-
traction ¢, : APT* — AP~'T™. The spaces of positive and negative chirality
Spin(6,6) spinors are seen to be isomorphic to spaces of even and odd degree
differential forms on Y. A pure spinor Yy is annihilated by a six-dimensional
subspace of Clifford(6,6) and is equivalent to a polyform, or formal sum of
forms, of even or odd degree. Furthermore, one can show that there is a
one-to-one correspondence between the line bundle of pure spinors and gen-
eralised almost complex structures. We refer the reader to [7] for further
details and to [8] for details of the isomorphism between Spin(6,6) spinors
and forms.

We shall make much use of the Clifford map, which relates Spin(6,6)
spinors to Spin(6) bispinors [4, |3]:

1 m m 1 mi...m
X = Z Exsfzmkdx AN R E ngsz___mky Lemk (BL3)
k k

where 4™ are the Clifford(6) gamma matrices defined in appendix [Aland g¢,,,
is the metric on Y. Purity then reduces to saying that 3 linear combinations
of the gamma matrices annihilate ¥.

We will also use the Mukai pairing between forms, which is antisymmetric
in six dimensions. Using the Clifford map, the Mukai pairing can be defined
in terms of the spinor trace over the product of bispinors 4 and B

(Ap, Bo_y) = <_§>kTr(MkBG_k)volﬁ | (B.4)

where volg is the volume of Y. For pure spinors, which are polyforms, the
Mukai pairing selects only the top degree forms i.e. it is always proportional
to volg:

(A, B volg = (A A 0(B)) rop . (B.5)

where we use the involution o which reverses the order indices on a form.
For a collection of useful Mukai pairing properties, see appendix B of [34].

For the backgrounds we are interested in we can decompose the ten-
dimensional spinors as in ([3.17)) (for type ITA) and associate two pure spinors
to the internal spinor components 7753) and nf), which for now we will take

to have unit norm:
1 2 1 2
=0V en®, =9 en®". (B.6)
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We can rewrite these bispinors in terms of polyforms of definite parity using
the Fierz identities:

It is important to note that the slash and conjugation do not commute for
pure spinors:

G =% =",  G)==x="er®.  (BS)

When the context is clear, we shall drop the slash on pure spinors for nota-
tional convenience.

Given a pair of pure spinors Y., they will each define an SU (3, 3) structure
on Ty @ T7. If, in addition, they obey the following set of compatibility and
normalisation conditions they define an SU(3) x SU(3) structure. First note
that an element V' = v + ¢ of Ty, @ T7 acts on a polyform as

Veox=tx+&{Ax. (B.9)
Compatibility is then given in terms of the Mukai pairing as

<X+>V'Y—> =0= <X+aV'X—> ) (BlO)

for any V' € Ty @ T7, and pure spinors constructed as in (B.6) are automat-
ically compatible. The normalisation condition is

O X = (- XD (B.11)

In [6] it was shown how the type II supersymmetry transformations can be
written in an elegant form in terms of pure spinors using the Clifford map.
The same manipulations can be applied to the domain wall backgrounds
we are interested and we refer to [6, 7] for further details of these calcu-
lations. The obvious difference, however, is the appearance of a transverse
r-dependence in the domain wall metric (BI]). Following [29], we shall choose
a local frame on Y such that the vielbein e obey (e,™) = —39™gned"
where g/, is symmetric in its indices. In order to manipulate the terms
involving transverse derivatives we then use the following identity

1 ! 1
(1) = O =5 Tl n,) = (G- 222 (474, % i)

(B.12)



C N =2 supersymmetry transformation laws

Here we shall explicitly state the supersymmetry transformation laws for
the N' = 2 theory described in section ] taking advantage of the results
[24, 25, 126, 27, 50]. They take the following form:

&ﬁuA = Dyg;— %MAE}EIAHLUE . 5AB€B + [iSABU;w + EABTM_V} ’)/VEB ,
SNA = 0t e + eABG’VW’WEB + W’ABEB )
0o = iP,3a0uq"y"e™ — iM " Hp s, 37" t+ Nf}aA g
(1)
Ve = —z'@EAﬂaeA - Z'@E;iWaEA :
5Af} = 2LA@faBEAB + QZAEAM&tBEAB
+ (ifzi‘ X yeBess + ZTQXEWSBGAB) :
0Baw = —% <5A’YWC&UAA& - EA’YWC&UAA&>
_%WA oc (8 ANty + pame ) ;
5th = XkAEA :
5" = P", (ZdeA + C&BEABZB%) :
(C.2)

In the case of an SU(3) structure compactifications there are no massive
tensor multiplets, that is (CI]) and (C.2)) describe a standard N' = 2 gauged
supergravity [50] . This is tantamount to saying that all the tensor multiplets
can be dualised into scalars. More specifically, it implies H Ap = Baw =0
and that P, is the vielbein of the quaternionic manifold parameterised
by the hyperscalars ¢“. The specific gauging is Abelian and it is described
n [26]. The fermion shifts S;5, W* AB , NV 4 are completely determined by
specifying the triplet of superpotentials W 227)-(2.30). Their explicit form
is given in (2.33).

In the case of an SU(3) x SU(3) structure compactification [27] the theory

41



features hY + 1 tensors

BA;U/ = ef\Bluu ) (CB)
where e} = (e4, ean) and Brw = (Bﬁl,, By ) are dual to the RR scalars.

It is important to note that the combination of RR scalars appearing in the
fermions shifts ([2.33]) is gauge invariant [27], that means that it is not the
combination of scalars that is dualised into tensors. For this reason the flow
equation (Z57]) has the same structure in both SU(3) and SU(3) x SU(3)

structure case.

The tensors appear in the fermionic supersymmetry transformation laws
through the Hodge dual of their field strength Hy = «dBy. The scalars
g" that have not been dualised are parameterised by the rectangular vielbein
P" 4 [24]. We have defined for convenience

MA® = eheZ M (C.4)

where étel, = 6%. Similarly we define
(DA = 6&(3[ s (C5)
UL = el (C.6)

The triplet of superpotentials W can be derived from [27] using the techniques
described in [24] and is given by (2.38]).

D 4D N = 2 supergravity and SU(3) x SU(3)
structures

In this appendix we will briefly review SU(3) and SU(3) x SU(3) compact-
ifications from the perspective of four-dimensional N' = 2 supergravity. For
further details and a complete discussion of the Kaluza-Klein procedure for
SU(3) and SU(3) x SU(3) structure manifolds, we refer the reader to [8, 9].

SU(3) structure

When Y has SU(3) structure or SU(3) holonomy, the pure spinors are defined
in terms of the complex three-form

Q:ZA(IA—GAﬁA 5 (Dl)
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and the real Kahler two-form J, which is often combined with the B-field
into a complex two-form

: X
B+Z']:Fwi y (D2)
where
(wi, w) i=1,...h0Y, (a, BYH A=0,1,...02Y (D.3)

and (X°, X?) and Z# are homogeneous complex coordinates for the Kihler
and complex structure moduli, respectively. In the Calabi-Yau case, (D.3)
are the usual basis of harmonic forms.

We are not going to consider the most generic SU(3) structure and
SU(3) x SU(3) manifolds but we will restrict to those that, according to
[8], reduce to the N' = 2 ungauged theory in the limit of vanishing gauge
coupling. This is achieved by deleting the triplet 3 and 3 representations
in the SU(3) and SU(3) x SU(3) field decomposition [, |9]. For the SU(3)
structure case this means that the torsion classes W, and W5 must vanish
[51]. The failure of the basis of forms to be closed can then be expressed as

doy = ey w', dpt = el
dw; = efaA — e 32, dw' =0, (D.4)
where we do not write the terms that vanish under the Mukai pairing.

It is convenient to introduce a zero-form wy = 1 and a six-form w? such
that [w®= —1 and an index A = (0, i), A = 0,1,... "D in order to allow
us to write the two pure spinors as

Y = XAwp — Fpwh, (D.5)
0 = Z;;‘CYA — Gyaf?t, (D.6)

that is
Y = X0eP P’ =nQ, (D.7)

where X can be fixed to any constant phase, while 7 is a normalisation
factor that we shall fix later (D.13).

In (DF) (XA, Fy) is a symplectic section and Fp = -25, where F is the

OXNM)
holomorphic prepotential for the Kahler moduli defined by
1 XiXixk
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The scalars ¢! = ))g—é parameterise the special Kéhler manifold of the vector
multiplet sector of the resulting four-dimensional theory, with the Kahler
potential given by

4
e—K+=§/JAJAJ. (D.9)
Similarly in (D.I) (Z4, Ga4) is a symplectic section and G4 = 2% , where G
is the holomorphic prepotential for the complex structure moduli defined by
1 AVAY A
G - —g dabcT (D10>

The scalars 2% = % parameterise a special Kahler submanifold of the quater-
nionic manifold in the hypermultiplet sector of the four-dimensional theory,
with Kéahler potential K_ defined as

e R = z'/Q/\Q : (D.11)
The rescaled sections introduced in (D.6) are defined as
(Z7174 ) GUA) = U(ZA ) GA) ) (D12)
where the normalising factor is given by
K77K+
n=e 2 . (D.13)

The rescaling (2.4)) is performed in order to give the correct normalisation of
the pure spinors (B.11). As we shall describe later, it is often more convenient
to define twisted differential, rather than use the twisted differential form
described above. For vanishing B field, J and 2 satisfy the usual SU(3)
structure conditions

1
3!
The conditions (D.14]) are the equivalents of (B.I0) and (B.11J).

JAQ=0, J/\J/\J:—%nzﬂ/\ﬂ. (D.14)

T and H deformations

We will refer in the following to the (e}, e4;) deformations as T’ deformations,

since they are all geometric deformations induced by the torsion. As we want
to consider the presence of NS fluxes

H=eflas— e, (D.15)
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it is convenient to define a twisted derivative operator dgy = d — HA, such
that on the SU(3) structure manifold basis, extended with (wg, w°), we have

dgas = eapw™, df* = equw™
dywa = eﬁaA —eanf4, dyw™ =0 . (D.16)

We will refer to (e, ega) as H deformations. Note that d? = d2% = 0 implies

eape’s —eaze’, = 0. (D.17)

SU(3) x SU(3) structure

When Y is an SU(3) x SU(3) structure manifold, both the even and odd
basis forms on the truncated spaces of forms

~

(p, @) A=0,1,...80Y | (44,0 A=0,1,...h%Y  (D.18)

are defined as polyforms, such that both pure spinors are polyforms and are
given by

0 = XAop — Fpo?, (D.19)
0 = ZMay — Gya B (D.20)

The Kahler potentials are defined by
e K+ :i/@g , 0 (D.21)

Hatted quantities are introduced to distinguish the more general SU(3) x
SU(3) structure case. In order to include the RR fields, we define a third
polyform %

D =(aa - Caf? (D.22)
where (4, f 4) are the RR scalars, that in the four-dimensional theory belong
to the hypermultiplet sector. When the theory is truncated to an N = 1
spectrum it is further convenient to introduce the combination

= [2 Fim(CQ)] (D.23)
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The compensator C' [35, 136G] is given by
. K_
C =27 (D.24)

where the phase e identifies the orientifold projection, e.g. in the SU(3)
structure case one has

6 =—J, 0=e"Q. (D.25)

The operator ¢* is in fact the pullback of the involutive symmetry o, in the
orientifold projector O = Q,(—1) g, [35,136]. The normalisation factor 7 is
defined as

f=e 7t (D.26)
where
e Ko = z‘/@Q, Q) . (D.27)
Together these imply
eKe =g = ler (D.28)
Note that since 77 = |C|~! we can rewrite (D.23) as
. = [f;i + um(e%_)] . (D.29)

In order to write Rell_ in a convenient way we introduce the rescaled RR
scalars

(&, Cag) = (¢, Ca) (D.30)

Finally, we can define the rescaled RR flux as

F;{lux = e — (ead™ —m™@y) . (D.31)

Non-geometric () and R deformations

In the SU(3) x SU(3) structure case with vanishing triplets the basis forms
of the truncated spaces of forms are not necessarily of pure degree. This
leads one to define a new generalised differential (see e.g. [9] and references
therein)

D=d —HA —Q- —RL, (D.32)
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where ()- and RL act on a generic k-form C' as

(Q : C)ml...mk,1 = Qab[mlcabmg...mk,l]a (RLO)ml...mk,g = Rabccabcml...mk,g .

(D.33)
The action of D on the basis forms gives
A A ~A HA AA A~ A
Dig = —migwn + eanw™, DB = —m P 0p + e,
~ An AA ~ A AA ~ A HA
Dp = exba — ean”, D™ = Ga—my b7, (D.34)
while D? = 0 implies
eane’s — eaxe?y, =0, mAmMAE — mImAr =0 |
eaam® —egmh =0, (D.35)
BA _ B, A _ A A _
eaam”t —exymiy =0, eaamp —epamy =0 |
eamBPA — eBmAr =0, exmy —epam =0 . (D.36)

The parameters (m?, m*?) are due to the action of the operator Q- , while
(m%, m®) are due to the action of R_ . We will refer to the former as Q
deformations and to the latter as R deformations. While () deformations do
not spoil the local geometric structure, the R deformations do i.e. they are

conjectured to arise from non-geometric compactifications.

Using the previous basis one finds

Do, = [(Xheh — Fam™)au— (Xhean — Famb) 34| . (D37)

DO = — [(Z)mh — Guam™) &a — (Z]ean — Gyaey) @] ,(D.38)
F=- [(CAmﬁ —Ca mAA> WA — (CAeAA - EAeﬁ) @A] :
— [mPon —ead?] | (D.39)
where we have defined the total RR contribution as
F =D+ e [ =4F . (D.40)

The SU(3) structure case is recovered from (D.37)-(D.39) by setting D — dy
and m4 = mA% =m? = 0.
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E From domain walls to Hitchin flows

Here we shall reproduce this main steps of the calculations of section [2] that
allow us to retrieve the Hitchin flow equations from the first-order differential
equations describing domain wall configurations in four dimensions. The
manipulation of (Z.57) is quite straightforward. We introduce for convenience
the real symplectic vector (WA, Wjy)

Wa=it-Py, Wr=a-QM, (E.1)
such that the superpotential (Z27) can be rewritten as
K
W =e=2 (XAW,y — FAWA) (E.2)

where explicitly

WA —opl ot 5 [(ReGA + K|C? Q) mAh — (ReZA + Z—T\C|_1 (A) mit — H\C’|_1mA} :

Wa =2n' ot [(ReGA + K|C| ™ §A> ey — (ReZ” + K|C| 7' (Mean) — /€|C|_16A] :

and Kk = Z—f is a constant according by (2:48)). Assuming that 7 only depends
on the quaternionic scalars, the vectors (E.Il) are independent of the ' and
we can rewrite equation (2.54)) as

Ky _ _ Ky - —
2 2

Opt' = Fe P g" [85(6 XMWa = (e hE\)WH| . (B.4)

We can now proceed exactly as in [15], as the specific structure of plays
no role in the manipulations.

Following the procedure outlined in [16], we introduce the symplectic

section A A
= helMe'S
<]__A> =he e <FA) , (E.5)
and from we obtain
ya_yh gy (WA
O, Fr - Fo = —ie R (E.6)

(E.3)



Note that (E.G) can be formally integrated to give

(Im(hXA)) B (IAmAA — I4mA — ImA)

Im(hFA) o IAef{ —IAeAA —IeA (E7)

where (Z4, Z4) and Z result from integration and their explicit form is not

relevant for our purposes. Plugging (E.7) into (D.37) and using (D.36) we
deduce

dIm(h®%) =0 . (E.8)
Another important consequence of (E.7) and (D.36) is that

Im(hW) =0 . (E.9)

Note that if we multiply (E.9) by 7 we obtain (2.52). Moreover, (E.7) and
(D:36) imply that only (Re(hX*), Re(hFy)) appear in hWW.

Equation(2.53]) is more difficult to manipulate. Actually, we are just
interested in the scalars (2%, z%) in the special Kédhler submanifold param-
eterising the complex structure deformations. Rewriting (2.55]) in complex
coordinates and assuming that W? = 0, we obtain

0,2 = Fe Vg [Vie s Z4)es — Vile = Ga)e?] (E-10)
with

cA PSRt Re(hF)AmAA—Re(hXA) eﬁ

(&) =2 (el - memye) - (B0

As (E-I0) has the same structure as (E.4) it can be manipulated with similar
techniques. Let us make some comments on the derivation of (E.I0). First
of all, observe that due to the structure of the quaternionic metric [52] the
equations for Rez® and Imz* decouple from the rest. Secondly, note that
D,W?3 = 0, since W3 does note depend on (Rez?, Imz?) (see ([233) and
(Z:3])) and that the connection components w', w? are zero along the direc-

tions (Rez?, Imz®) [52]. Thirdly, we used that e%(ZA, G 4) is a covariantly
holomorphic section. Finally, we imposed W2 = 0 (and consequently n? = 0)
in order to remove a contribution which would have spoiled the structure of
(E-I0Q). Introducing, as before, a new symplectic section

A K A
(é;) = (1-VU() 5 (éq) , (E.12)
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we obtain

0, @’j :g) — el (24) , (E.13)

where we have defined A\ = (n?)? and made use of (Z.31). We can formally
integrate (E.13)) to obtain

mZ4\ _ (Thej —Zam™h (E.14)
ImGA IAeAA—IAmﬁ ’ '

where (Z2, Zp) again result from the integration. Plugging (E.I4) into
(D.38), we immediately see that, by virtue of (D.35]), we have

dim®® =0, (E.15)

which is consistent with W?2 = 0. We stress that the assumption W? = 0 is
necessary to get an attractor-like structure (E.I3]) for the complex structure
deformations analogous to (E.G) for the Kéhler cone.

Considering ([Z55]) for ¢“ = ¢, together with (Z50]), we can obtain the
following expression for the four-dimensional dilaton

e = e TNV (E.16)
where we have used [52] g% =1 and (231)) with the definitions £ = 22 and
A=
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