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1 Introduction

Topological string models with Calabi-Yau target spaces provide us with subsectors of
string theory in which certain quantities can be computed exactly. The key to this is that
(2,2) o-models with Calabi-Yau targets admit certain topological twists. To be precise,
there are two distinct twists which give the A- and B-models [1]. In both of these models,
the metric is not a fundamental degree of freedom — the A- and B-models are theories of
Kahler and complex structures respectively — which suggests that the resulting theories
may be topological. At the quantum level, the A-model can be defined on any Kahler
manifold, while the B-model can be defined consistently only on Calabi-Yau targets. With
these assumptions, one can show that observables indeed do not depend on the metric and
so deserve the name topological.

The connection between topological strings and geometries captured by invariant func-
tionals was first discussed in [2—4], where the partition function of the topological B-model
and its conjugate [1, 5-7] on a six-dimensional target space M was argued to be encoded in
the Hitchin functional for an SL(3, C) structure on the same target space [8]. Pestun and
Witten later observed that there is a discrepancy between the two at 1-loop, and showed
that the 1-loop partition function of the B-model is actually given by the partition function
of an extended Hitchin functional [9]. Generalising the real three-form that characterises an
SL(3, C) structure, this extended functional is written in terms of a polyform which defines
a generalised Calabi-Yau structure. A key insight here was that although the critical points
of the two functionals agree, at the quantum level the fluctuating degrees of freedom of the
two structures are different. Thus, it was essential to view the target space as a background
in generalised geometry in order to match the topological B-model calculation.

One can view the above calculation by first starting with a conventional o-model with
a Calabi-Yau target space. In the large-volume limit, the worldsheet theory is captured
by an effective theory on the target space. The topological twist that leads to the B-
model corresponds to a subsector of the target-space theory described by a generalised
Calabi-Yau structure. There is a similar construction for o-models with a Gg holonomy
target space. One starts with the Gy worldsheet algebra, which contains an extended (1,1)
supersymmetry algebra [10]. Importantly, this algebra has a ¢ = 7/10 subalgebra, known as
a tri-critical Ising model, which can be used to define a topological twist of the o-model [11].



One might expect that there is a subsector of the target-space theory that captures this
twisted sector. An attempt at constructing this theory was made in [11], where a target-
space action was proposed by starting from a Hitchin functional for a generalised Ga x Ga
structure. In this case, the 1-loop partition function of the topological G string disagreed
with the target-space calculation, differing by a factor of the Ray-Singer torsion of the
background Go manifold.

The goal of this paper is to resolve this discrepancy and give a target-space interpre-
tation of the topological Go string calculation. Rather than starting from a functional on
the target space, we follow a different path and suggest that these results can be obtained
by considering a certain double complex that arises naturally in generalised geometry.

To be precise, we will give a double complex for Gg x Go that realises the BRST
complex of the topological Go string. The degrees of freedom of the worldsheet theory
break into right- and left-moving sectors, each with their own BRST operators, with the
string states given by tensor products of these sectors. Physical states are then cohomology
classes of the total BRST operator. We will give a target-space interpretation for each of
these ingredients, culminating in an expression for the 1-loop partition function that agrees
with the worldsheet calculation of de Boer et al. [11] and a target-space action whose BV
quantisation reproduces this answer. Given the conjectured existence of theories in seven
and eight dimensions that unify the A- and B-models [2-4, 12, 13], it seems sensible to
consider how topological Spin(7) strings might also be captured by generalised geometry.
Following the same logic as for the Go string, we make a conjecture for its 1-loop partition
function.

Our construction does not require that the target space has special holonomy, but
instead requires only the weaker condition of being a purely NSNS Minkowski background
(with metric, dilaton and B field) preserving at least N = 1 supersymmetry. In outline,
starting with an O(d, d) x RT generalised geometry description of the target space, we show
that supersymmetry implies the existence of a torsion-free G x G structures. From these,
one can construct a compatible, torsion-free generalised connection which, together with
certain projectors onto representations of G X GG, can be used to define a pair of differentials
(d4,d_). These differentials give the maps in a double complex for G x G C O(d) x O(d) C
O(d, d). After working out the Hodge theory and the analogue of Kéhler identities for these
differentials, we conjecture that a certain alternating sum of determinants of the Laplacian
defined by d = d+ + d_ determines the 1-loop partition function of the corresponding
worldsheet theory. Upon restricting to honest special holonomy backgrounds with vanishing
H flux, our expression reduces to the known result for the Go string and the A- and B-
models, and gives a prediction for the Spin(7) string.

Though our work gives a target-space description of the 1-loop partition function for
these topological strings, we have not been able to find target-space actions that repro-
duce these calculations upon quantisation in all cases. The central result of [9] was the
construction of a target-space theory based on an extended Hitchin functional for SL(3, C)
whose BV quantisation gives precisely the 1-loop partition function of the B-model on a
Calabi-Yau target. For the Gg string, a similar calculation was attempted in [14] with
less success — the quantisation of neither the conventional nor the extended Go Hitchin



functionals reproduced the 1-loop partition function of the Gg string. To the authors’
knowledge, there has been no attempt to repeat this for the Spin(7) string. In this paper,
we give a target-space action whose quantisation does agree with the Go string, but it is
not based on an invariant functional that we are aware of. For the Spin(7) string, we have
not been able to write down a target-space action.

A summary of our results follows:

e in section 4, we introduce a new double complex for Gy x Go structures on seven-
dimensional manifolds within generalised geometry. The differential operators that
appear in this double complex are defined using a generalised connection that is
compatible with the Go x Go structure. We show that the operators are nilpotent
and commute in the correct manner (so that they define a complex) if the generalised
connection is torsion-free, which implies that the underlying string background is an
NSNS Minkowski solution preserving at least N = 1 supersymmetry. We define
Laplacians for these operators and their Hodge theory.

e We conjecture that the 1-loop partition function of the corresponding topological
string is given by a certain alternating product of determinants of the Laplace op-
erators acting on the double complex. In section 5 we restrict to the case of a Ga
holonomy background, and show that our general expression for the 1-loop partition
function agrees with the worldsheet calculation of de Boer et al. [11].

e We give a target-space action whose BV quantisation reproduces our expression
for the 1-loop partition function in section 5.2. It does not seem that this action
comes from considering variations of an invariant functional, unlike the case of the
B-model [9].

o In section 6 we repeat the above analysis for Spin(7) x Spin(7) structures on eight-
dimensional manifolds. We again show that one can define a double complex pro-
vided there exists a torsion-free connection compatible with the generalised structure,
equivalent to the corresponding NSNS Minkowski background preserving some su-
persymmetry. In section 7 we compute the alternating product of determinants, and
in the case of a Spin(7) holonomy manifold conjecture that this gives the 1-loop
partition function of the Spin(7) string. We find it to be

Zy = (det’Aq) N (det’Ar)(det'Agy )2 (det’ Agy) 712, (1.1)

where A, is the Laplacian acting on the r representation of Spin(7) and det’ is the
(-regularised determinant.

e We outline in section 8 how our formalism applies to the A- and B-models with flux
and show that the relevant Laplacian is associated to the Lie algebroid defined by the
corresponding generalised complex structure, agreeing with [15]. We also comment
on topological strings on K3 surfaces where one finds that the 1-loop contribution is
trivial.



We begin with an overview of the worldsheet theories for the A- and B-models, Gy and
Spin(7) in section 2. We then review the complexes that one can define on manifolds with
G-structures and outline their Hodge theory in section 3, before moving onto the results
outlined above. The appendices contain our conventions and useful identities, a discussion
of determinants and partition functions, and a quick review of O(d,d) x RT generalised
geometry.

2 Review of topological strings

Since we will be proposing a target-space interpretation of various topological theories, we
will first spend some time reviewing topological strings from the worldsheet, starting with
the well-known A /B-models [1, 5, 7, 16] and then moving on to the topological Go [10, 11,
14, 17] and Spin(7) strings [10].

In each of these cases, special holonomy of the target space implies the existence of an
extended worldsheet symmetry which allows a twisting procedure that renders the theory
topological. In brief, one looks for an operator p, often related to the extended symmetry,
with which to ‘twist’ the energy-momentum tensor

T — Tiwise ~ T + 0p, (2.1)

such that the central charge c of the twisted theory vanishes. This twisted energy-momen-
tum tensor endows operators of the theory with new charges under Lorentz transformations.
Interestingly, the twisting operator p is intimately related to the spectral flow operator, or
analogues thereof, which is used to generate target-space supersymmetry.

Next, one looks for a nilpotent scalar! operator Q:

Q*=0. (2.2)

Typically, @ is built from the supersymmetry generators and then identified as the relevant
BRST operator. One then requires that Tiwist is & Q-trivial operator.? This is usually done
by requiring the action to be written as a Q-exact piece, plus terms independent of the
target-space metric. If this is the case, one can use localisation techniques to obtain exact
results for correlators by evaluating them on fixed points of the BRST symmetry [1]. We
further require that physical operators fall into ()-cohomology classes. These physical
fields form a closed ring under the OPE, called the chiral ring, which is often related to
certain cohomological data of the target space. The chiral ring generates certain highest-
weight states in the NS sector, which can be related to the R sector ground states through
spectral flow.

For closed topological strings, one has independent left- and right-moving sectors.
States of the theory are built from tensor products of left- and right-moving states, and
the BRST operator can be split into a left- and a right-moving operator

Q=Qr+Qr, Q7 = Q% ={QL,Qr} =0. (2.3)

IThis is a scalar with respect to the twisted Lorentz symmetry.
2A necessary condition for this is that the central charge vanishes, hence the need to look for a Tiwist

with vanishing central charge.



Grading the states by left- and right-moving fermion number (p, ¢), we find that observables
fit into a double complex

s oprLetl _ opetl _, optle+l

Qr
L s Oor—lag L, OP L ortle (2.4)
Qr

L —— ophasl  opatt o optlal

This double complex is understood for the A/B-model [15]. It is the main goal of this
paper to show that there is a nice target-space interpretation of (2.4) for any topological
string with a special holonomy target space, at least in the infinite-volume limit, and that
the 1-loop partition function of the worldsheet theory calculates a particular quantity of
the double complex that we have dubbed the analytic torsion.

We will now go into more detail about the twisting procedure and the cohomological
structure of the topological string for A/B, G2 and Spin(7) strings.

2.1 The A- and B-models

When the target space M is Kéhler and the H-flux vanishes, the worldsheet supersymmetry
is enhanced to N = (2,2). This symmetry is built from a left-moving and a right-moving
sector which each have an energy-momentum tensor 7', two supercurrents G*, and a U(1)
current J. The + on the supercharges correspond to their charge under the U(1). We will
denote fields in the right-moving sector with a bar.

After the usual mode expansion, the relevant commutators for the left-moving sec-

tor are
(L Ln] = (m = 1) Lt + 5 (1 =m0, (2.5)
[Lim, Grra) = (;m —nF a) G tar (2.6)
[Lons Jn] = =1Jmin, (2.7)
[Jm, In] = §m5m+n,o, (2.8)
[Tms Grta) = G i ptas (2.9)

and similarly for the right-movers. Strikingly, if one defines a twisted energy-momentum
operator via

1
Towise = T+ 50, (2.10)



then the new modes Ly, = L, — %(m + 1)J,, satisfy

Ly Ln] = (m = 1) Lo, [Lo, GT, 5] = 0. (2.11)

Hence we see that the central charge of the twisted algebra vanishes, and the supercharge
Gfl /2 is a scalar with respect to the new Lorentz symmetry. We can therefore use it as
the left-moving BRST operator.
Given this twist, there are two inequivalent twists of the right-moving sector given
by [18]
Tiwist = T + %aj, (2.12)

where the upper sign corresponds to the B-model and the lower leads to the A-model. Both
twists result in algebras with vanishing central charge, but with different nilpotent scalar
operators. One then finds that the relevant right-moving BRST operators are

[Lins GZ4 ) = 0. (2.13)

The total BRST operators for each model are then
Qa=G' ,+G ), Q=G ,+G" . (2.14)

One can then examine the cohomology of local observables in each case.
Let us also briefly note how this twist is related to spectral flow. This is a symmetry
of the algebras given by

L:I"YL =Lp+ndy+ gﬁ25n,0, (2'15)
+

Ghia = Gyj;i(a+77)a (2.16)
Jﬁ:%+§n%@ (2.17)

1
29
sector, and vice versa. This is generated by an operator which one can bosonise to ¢'?/2.

In particular, we see from (2.16) that for n = 5, we have a map from the R to the NS

One then finds that the U(1) generator can be written in terms of p as
J = 0p. (2.18)

Inserting this into (2.10), one finds a formula for the twisted energy-momentum tensor
more like that of (2.1).

The A-model. The A-model action can be written as

sz{QmAV}+L®w, (2.19)

for some V', where w is the Kéhler form on M, ¥ is the worldsheet and x: ¥ — M is a map
from the worldsheet to the target space. The action is thus @ 4-exact, up to a term that
depends only on the homology class of z(X) C M and so is independent of the worldsheet



metric. This is sufficient to show that the energy-momentum tensor is @ 4-exact.? Note
further that the second term is also independent of the target-space complex structure,
and hence all correlators will depend only on the Kahler moduli. This topological string is
thus quasi-topological, depending on some but not all the target-space moduli.
Localisation techniques allow us to evaluate correlators exactly by restricting the cal-
culation to solutions of the equations of motion for V. It turns out that, for the bosonic
sector, these are
Oxr = 0z = 0. (2.20)

The theory therefore localises on holomorphic maps x: ¥ — M. Coupling this theory to
gravity, one must then integrate correlators over the moduli space of complex structures
on Y. This ensures the result is indeed independent of the target-space complex structure.

To study the @ 4 cohomology ring, and hence the physical local operators, it is useful
to go to the infinite-volume limit in which contributions from non-trivial homology classes
z(X) drop out of all correlation functions. In this limit, it is possible to show that the
chiral operators take the form

On = () . pipin g XM - XX X, (2.21)
where the x* and x” are the left- and right-moving worldsheet fermions with U(1) charge
+1 and —1 respectively. Note that under the twisted Lorentz symmetry, these are scalars
and thus dimension-zero operators, as is required for a topological observable. Moreover,
one can identify y* € z*(T'°) and x¥” € z*(T%').* Hence, the space of operators is
identified with standard (p, ¢)-forms on M. Under this identification, one finds that

GJ—rl/z ~ 0, 6:1/2 ~ 9, Qa~0+0=d. (2.22)

Therefore, the chiral ring is isomorphic to the de Rham cohomology ring of M in the infinite-
volume limit. Furthermore, the double complex given in (2.4) maps onto the Dolbeault
complex of M.

At finite volume, the chiral ring is deformed by worldsheet instantons coming from
the second term in (2.19). While the operators can still be identified with (p, ¢)-forms, Q4
no longer matches the de Rham operator, and the ring structure does not match the de
Rham cohomology. Instead, one finds what is called the quantum-deformed cohomology
of M which takes into account holomorphic multiwrappings of the worldsheet on Riemann
surfaces in M [19, 20].

The correlators are interesting in their own right as they compute Gromov-Witten
invariants [21]. Unfortunately, contributions from worldsheet instantons make them diffi-
cult to calculate directly. In practice, one uses either the holomorphic anomaly equations
to relate correlators at genus g to lower-genus correlators, or mirror symmetry to relate
correlators in the A-model to those in the B-model.

3In fact, to write S as in (2.19), one has to use the equations of motion. It is possible to show that
there exists an operator Q 4, which is related to Q4 by the equations of motion, such that (2.19) also holds
off-shell.

4Here, and throughout the paper, we will use the shorthand T = TM, T1° = TH°M, and so on.



The B-model. Unlike the A-model, which exists for any Kéhler target space, the axial
R-symmetry generated by the pair (J, —J) is anomalous unless ¢;(M) = 0. Hence, for the
B-model twist to be well defined at the quantum level, one must restrict to Calabi-Yau
target spaces.

With this restriction, it is possible to write the action as a () g-exact piece, plus a term
that is independent of both the worldsheet metric and the target-space Kéhler form.®> Thus
one finds that correlators depend only on the complex structure moduli, and again one has
a quasi-topological theory. The theory localises on solutions to

dz = dz =0, (2.23)

and hence we can calculate exact results by restricting to constant maps z: X — M.
This observation often makes B-model correlators easier to calculate (though perhaps less
interesting from a mathematical point of view).

To study the @ cohomology ring, it is once again useful to go to the infinite-volume
limit. There one finds the dimension-zero operators take the form

O = B(x)" 5 5, 0u, ... 0,7 ... 71", (2.24)

where the 0, and 77" are left- and right-moving fermions (though scalars under the twisted
Lorentz symmetry), both with U(1) charge +1. We can identify 6, € z*(T*0) and 7" €
2*(T%1), and so the space of operators corresponds to sections of AYT*%! @ APT'0, Using
this identification, one finds

1 - - 1 - _
GJ—FI/2 ~ 5(8 +0'), GJ—F1/2 ~ 5(8 - o, Qp ~ 0. (2.25)

The chiral ring of physical operators is therefore isomorphic to the bundle-valued Dolbeault
cohomology groups
H(M,AT?) = § HE(M, APTY). (2.26)
X
The holomorphic (n,0)-form of the Calabi-Yau target space then gives an isomorphism
between this and the usual Dolbeault complex on (n — p, ¢)-forms.

Looking at (2.25), we see that the left and right BRST operators do not correspond to
the Dolbeault operators, but instead raise the antiholomorphic degree while lowering the
holomorphic degree of forms. This means that the left and right fermion numbers cannot
be matched to the holomorphic and antiholomorphic degree of the form respectively, and
the BRST double complex (2.4) cannot be identified with a Dolbeault complex on the
target space. However, the total cohomology can still be identified with the Dolbeault
cohomology as above [7]. Moreover, given that the B-model is independent of the Kahler
moduli, this chiral ring is exact at finite volume even though it was derived at infinite
volume.

5We do not give the action explicitly as we did for the A-model as it is not enlightening in this case. It
can be found in e.g. [22].



The 1-loop partition function. Finally, we will briefly review the 1-loop partition
functions of the A- and B-models. One can calculate the 1-loop partition function from
the free energy which is given by [7, 23, 24]

F = 1/ drdr tr((*l)FFLFR eQwiTHLe—QWiT'HR)’ (2.27)
2 T2

where Fr and Fg are the left- and right-moving fermion number operators respectively,

F = Fy, + Fpg is the total fermion number operator, H;, = {Qp, QTL} is the left-moving

Hamiltonian, and similarly for Hz. The BRST operators are given by Qp = GJ_F1 /2 and

Qr = éj_tl /2 depending on whether we are in the A- or B-model. Integrating over the

upper half-plane, this can be shown to be equal to [7, 14]

1
Fi=0(Hy, — Hp) log [ [T (det’(Hp + Hg)) V" i, (2.28)
Fr,Fr

with the partition function then given by e=71.

From a worldsheet perspective, this is simply an alternating product of determinants
of Hamiltonians acting on the double BRST complex (2.4). To understand what this
calculates on the target space, one needs to use the target-space identification of (2.4). For
the A-model at infinite volume (w — o0), this identification is clear and (2.28) becomes an
alternating product of Laplacians acting on the Dolbeault complex:

~1/2
2892 [ [Tdes aray-vom] (2.29)

p.q

which can be written in terms of holomorphic Ray-Singer torsions:

For finite volume, the answer will receive contributions from strings wrapping cycles in
M [24].

For the B-model, understanding the 1-loop calculation in terms of the double BRST
complex is more opaque as the target-space BRST complex is more complicated. Despite
this, one can show that, up to moduli-independent terms (i.e. a multiplicative constant),
one obtains the same answer as for the A-model [7]:

zB=h

= —. 2.31

This holds for arbitrary Calabi-Yau target spaces, even for finite volume.

We emphasise the form of the 1-loop partition function given by the right-hand side
of (2.29), as it will appear again when we look at the 1-loop partition function of the
G2 and Spin(7) strings. The 1-loop partition function calculates a quantity related to
the target-space BRST double complex, given by a particular product of determinants
of Laplacians on that complex as shown. Given the similarity to the analytic torsion of
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Figure 1. Figure adapted from [9]. Complex conjugation, Hodge duality and contraction with
the holomorphic 3-form 2 leave only three independent determinants which all det’AP9 can be
expressed in terms of. For example, det’A%Y = A and det’A'! = AB?C. The analytic torsion
(the 1-loop partition function) is then given by (A=*B*C~1)'/2  in agreement with (2.29). Note that
upon BV quantising (2.32), the first and second terms contribute A=4B2 and B2C~! respectively,
corresponding to the products of the determinants along the dotted lines in the figure.

one-dimensional complexes [25, 26], we shall refer to the quantity (2.29), when applied to
arbitrary complexes, as the analytic torsion of the double complex.

In [9], Pestun and Witten showed that this result for ZP could be obtained by BV
quantising the target-space theory defined by

S = / boo N 85522 +b11 A 85()11, (2.32)
M

where the subscripts denote the (p, ¢)-form degree. Furthermore, they showed that this
action has a natural interpretation as the quadratic variation of the Hitchin functional for
a generalised Calabi-Yau structure, where the variation is taken within a fixed cohomology
class [27]. We review the generalised Hitchin functional in appendix C.2. This provides a
link between topological strings at 1-loop and geometric structures in the O(d, d) geometry
of Hitchin that we will explore further in this paper.

Note that the 1-loop partition function has a nice pictorial interpretation in terms of
the Dolbeault complex, as we illustrate in figure 1 [9]. Briefly, the determinant of AP
can be decomposed into a product of Laplacians acting on the subspaces appearing in the
Hodge decomposition of QP9(M). These four spaces are represented by the four squares
surrounding each vertex in the complex. By Hodge duality and complex conjugation,
there are only three independent values these can take, represented by A, B and C in
the diamond. It turns out that the 1-loop partition function can be read off from the

~10 -



Hodge diamond by multiplying these factors together with alternating powers of :t%, in
a “checkerboard pattern”, as shown in the figure. We give a brief review of (-regularised
determinants of Laplacians in appendix B.1.

2.2 The G5 string

The existence of a topological string with Gy target space was conjectured in [10] and
further studied in [11, 14, 17], yet its properties are still not fully understood. Evidence
for the twisting procedure comes from the extended worldsheet symmetry implied by Ga
holonomy of the target space. Indeed, given a Gy structure ¢ € Q3(M), one can define the

operators
® = S, (233)
K = St 0u, (2.34)
X = (0o VU VY — SO, (235)
M = —%(*(p)wm¢“¢”d}p3x” — %guyax“&ﬁ” + %guyw“fﬁx”. (2.36)

These operators along with the N = 1 superconformal operators (T,G) define a closed
algebra denoted by SW[O, 21 (%, %, 2), a particular supersymmetric J/-algebra.’

As in the A/B-models, one can identify a spectral flow-like operator which implements
the twisting. It turns out that, in this case, it is easier to understand the theory via the
states, rather than the chiral ring. In the topological theory, the chiral ring is in one-to-
one correspondence with the R ground states of the untwisted theory. These become the
physical states in the twisted theory and hence one obtains an equivalent description of
the theory.

To study the states of the theory, we introduce the operators T = —%X and Gy =
\/1175(1). One finds they define an N = 1 superconformal algebra of central charge ¢ = %.
This is a minimal model known as the tri-critical Ising model. One can write the original

energy-momentum tensor 71" as
T=Tr+1,, T1(z)T,(w) = regular, (2.37)

where T, defines a Virasoro algebra commuting with 77 with central charge ¢ = %. States
are then labelled by two quantum numbers, |Ar, A,), specifying their weights under 77
and T,.. Since T7 defines a minimal model, we know the weights of the conformal primaries
of the theory. They split into an NS and an R sector:
1 6 3 L 7T 3
100 107 27 167 80°
5This is true in the free-field or infinite-volume limit. More generally, properties like the Jacobi identity
hold only modulo the ideal generated by the null field N defined by [28]

NS: 0, (2.38)

N =4GX — 20K — 4OM — 9°G.
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We also know that the R ground states of the full theory must have total weights
A=A+ A, = 1% = %. Therefore, we find that the R ground states are

7 3 2
=0 = 2N, 2.39
‘ 16’ >7 ‘ 80 5> ( )
Note that the first of these states has non-zero weight only in the (tri-critical Ising) minimal
model subsector. Since it is a minimal model, the fusions rules of this state with others are
known, and so we can use this state to define a map between the R-sector ground state and
certain special NS states. This is the analogue of the spectral flow operator of N = (2,2)

theories, which we recall was important for the twist in the A/B-model. Using the fusion
rules of the tri-critical Ising model, we find the following NS states:

1 2 6 2 3
=z —.z 2.0). 2.4
|050>7 1055>a ‘1075>7 ‘250> ( O)

By examining the total weight of the states, we notice that these states are respectively
generated by the operators”

f@), Au(@)h, B (o)pfy”, Cup(x) 9"y?, (2.41)

and so they define target-space 0-, 1-, 2-, and 3-forms. To ensure they have the correct
weight under T7, the coefficients must be restricted to lie in particular Gs representations.
In particular, they must fall into the irreducible representations that appear in the Go
instanton complex of [29], which will be explored in more detail in the next section.

One can also use the R ground state to twist the model to produce an energy-
momentum tensor Tiyist whose algebra has vanishing central charge. Bosonising the theory,

one can write

o = exp(\%p), (2.42)

1
X = (0p)* + 4—53%, (2.43)

7 > < —bi )
—,0) =exp|——=p . 2.44
B p( 1m0 (2.44)
Given that one can relate twisted and untwisted correlators of the A/B-models by 2g — 2
insertions of the spectral flow operator at genus g, one may guess that a twisted Gy string

is obtained by inserting 2g — 2 copies of (2.44). This has the effect of shifting the energy-
momentum tensor induced by X to

Xiwist = (0p)% + &p. (2.45)

3
2v/5

"One could ask why we do not include fields of the form dz or di. The reason is that the derivative

ensures that these have conformal weight > 1 and hence cannot be scalars under a twisted Lorentz symmetry.
They should therefore not be included in a set of local physical topological operators.
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Taking the total twist Tiwist = %thist + T}, one finds an algebra with vanishing central
charge. The NS states of (2.40) then have a shifted A; weight and become

2 2 2 2
_ZZ _ZZ . 2.4
|O7O>7 ‘ 575>7 ‘ 575>7 |070> ( 6)

In particular, they have total weight zero — a necessary condition for a physical state in a
topological theory.

It remains to be seen whether there exists a nilpotent operator () that is a scalar with
respect to the twisted Lorentz algebra such that Tiyig is Q-exact. In [11], it was argued
that the correct operator is a particular conformal block of the supersymmetry generator
G_1/2, which was denoted by Gfl /2.8 While it was not shown that Tiwist 1S exact with
respect to this operator, it was argued that Gi_1 /2 is indeed nilpotent and maps the special
NS states within themselves:

Gt 1 2 Gt 6 2 G* 3
0,0) ——— > R > — ‘,0>. (2.47)
10’5 10’5 2

This complex has a target-space interpretation as the Gy Dolbeault complex (3.5) which
we will describe in the following section. The physical states should therefore be in the
cohomology of this complex. In addition, a heuristic argument was given that the path
integral localises on constant maps z: ¥ — M, and so one would not expect instanton
corrections at finite volume.

One finds completely analogous results for the right-moving sector and so the total
BRST operator should be

Q= Gil/g + éil/ga (2.48)

with the physical states given by tensor products of left- and right-moving states, each
in (2.46), that are annihilated by @. This poses the question: what is the target-space
interpretation of the BRST double complex (2.4)7 One of the results of this paper is to
show that there exists a double complex on any Go manifold which naturally represents
this worldsheet complex. Moreover, we will examine its relation to the 1-loop partition
function and compare our results to those found in [14].

2.3 The Spin(7) string

The topological Spin(7) string was also conjectured to exist in [10] but there has been little
further study since then.? We will now outline some of the evidence for its existence.

As before, a target space with Spin(7) holonomy implies an extended worldsheet sym-
metry which is required for the twisting procedure. If © € Q*(M) is the self-dual 4-form

8Note that Fiset and Gaberdiel [30] show that the cohomology of Gil /2 is not restricted to the chiral
ring and so it cannot be the exact BRST operator which captures the geometry of the target space (though
the honest BRST operator is likely related to Gfl /2). For our purposes, we need only the identification of
the complex of special NS states as later we will identify the analogue of the correct BRST operator in the
target space.

“Though see, for example, [31-35].
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defining the Spin(7) structure, we can define the operators

~ 1 1
X = [Ouwpo P O YPYT + S g0y, (2.49)
~ 1 1 1
M = 51Oupo VY P02 — 5 g 02 OY” + §g,w¢“a%% (2.50)

These, together with the N = 1 superconformal generators (7, G), form a closed algebra.
The rescaled operator 17 = %X’ generates a Virasoro algebra with central charge ¢ = %,
known as the bosonic Ising model. This plays the same role as the tri-critical Ising model
in the Gy string and will be important for the putative twisting procedure.

Once again, it is easier to understand the theory via the states. We can write the total

energy-momentum tensor as

T=Tr+1,, T1(z)T,(w) = regular, (2.51)

where 7). defines a Virasoro algebra commuting with 77 of central charge ¢ = ? We can

therefore label states as |Ay, A,) with respect to their weights under 77 and 7). Since the
bosonic Ising model is a minimal model, we know the possible weights are given by

1 1
Ar: 0, —, -=. 2.52
I ) 16 y 2 ( )
Since the total weight of the R ground states must be equal to 1% = 1% = %, one finds that
they must be
1 17 1
- —, — =, 0). 2.
05)  |eie)r [59) (25)

Once again, we find a state with only non-vanishing bosonic Ising weight which we can use
as a spectral flow-like operator to define a map between the R ground states and certain
NS highest-weight states. Indeed, using the fusion rules, the states in the NS sector are

1 7 11
—,— — =) 2.54
0,0), ’16’16>’ ’2’2> (2:54)
By examining the total weight, we see that these states are generated by the operators!'®
f(x), Au(x)ypH, By (x)ptap”. (2.55)

Hence, the states are related to target-space 0-, 1-, and 2-forms. To ensure the states
have the correct Ty weights, we find that B, must be restricted to lie in the 7 of Spin(7).
Intriguingly, these representations are precisely those that appear in the Spin(7) instanton
complex [29].

We can also use the R ground state to form a twisted energy-momentum tensor with
vanishing central charge. Indeed, bosonising the theory, one can write

. 1
X = (0p)* + méﬂp, (2.56)

‘;,0> = exp(;/igp) (2.57)

00nce again, we do not include terms with 9z or v as they cannot be scalars with respect to a twisted

Lorentz symmetry.

— 14 —



The insertion of 29 — 2 copies of (2.57) into correlators is equivalent to twisting the energy-

momentum tensor to 5

43

Taking the twist of the full theory to be Tiwist = éf(twist + T, one finds a Virasoro algebra

Xiwist = (9p)? + —=07p. (2.58)

with vanishing central charge. Furthermore, the weights of the NS states under this twisted

0,0, ‘ ! 7>, ’ ! 1>. (2.59)

algebra become

R TTA
These have total weight zero under the twisted Lorentz symmetry, a necessary condition
for the physical states of a topological theory.

It is still unknown whether there is an appropriate nilpotent operator () such that
Tiwist 18 @-exact. However, we find it highly suggestive that states of weight zero in the NS
sector define the vector spaces of the Spin(7) instanton complex of [29], much like we saw
for the Gy string.!’ We therefore expect that the correct operator is some sub-operator of
G, suitably projected so that one gets the correct target-space complex. We will provide
some evidence for this in section 7. The full theory contains states that are tensor products
of the left- and right-moving sectors, and the physical operators in the chiral ring again
correspond to cohomology classes of Q = Qf + Qr.

Despite not knowing the precise worldsheet theory, we will show that there exists a
natural double complex on any Spin(7) target space that seems to encode the left- and
right-moving states and gives candidates for the left- and right-moving BRST operators.
We will use this to make a conjecture for the partition function at 1-loop.

3 G-structure complexes for special holonomy manifolds

It is very striking that the left- and right-moving states selected by the topological twist
precisely form the vector spaces in the instanton complexes of [29]. These are particular
complexes that arise on manifolds with G-structure G C O(d) as a subcomplex of de
Rham.!? Given the appearance of these complexes in topological strings, we will briefly
review them for G2 and Spin(7) holonomy manifolds and analyse their Hodge theory. We
will find a doubled version of these complexes in later sections by lifting to O(d,d) x Rt
geometry, and match them to the BRST double complex. We will mirror the techniques
used in this section when analysing the properties of these double complexes.

3.1 A G2 complex and Hodge theory

Let (M, ) be a seven-dimensional manifold with a (possibly torsionful) G structure. The
G structure defines a unique metric g and hence a Hodge star operator *. The intrinsic
torsion of the structure is encoded by d¢ and d * ¢, which both vanish if and only if the

11n fact, it is also possible to formulate the left- and right-moving sectors of the A- and B-models in
terms of the instanton complex for SU(n) structures.

12The cohomology of these complexes is also related to the moduli space of G-instantons on these mani-
folds.
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intrinsic torsion vanishes [36]. Any such manifold admits a decomposition of differential
forms into irreducible G representations as [37]

AT = AT, (3.1)
AT = AT, (3.2)
A*T* = A2T* @ A3, T, (3.3)
NT* = NiT* @ A3T™ @ A3, T, (3.4)

where the subscript denotes the dimension of the Gy representation, and we are using
the shorthand 7% = T*M. Higher-degree differential forms have similar decompositions
via Hodge duality. A precise definition of the subspaces in terms of (p,*p) is given in
appendix A.2. We will denote the space of sections of p-forms in the r-dimensional repre-
sentation as Q4 (M), and the projection onto those subspaces by Pr.

Given such a decomposition, consider the following sequence of maps defined by com-
posing the de Rham differential with certain projections [38, 39]

P2d P3d

d: Q0 —2— k() O2(M) —2 5 Q3(M). (3.5)

Provided the intrinsic torsion of the Gy structure has no component in the 14, one finds
d? = 0 and so the above sequence is actually a complex — we will then refer to (3.5) as
the “Gy complex” [29]. For the remainder of this section we will restrict to torsion-free Go
structures, i.e. those with dp = d * ¢ = 0, and hence Gy holonomy.

Given the G5 complex, we can introduce an inner product on each of the vector spaces
and consider the Laplacian defined by A = ddf + dfd. We do this in a way that will allow
for comparison to the usual de Rham Laplacian. First, we define isomorphisms between
spaces with the same G5 representation as

011 AOT* — AST™, O7: ALT* — AZT*,

3.6
f — klf(Pa A k‘QAa(pabc, ( )

where k1 and ko are constants we will determine later and indices are raised and lowered
using the Gy metric defined by . Next, we fix an inner product (-,-) to be the standard
inner product on 0- and 1-forms:

(f,9)0 = /M vol fg, (\v) = /M vol A\_v, (3.7)

where the notation A_v is defined in appendix A. We extend this to an inner product on
the whole complex by demanding that it depends only on the representation and not the
degree of the p-form:

(O01(£),01(f))s = (f, o, (02(N),07(N))2 = (A, X1, (3.8)

where (-, ), denotes restriction to p-forms. Note that this forces (-,-) to be the usual inner
product on differential forms, up to possible multiplicative constants that are determined
by k1 and ko.
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We can fix the constants by demanding that the following diagram commutes

o ol 02 03
01 o7 07! o7 (3.9)
9 QR LN e SN LYo Y SN LY ()

If this holds the Laplacians acting on isomorphic Go representations are equivalent in the
sense that
01A° = A30,,  6,A' = A0, (3.10)

where AP is the restriction of A to p-forms. We can therefore unambiguously write A,
for the Laplacian acting on differential forms in the G5 representation r. This will be
important later when we consider determinants of these Laplacians. A quick calculation
shows that the diagram commutes and the Laplacians are isomorphic for

Ky

T

3
——. 3.11
- (3.11)
Finally, we can fix the coefficient k2 (and hence k1) up to an irrelevant overall sign by
demanding that

A7 = Ag, (3.12)

where A = ddf + dfd is the de Rham Laplacian.'® It is possible to show that A also
commutes with the projection operators and only depends on the Gs representation of
the form, not the degree, and hence (3.12) is well defined. Note that this is a non-trivial
constraint since Ay contains terms coming from P3,d, while Ay does not. Fortunately, for
a torsion-free Gy structure and any A € QF, we have [40]

d'P2,dx = 2dTP2dA. (3.13)

With this it is easy to check that (3.11) and (3.12) impose

1 1
ky = —2 ki =< 3.14
2 37 1 7 ( )
The inner product is then given by
1 p=0,1,
(OQﬁ)P:K’p/ a/\*ﬁa Rp = 3 p =24, (315)
M

Having fixed the coefficients k1 and ko we can now define explicitly the operators
(51, df,A). Since we have assumed that the G structure is torsion-free, we can replace

13We emphasise that the de Rham adjoint df is defined by the usual inner product on forms and not the
rescaled inner product we have defined for the d complex.
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the de Rham differential in the definition of d in (3.5) with the Levi-Civita connection
V compatible with the Go structure. This simplifies calculations as derivatives will then
commute with the projection operators since the Py are defined in terms of ¢ and *p which
are covariantly constant (see appendix A.2 for more details).

In terms of the Levi-Civita connection, the d operator acting on p-forms becomes

(dw)arcapss = @+ D)(PP ) arap " Vi iy by - (3.16)
The adjoint operator df becomes
L p=1,
(A'w)ay.apr = —CpV'bay.apy,  Cp=13 p=2, (3.17)
% p=3.

Note that we do not need to include projectors in the definition of the adjoint operator as
we are assuming that w lives in one of the spaces in (3.5). Again, these definitions have
the useful properties that the natural differential operators that one can construct depend

only on the Gy representation and not the p-form degree of the object on which they act.

For example, acting on 1-, 2- or 3-forms we have'

dfly = 6716, dilo =67%de;t,  df|s = 6rdoyt. (3.18)
Finally, the Laplacian A can be written as
AVf = —VVaf = Asf,
AT\ = —6(P2)p VPV Ay — VaVPA, = Az,
A2l = =T(PY)barar " VOV aptes — 6(P7)ara," Vo Vit = 07876711,
A%p = ~T(P})aneI Vq V9 pges = 01107 p.

Given these operators, it is natural to ask if there is some kind of Hodge decomposition

(3.19)

for the spaces QF. We defined the inner product (-,-) in terms of the usual inner product
on differential forms, differing on 2- and 3-forms by a positive multiplicative factor. The
usual inner product is positive definite and is G invariant,'® hence it reduces to a positive-
definite inner product on the irreducible Ga representations in (3.1)—(3.4). In particular, it
is positive definite on the spaces (9,0 02 Q3), and hence (-,-) is positive definite. We
therefore have a decomposition of the spaces in (3.5) as

O = 07 6 407 e dfar (3.20)
where HP? is the space of A-harmonic p-forms. Of course, with our choice of Laplacian,
we have

H~H*~Hy ~R,  H'~H?~H;=0, (3.21)
where H, is the de Rham cohomology group restricted to forms in the G, representation r.
The fact that the cohomology group depends only on the representation follows from the
equivalent statement for A. The final equality holds on any manifold of G holonomy [41].

14Cf. these with the relations given by Bryant [40] using the de Rham differentials, which in the notation
of that paper read (dB)! = dg.
5This is inherited from the SL(7,R) invariance of the inner product.

~ 18 —



3.2 A Spin(7) complex and Hodge theory

An eight-dimensional Spin(7) manifold M is defined by a 4-form © which, unlike the Go
case, is not stable but instead lives in a particular GL(8) orbit. Any such admissible 4-
form defines a metric g as in [42] with respect to which we have © = %x©. We then say
the Spin(7) structure is torsion-free if there exists a torsion-free compatible connection !
which is the case if and only if d® = 0. As in the G5 case, we can decompose the exterior

algebra into Spin(7) representations:

AT = AYT™, (3.22)
AT = ALT™, (3.23)
A*T* = A2T* @ A3, T, (3.24)
A3T* = A3T* @ AT, (3.25)
AT = AIT* @ AIT* @ A3, T @ A3 T™. (3.26)

The definition of these spaces along with the relevant projectors are given in appendix A.2.
Following [29], one can define a sequence of maps built from the de Rham differential and
suitable projectors:

Pz

d: 0 — s ol — 24 2o (3.27)

which, for torsion-free Spin(7) structures, defines a complex.

Again, we would like to define an inner product on this complex such that the induced
Laplacians A match the conventional Laplacians A evaluated on QF, possibly up to an
overall scaling (which drops out when evaluating determinants of A) To do so, we adapt
the arguments made in [40] for G2 manifolds and find that

d"P3idlgy =3d"P7dlgy,  PFd"Pigd|gz = 1—727D$dT73§d|Q$ . (3.28)

One can then use these identities to show
Ay =did, Al=ddl +4d"P2d,  A%=4p2dd'. (3.29)
Taking the following inner product on (3.27), it is easy to check that AP = AP a5 required:

1 p=0,1,

(o, B)p = Kp /Ma A 03, Kp = {4 2. (3.30)

In terms of the Levi-Civita connection, the d operator acting on p-forms becomes

(aw)alw%ﬂ =+ 1)(Pf+1)al~-~ap+1bl'"bpﬂv[b1wbz...bp+1]’ (3.31)

with the adjoint operator dt given by

I p=1,
4 p=

~

(dTw)almap—l = _vabwbal...apfp Cp = { (332)

16Since © defines a metric g, this is equivalent to saying that the Levi-Civita connection is compatible
and hence has Spin(7) holonomy.
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4 The G2 X G2 complex

In the previous section we reviewed the Go complex and its Hodge theory in the case where
the Go structure is torsion-free. In this section, we will give an extension of these ideas
which is relevant for type II backgrounds with NSNS flux. In particular, we will see that
the relevant geometric structure is that of a torsion-free Go x Gg structure, which naturally
gives rise to a double complex and Laplace-type operators that will turn out to capture
information about the topological Go string. This will be described using the formalism of
O(7,7) x RT generalised geometry

Generalised geometry has been of great use for understanding supergravity back-
grounds that preserve some amount of supersymmetry and thus admit generalised G-
structures. These structures are characterised by the presence of additional objects, usually
in the form of globally defined non-vanishing tensors, that reduce the structure group of the
generalised tangent bundle from O(d,d) x RT to some subgroup G. For example, the gen-
eralised complex/Calabi-Yau structures of Hitchin and Gualtieri [27, 43| are respectively
U(%, %) and SU(%, %) structures. These have found many applications in string theory
including formulating topological strings [9, 15, 44, 45]. We mostly follow the conventions
of [46], and provide a brief review of the key concepts we will be using in appendix C.

4.1 Generalised Gy X G2 structures

Let M be a seven-dimensional Riemannian spin manifold and F its O(7,7) x R™ gener-
alised tangent bundle. Introducing an O(7) x O(7) generalised metric G, or equivalently a
Riemannian metric g, a two-form gauge field B and a scalar ¢, corresponds to specifying
an orthogonal decomposition £ = C; & C_, with each CL = T. Let us now also assume
that there exist two globally defined real spinors e; € S(Cy) and e € S(C_). Each define
a Gy structure on M given by ¢4.'” When the spinors e+ are linearly independent, the
Ga structures are orthogonal and intersect on an SU(3) structure. There may, however,
be points on the manifold where the e+ align and hence the G, structures coincide. In
this case, the manifold does not admit a conventional global G-structure. However, within
generalised geometry they define a single global generalised Gy x Go structure on E.'®

It turns out that certain supersymmetric backgrounds of string theory compactified to
three dimensions can be described by such Gg x Gg structures. For concreteness, consider
a type IIB NSNS background of the form R%*! x M where M is seven-dimensional — this
is the case first described in [48]. We have two supersymmetry parameters of opposite
chirality 4 which decompose under the reduction Spin(9,1) — Spin(2,1) x Spin(7) as

€+ = (4 @ €q, (4.1)

where (4 and ey are irreducible Spin(2,1) and Spin(7) spinors respectively.

" These are sometimes labelled Ga+. Moving forward we will mostly omit the signs on ¢+ since they can
generally be deduced from the context.

!8Note that this is different from the SU(7) structure defined in [47], which generalises G2 geometry to
M-theory or string backgrounds with RR flux.
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For the background to preserve supersymmetry, the variations of the gravitinos and
dilatinos under e+ must vanish. These conditions give the Killing spinor equations for the
supersymmetry parameters. Under the decomposition (4.1), for vanishing RR fields these
equations impose that (4 is a constant spinor on R*!, and on M we need

1 v
<7H8u¢ + E’Y“ pHqu) e+ =0,
(4.2)

1
(vu T 87”PHW,,) e =0,

where the ~, are gamma matrices for the O(7) structure defined by g, and V is the as-
sociated Levi-Civita connection. As was shown in [48], these equations are satisfied if
and only if €4 define a generalised torsion-free Ga x Gg structure. For generic (g, H, ¢),
these equations describe a background preserving minimal supersymmetry in three dimen-
sions. However, when H vanishes and ¢ is constant, as must be the case for compact
backgrounds [49], these equations imply the preservation of four supercharges or N = 2
supersymmetry in three dimensions.

4.2 Torsion-free generalised G5 X G2 structures

Recall that one can always find a torsion-free generalised connection that is compatible with
the O(7) x O(7) generalised metric structure on M, giving the analogue of the Levi-Civita
connection in generalised geometry. As we review in appendix C, this connection is not
uniquely defined, but there are certain combinations of it which give a unique generalised
Ricci tensor and scalar. The generic form of a generalised Levi-Civita connection D in
terms of the background fields is given in (C.26).

We begin by finding the conditions that this generalised Levi-Civita connection must
satisfy in order to be compatible with a Go x Go structure. Since the generalised Levi-Civita
connection is torsion-free, the resulting G2 x Ga-compatible connection will also be torsion-
free. However, unlike generalised metric structures, the existence of such a compatible
connection is, in general, obstructed by the intrinsic torsion of the Gy x Go structure.
That is, if D is a generalised Levi-Civita connection, the conditions De; = De_ = 0 can
be solved only if the generalised intrinsic torsion vanishes.

Using similar logic to [50, 51], it can be shown that this constraint is equivalent to
the background preserving minimal supersymmetry with vanishing RR fluxes, i.e. that
equations (4.2) are satisfied. Using the expression for a generalised Levi-Civita connection
given in (C.26), one has that the compatibility conditions which must be imposed are

1 be 1 b 1 + be
Doer = Vaer — o~ Hapey ey — Z0pd7a e+ + ~ Ay "4 =0,
24 6 4 (4.3)

1
Dzer = Vaeq — gHabc’ch@r =0,

which ensure that the connection is compatible with the Gg structure defined by €. There
are then similar conditions for compatibility with the Go structure defined by e_.

The second equation should be familiar, as it says that Dz must act on C as the e-
preserving Hull connection V™. This connection exists if and only if the ordinary intrinsic
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torsion of the G4 structure has no component in the 14 [52]. We can combine the two
equations and derive a purely algebraic relation between the components of the generalised
connection:

1 1 1
Xapey™es = (uHabﬂbc - éabsb’yab + 4A:{bﬂbc) e+ =0. (4.4)

Note that this equation holds only when X,;. acts on the structure-defining spinor, not
for a generic spinor. To find the constraints this imposes, we can use Gy representation
theory (for the Gg factor defined by e;). In general, X is a 1-form taking values in
the 21-dimensional adjoint representation of Spin(7), so under Go it decomposes as X €
7 X7+ 7 x 14. The second term gives a 1-form valued in the adjoint of Gg, i.e. it is
the component of X that is compatible with e, and so drops out of (4.4). Therefore, it
is the components of X in the 7 x 7 that must be set to vanish. Now consider the Go
decompositions of the fields

0p e, Hel+17+27, AT €14 + 27 + 64. (4.5)

One can quickly check that the representations 1 and 14 occur only in the tensor product
7 x 7 while the 64 is only in 7 x 14, and the remainder may appear in both. As a
result, we immediately conclude that (4.4) sets: 1) AT|34 = 0 — recall that the A
tensor simply parametrises the freedom one has within the family of generalised Levi-
Civita connections, and so this is not a constraint on the background; 2) H|; = 0 — this
is an actual constraint on the structure.!'® On the other hand, since the component A7 |g4
drops out entirely from (4.4), it is left unconstrained, implying that Go x Ga-compatible
torsion-free connections, if they exist, are not unique.
For the 7 components, we isolate the relevant terms by writing

8a¢|7 = 8a¢7 Habc’7 = (*‘p)abcdea (46)
which gives
1 1
<12(*90)adbCHd’7bc - 68b¢7ab> ey =0. (47)

Next we note that (Tyge € 7 for any spinor ¢, and so we can use the expression (A.15)
for the projector onto the 7 representation to write

(*So)ade'VchJr = 4yap€ (4.8)

We then have 1

L b, _
g (Hb — 28b¢)’ya €4 = 0. (49)

This will vanish for H, = %&qﬁ, which must thus be the choice which is necessary for a
Go X Go-compatible connection.
Next, consider the 27 components, which we pick out by writing

Habc‘27 = He[a¢€bc]7 A;_bc|27 = Azﬁoebc - A+a(pebc]7 (410)

el

9The vanishing of the singlet component of the H flux matches the physical observation that this
component of the torsion can be related to the cosmological constant in a supersymmetric background, and
so it must be set to zero for the Minkowski solutions that we are considering.
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where H,, and A;fb are symmetric and traceless. Plugging this into the expression for X,
we then have

1/71 1
Z <3He[a<pebc] + (A:awebc - A:[a‘pebc]))’ybcﬁr = Z(O‘ae(pebc + ﬁbe@eca)7b06+ =0, (4'11)
where
1 2 2 2
Nge — §Hae + gA;_e, 51)6 = §Hbe — gA;e (412)

To see how these two terms are related, one can contract (4.8) with a®.¢®/® and use (A.11)
to show that

(QaeChe + 60epCea) 1™ = 0. (4.13)
Thus the precise combination of the 27s which appears in (4.11) is f—6c, which vanishes for

2
Al = — 57 Hab- (4.14)
This is the choice which is necessary for a connection compatible with €. Note that since
we are simply using the freedom in choosing the AT tensor to obtain this cancellation, the
background flux H |27 is entirely unconstrained, in agreement with the G-structure analysis
of [49, 53].

The calculations for compatibility with e_ are analogous, with the result

Vte_ =0, H_ o™ =0,
Hz = 3 a9, A= iHaE-

The remaining unfixed components of the connection are the parts of AT and A~ in the
(64,1) + (1,64). These simply parametrise the family of torsion-free connections which
are compatible with the same Go x Go structure.

Putting this all together, a compatible, torsion-free Go x Go-generalised connection
takes the form

5 1 1
Do’ = Vb — E‘Pbcdeavc - E‘Pcadeb'UC - @%dedcvc

1 1 1
_E(*@)abcdadgbvc - gégadbvc + gabﬁbva + (A+|64)abcvca
1

b, c
7H(7L cU,

Dz = ngb =V — 5

) ) L (4.16)
Do’ = Vi = v, + iHabEUE>

. -5 o1 o1 .
Davb = Vavb + E@BE({HCI@’UC + EQO(—:&JHdl;UC + E(,Oal’)d’HdEUC

1 T - 1 B -
—E(w)a&gadmc — Z820,00° + gabma + (A7 [g4)a’s0".

1
3
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4.3 The double complex

We now introduce the analogue of the Gg complex within O(7,7) x RT generalised geom-
etry. Given a Go X Gg structure, we can consider a decomposition of A" F into irreducible
representations of Go X Gg. In particular, we will be interested in the spaces

A =T (AD,CL ® ALCL), (4.17)

where m and n correspond to irreducible Goi representations defined by ¢1. We write
(p, q)-forms w € AP? as

1

W= —w E—I—(ll...ap ® E—Bl...gq’ (418)
plq!

a1...apb1...bq
where {ET9} and {E~} are a basis for C; and C_ respectively.

Moreover, using a generalised connection we can build maps between the spaces to
give the following diagram

0,0
d Aty d
+ —
/ w ~ \
1,0 0,1
A7 Ayr
b ~ b ~
2,0 1,1 0,2
A7,1 -’47,7 A177
b ~ b ~ b ~
3,0 2,1 1,2 0,3 4.19
AT Azn Azz AT (4.19)
~ b ~ b ~ b
3,1 2,2 1,3
A1,7 A7,7 A7,1
~ K ~ K
3,2 2.3
Ayz A7
~ K
3,3
A1,1
where we have defined
(dyw) g = (P +1)(Pr) Pt Dy w1 (4.20)
+W ai...Qp4+1a1...0qg — p m/ai...ap+1 b1Wha...bpi1a1...aq) .
o p —\_  _ bidbpripy o
(d_w)almapal"-aqH - (_1) (Q+ 1)(Pm)al--~aq+1 v Db1wa1..‘apb24..bq+1’ (4‘21)

where w € ARk,, and PE are the projectors onto the relevant Go. representation as given
in appendix A.2. Here we assume that D is a Gy X Gg-compatible connection so that it
commutes with the projectors — such a connection always exists (though it may not be
torsion-free).

We now ask when (4.19) is actually a double complex. That is, when do we have
d3 =0, dyd_+d-dy=0. (4.22)

We will show that a sufficient condition is that the Gy x Gg structure is torsion-free, which
corresponds physically to a supersymmetric NSNS Minkowski background. Then we can
take the generalised connections in (4.20) to be of the form (4.16).
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At first sight this statement might worry the reader — since these connections are
not uniquely determined, it would seem that we need some extra information (beyond
that of the supergravity background) to further constrain the connection, as otherwise
the operators might not be uniquely defined. As we mentioned earlier, the generalised
Levi-Civita connection is also not unique however one can construct unique operators
from it, such as the generalised versions of the Ricci tensor and scalar. Something similar
happens here, namely the d4 operators do not depend on the undetermined (64,1)+(1, 64)
components of the connection, and so they are actually unique, i.e. they depend only on
the data of the torsion-free Go x Go structure itself. To see this, note that the double
complex consists solely of maps between the Gg x Gg representations (1,1), (7,1), (1,7)
and (7,7). Now, simple representation theory tells us that the (64,1) or (1,64) cannot
give such maps. In other words, any tensor transforming in those representations must be
projected out. Therefore, we can compute the double complex with any choice of A*|g4
tensor in (4.16) and obtain a unique answer.

Another useful result for the torsion-free case is that one may use the following “sim-

plified” connection to define the di operators:

ﬁavb = Vavb,

N 1

Davb = ngb = Vavb - QHachCa

) ) o (4.23)
ba’l)b = v;_'l)b == vavb + §Hab51}67

ﬁ@vb = V@vb,
where the Hull connections VT are assumed to preserve the Go structures ¢i. As a
generalised connection D is neither torsion-free nor is it compatible with the Gg x Gg
structure, and yet the operators d+ defined from it coincide with the ones defined using D.
Remarkably, this means that in the torsion-free case, the double complex can be described
using just the ordinary Levi-Civita and Hull connections.

To verify this, take for example o € .A;’}, and let D be a generalised Levi-Civita
connection of the form (C.26). Then we have

1 ~ A
5 (@70 = dPa)aa = P (De = De)avaa

1 1
- ade<6Hcedaea - gac(bada - (AJr)cedaea)

1 1 1
= ade<6H¢cedae& - ng(*SO)cdefae?z - ng[cSOde]faez‘z
(4.24)

1 . .
—30cbcda + (AN cpaeraa — (AT | cpaeper “)

1 1
= éH(paebOZ@a + gpade(2-HC - C¢)adﬁ

1

21
—E (HCd - 2(A+)Cd> PabcCda-
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The difference between the operators vanishes precisely when D is a Go X Ga-compatible,
torsion-free connection (these are the same conditions we found in the previous section). It
should also be clear from this calculation that one could consider the action on any other
element of the complex (4.19) and obtain analogous constraints. Thus, the two operators
coincide if and only if the generalised structure has vanishing torsion. Assuming this is the
case, we see that the operators agree, and so we are free to use D to define d.

This simplified connection makes checking the nilpotency conditions (4.22) substan-
tially easier. First consider d%r. We have that the simplified connection satisfies

» » - _ + C _ _
[D[a17D(J«Q]wa3...ap+2}b1...bq - _pR[ala2ea3w|e|a4...ak]b1...bq - qR[alag|C[b1w|a3...ak]|E|b1...bq] (4 25)

+ C _ _
Riaras| 1 Wlas...axclbr . by

where we have used (A.2) to write the commutator of connections in terms of curvatures.
Now notice that because V' is compatible with ¢_ it follows that RT € A*T ® g5, and
similarly R~ € A’T ® g; But since dH = 0, we have that Ralazblbz Ry byara, and so
actually Rt € g3 ®g; (and R~ € g; ®g3 ). Therefore, (4.25) vanishes when the projectors
in the definition of d, are applied to it. So for w € A% one has

1
7(d2 w) 5.5, = Paia C102Dc De,wy 3
2 +%/a1azb1...bq 102 1 2%b1...bq (4 26)
_ c1ea » -
= Pajar™' ZD[Cchz}wbl...bq =0,
and if w € AN
1((12 ) S =P d1d2d3D P 6102D o
6 +(A] a1a2a3b1...bq -/ ai1az2a3 d1 7 dads Clele...bq
_ didads cico 2 o
= Pajazas Pd2d3 ! Ddchlwmbl...bq (4 27)

A~
— c1C2C3
= Palagag D01D62w

c3b1...bg

= alazaaclcQC3D[c1DC2WC3}51...l_)q =0,
where we have used that the projectors commute with the compatible connection D and
that (P1)arasas 2% (P7)b16s? = (P1)arasas 2%, Obviously, if w € AP>14 then d2w = 0

trivially, and one can repeat this reasoning to also conclude that d? = 0.
To see that {dy,d_} = 0, consider first a € A;17 Then

H [Bavﬁg]acgz [vmvl;] cd +5 (v Hb C) Qg +35 (vbjj[ad)ac6

1 1
+(1 - 1)2Hbecaed + ( )2Haedvbace
1 e e
—-(H3Vea g+ Hy o Vea, g (4.28)
5 (

1 1
:_(Ragc 5 VaH; e+ (Ho! [ H >

o1
_(Rab i— 5 ViHa g+ 4Hb ot d>a0€
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Antisymmetrising on [ac] and [bd], this becomes
1 +e 1 — e
_iR(lC Baeti + §R5J aacé- (429)

Again, due to the representations that R and R~ live in, this is projected out in {d,d_}a.
To show that on an element 3 € A?’g we also have {d;,d_}3 = 0, it is actually simpler
to use a torsion-free compatible connection. One then has

¢™°(DyDa — Dz Dy)Bre = [Da, Dalp™Bre = R2: 0™ Bre = 0, (4.30)

where in the first equality we used compatibility to commute the Gy 3-form through the
derivatives, then we used the definition of the generalised Ricci tensor of a torsion-free con-
nection (C.28), and finally we used the fact that generalised torsion-free Go x G2 manifolds
are generalised Ricci-flat.

The action of {d;,d_} on the remaining spaces of the double complex can be computed
similarly to these two examples and leads to the same result. One can therefore conclude
that if a generalised Go X Gg structure has vanishing intrinsic torsion, then there exists a
double complex of the form (4.19).

4.4 Hodge theory

Let us now see how several concepts familiar from the conventional Gy complex naturally
generalise to the Go X Go double complex.

We start by defining the adjoint operators in direct analogy with section 3.1. Consider
two tensors in A0

a=a,Et?, B = B BT (4.31)

We can define an inner product between them as

— _ a b
(0475) - /M(pG(avB) - /M(I)aaﬁbn(EJr 7E+ ) (432)

:/ @aaﬂbnab:/ e % vol a3,
M M

where both ® and G are O(d) x O(d) invariant, so that the inner product is also invariant.
More generally for o, 8 € AP? one has

/ dG(a, B) = mpmq/ e 2% vol af, (4.33)
M M

where the constants x, and x4 are defined by

p=0,1,
kp =43 p=2, (4.34)
7T p=23.
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This ensures that this inner product agrees with the usual inner product for each Go factor.
Given this definition, one can check that the adjoint operators, defined by (a,d+f) =
(dla,ﬂ), act on (p, q)-forms as

(L) ey ey, = ~ WD i (4.35)
(A0 gy d, = Y~V DMy g g (4.36)
where
I p=1,
=123 p=2, (4.37)
% p=3.

In this way, the adjoint operators inherit many of the properties of the those for the usual
G2 complex, as described in section 3.1. For example, using (3.18), acting on a tensor
a € A3 we have that dl@ = (04 )7dy (04)7 .

4.4.1 Kaihler identities

There exist useful anticommutation relations between the differentials and their adjoints,
which are the Go X Gg analogues of the Kéhler identities of the Dolbeault complex. Taking
A € ANV in components we have that

(dLd_Na = DDahs,  (d_dlN)s=—DaD\,, (4.38)

and so
(@ d_X+d_di\)j = [Da, Dg]A* = RS = 0, (4.39)

since the generalised Ricci tensor vanishes for a torsion-free Go x Gg structure. Note
that this is essentially the same calculation as (4.30). Indeed, because of the isomor-
phisms (3.18), the Ké&hler identities are automatically implied by the anticommutation
relations of the d4 operators, and vice-versa. For example, acting on u € A*? satisfying
p = (0)7) for some A € A0, we have

(dhd-+d-dlp=(dld +d-dl)(0)rA = (04)7'(dpd- +d_d)A =0,  (4.40)

since {d4,d_}\ = 0.
We conclude that the differentials and their adjoints over the Go x Go complex satisfy

di = (d})* = {ds,ds} = {d},ds} = 0. (4.41)

4.4.2 Laplacians

We define Laplacians for both the “plus” and “minus” differentials as usual:
As =dlids 4 dgdl. (4.42)

Much as for the Gg complex in section 3.1, it follows from the properties of the adjoints
that the Laplacians depend only on the Go x Gg representation of the object on which they
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act and not on the (p,q) degree of the form. For instance, taking a € A%f’i, there exists
some f3 € A.lfg such that o = (04)7(6-)18. Then

Ao = (dldy +dyd})(01)7(0-)18 = (0-)1(d}dy +ddl ) (01)78
= (0)1(al(0)71dl +dy(04)7'd4)8 (4.43)
= (0010 )r (el +dldy )5 = (0)1(02)7 0.5,
Note as well that if we consider the combined differential d = d++d_, the Kahler identities
imply that its Laplacian coincides with the sum of the Laplacians for dy and d_:
A=dld+ddt=A, +A_. (4.44)

We will now show that the Ay and A_ Laplacians are in fact equal, as is the case for
Ap and Ay of the Dolbeault complex. Considering first f € A% we have that

Ayf=dldyf=-D"Dyf = -V2f+20"¢Vaf,

] ) (4.45)
A_f=dld_f=-D"Dsf = V[ +20°¢Vaf,
and so A, f = A_f. Now take A € AP, For A_ we have
(A_A)y = (dTd_\), = =D Dz,
_ _ 1 -
= = V2N, = Hay VX +20° 9V + L H™, Hage)® (4.46)
1 - _
5 (V" Hape — 20° ¢ Hape) X°
For the two terms in Ay, we find
(dydfN)y = —DyD\y = —V, VO, + 20°9Vp\, + 2(VpVad) A, (4.47)
and
(dhd1A)p = —2D*Diu Ay — PabeaD* DN
= —V2X + VOVAq + 40“0V [, Ay
(4.48)

1
— 5 (50)beac 0 OV — peppa H VN

= —V2N + VOV A + 409V [, Ay — Hyeg VN,

where we used the compatibility condition %aagzﬁ = H, and the Gg decomposition of H in
reverse Hype = (%) apea O + PelaH g for the final step. Putting this together, we can
compare the two Laplacians to find

1 _
(A_)\ — A+)\)b = Q(DGD[a)\b] + 2(*@)abcdDaDc)\d> + Dy D)\, — D*Dz )\

1 _
= [V, VoA = 2(V,Vyd) A + EH“de,-lchc
1. - _ _ J (4.49)
_i(vaHdbc — 20"¢Hapc) A\ + Hape VN + Hpeg VO
+28%Va>\b — 20V pAg — 28‘1¢V[a>\b}
=0,
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which can be checked in a gauge where the Cy frames are aligned, and using the fact that
the equations of motion are automatically satisfied for a generalised Go x Go background.
It should also be clear that the computation of the actions of Ay on an element A € A%
would be entirely symmetrical, and so ALX = A_X as well.

Now let us consider the action of the Laplacians on an element ¢ € Ab!. Using
(%), fR; b = —Zij 4> Which follows from RT € g5 ® g5, we perform a similar calcu-
lation to find the “plus” Laplacian

(A4CQ)aa = —DaD’Ga — 2D D, CGhja — PavbeaD* D¢

= ~V2Ca + Haap H® 3¢ + 20°0ViCaa — HapeVPCa + Hyp VOC"
1

4HbaabeE ab

~[Va, Vb]¢%a + 2(Va Vi) CPa
- -1 : =
+R2—bga<bb + v[aHb}BaCbb + iH[b |&\Ha]l_)5€bb

= —V?Caa + HaeoH 55" + 2R (™ + 20°9ViCaa — Hane V'(a + Hypg VG-
(4.50)
We can immediately deduce the “minus” Laplacian by exchanging barred and unbarred
indices and taking H — —H:
(A-Q)aa = —V?Caa + HygpH b + 2R, (" +20°¢VCaa + Hy3:V'Ca” — Hy, V(.
(4.51)
and so we directly observe that A.{ = A_( too.

Finally, since the Laplacians depend only on the Gg x Gg representation, the cases
we have covered are actually sufficient to conclude that over the entire double complex

Ay =A_=1A
5 Relation to the topological G5 string

In this section, we will show that the double complex (4.19) is the target-space realisation
of the worldsheet BRST complex of the topological G2 string. Indeed, if one studies the
left- and right-moving sectors separately, one finds that the states in the topological theory
are the following [10, 11, 14, 17]

3 0>

27 (5.1)
0 b 02 03
Here, the states are labelled as in section 2 and the second row shows the interpretation
of these states as differential forms on the target space. By studying the OPE of the
supercurrent G with states of the form A, ., (X)¥# ... ¢! one can show that the

left-moving BRST operator Qr, = Gf1/2 ~ d acts as
QL 1 2 QL 6 2 QL 3

d d d
Q) — % — % —— 9

Similar results hold for the right-moving sector as well, with Qr = C?i_l /20
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The full string states are tensor products of left- and right-moving states from (5.1).
As target-space tensors, we find that the string states correspond to

where the spaces Abyly, are as in (4.17). Moreover, given (5.2) and the fact that Q2 = Q% =
{Qr,Qr} = 0, we see that the natural target-space identification of the BRST operators is

Qr~dy,  Qr~d-. (5.4)

Physical states then correspond to cohomology classes of Q@ = @+ @ g in the Hilbert space,
or equivalently, harmonic forms under the Laplacian A given in (4.44). By the analysis in
section 4.4, we see that these are precisely the harmonic forms of A.

5.1 1-loop partition function

We can use these observations to understand the 1-loop partition function of the topological
Go string from the target space. As was shown in [14], one can find the 1-loop partition
function using the standard formula for the 1-loop free energy of the topological string [7]:

1 [drdr ; -
FL = 5‘/ TaT tr((—l)FFLFR 627T1THL727TITHR)7 (55)

T2
where Fr, and Fg are the left- and right-moving fermion number operators respectively,
F = Fy, + Fpg is the total fermion number operator, H;, = {Qp, QTL} is the left-moving
Hamiltonian, and similarly for Hgr. Taking the domain of 7 to be the upper half plane,
evaluating the integral gives

1 _1\F
Fi= 50(Hy — Hp)log| [ det(2m(Hy + Hy)) Y e (5.6)
Fr,Fr
Our target space picture provides a clear interpretation of this object. It is precisely the
product?®
1 N —1)ptae
Fi = log [g(det Apay(=1) m]. (5.7)

It is instructive to compare this with the analogous result for the topological B-
model [7, 9]. Indeed, the free energy in (5.7) is of precisely the same form as that for
the B-model on a Calabi-Yau threefold, but with the Dolbeault complex replaced with the
G2 X Gg complex found in the previous section. This striking fact will become important
when we consider the topological Spin(7) string in section 7, about which far less is known.

Using the usual normalisation of the partition function in terms of the free energy,
Z = e~ the corresponding 1-loop partition function is

—1/2
Zy = | [ (det’ Ara)=1**pa (5.8)
p,q
= (det’A11)72(det’Ar1)*?(det'Aq 7)3/?(det’ Ag 7)Y/, (5.9)

20We are using the ¢-regularised determinant of the Laplacians with zero modes removed, denoted by det’.
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where in the second line the subscript denotes the Gy X Gg representation that A acts on,
and we have used the fact that the determinant depends only on the representation on
which A acts. Comparing (5.8) to (2.29), we see that, much like in the A/B-model, the
1-loop partition function calculates the analytic torsion of the G5 double complex.

In the case of the topological Gg string, the target manifold has G holonomy with
vanishing H-flux. This means we can further simplify the partition function by considering
the diagonal subgroup Go C G2 X Go, and using the decomposition 7x7 = 1+7+ 144 27.
With this, the combined Laplacian A reduces to the Go one A, and since A ~ A on these
subspaces, see (3.19), the 1-loop partition function of the topological Go string is given by

Zy = (det'Aq)%(det'A7)*/?(det ' Aqq) V2 (det’ Agr) V2, (5.10)

which exactly matches the expression given in [14]. Much like in the A/B-models, we can
read this result off immediately from the double complex, as shown in figure 2. For the
pure Go case, we find three independent Laplacians assigned to the faces of the squares in
the diamond. These once again correspond to determinants of Laplacians restricted to the
subspaces in the Hodge decomposition of AP?. The partition function is then given by the
product of these values with alternating powers of :t% in a checkerboard pattern, as shown
in the figure.

We can use the work of Pestun and Witten [9] on the B-model to identify the target-
space theory that reproduces this 1-loop expression. An attempt was made in [14] to
describe the topological Go string in terms of a target-space theory defined by a Hitchin-
like functional (see equation (C.52)), but this did not reproduce the partition function that
one calculates from the worldsheet. Rather than starting from an invariant functional, we
will simply write down a target-space action whose BV quantisation matches Z;.

5.2 A quadratic target-space action

Using our double complex (4.19), and by direct analogy with the Dolbeault complex of
complex geometry and Pestun and Witten [9], we propose the following quadratic target-
space action:

_ /1
So = /M ®(04)7(0)7" (2 bt Adyd by + ago A d+d_022) (5.11)
s.h

[ &2yl v g (-é(bn)mqvnvr(bn)ps + iaoovqu(m)m), (5.12)
where the fields agg, b11 and coy are real elements of APY. The integrand now sits in .Ai’i
multiplied by the Go x G volume form ¢ = e_2¢\/§ (which ensures one can integrate by
parts). In the second line, we have written the action for the case of Go special holonomy,
with V denoting the Levi-Civita connection. The volume form and projections will be
omitted from hereon and taken as part of the integration measure. Since in what follows
we will be tackling the two terms in the action separately, we will denote the first term
involving c11 by S§, and the second term by S§.

The idea then is that the partition function of this theory should match the 1-loop
partition function calculated in (5.9). We can compute this partition function in two ways.
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Figure 2. For a global Go structure with vanishing flux, equality of AL and the isomorphisms
provided by the 3-form ¢ meanAthat det’ Af’fq can be expressed in terms of thAree independent
determinants. For ex:;nnple,Adet’A0>0 =det’Ay 1 =det’A; = A, det’AM0 =det’Az 1 = det’Ar =
AB, and det’Ab! = det’Arz7 = det’A;det’Agy det’Agy = AB?C. The analytic torsion (the
1-loop partition function) is then given by (A=*B*C~1)1/2, in agreement with (5.10).

The first is to use the standard BRST-BV quantisation procedure [54], in analogy with [9].
We will follow this path here, assuming all relevant cohomologies of M vanish to simplify the
presentation. The second approach is by direct computation, as also demonstrated in [9)].
Given a quadratic action, this method is usually robust and perhaps more illustrative if the
reader is unfamiliar with the BV approach. We illustrate this computation in appendix B.2.

bi11 A dyd_by1. We begin by considering the first term S§ involving the field b1; and
constructing the BV action. The gauge symmetries of this term lead to the following BRST

transformations:
Qb11 = d4.bo1 + d-bio,
Qbio = d4boo, (5.13)
Qbo1r = d_bgo.

These are similar to the transformations of [9] but without any reality constraints as the
fields involved are real. We have introduced ghosts b1g and bg1, and a ghost for ghosts bgg.
The fields by, have statistics (—1)®+9).

As in [9] we introduce antifields. The antifield of by, is a field bi5_p)(3—q) Of ghost
number p + ¢ — 3 and statistics (—1)?T9"!. The master action then takes the form

S == Sg + Z /M b?3fp)(3—q) /\ prq. (514)
p,q
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This action reduces to S§ when the antifields are zero, and satisfies the usual require-
ments that

{5,8=0, {5, ¥;} = QY (5.15)

for any field ¥;, where the antibracket between two functionals F' and G is given by

{(F,G} =)

i

<5F 5G  OF 6G>7 (5.16)

R T

where U7 is the antifield for ¥;. Using the master action, one can also derive the BRST
transformations of the antifields via QU} = {S, ¥}}:

Qb = dd_bra,
@bz = d_b3y, (5.17)
Qbzy = d.bs,.
Next one chooses a Lagrangian submanifold. We choose this so as to remove the kernels
of kinetic terms in the master action. This is done by projecting each field onto a subspace

orthogonal to its variation under gauge transformations. From the classical part S, the
Hodge decomposition implies that we should set

biy = dfdl do. (5.18)

The term involving fermionic ghosts and antifields reads
5o — /M by A (d_boy + d_byo). (5.19)

Note that dt acting on bg; has no kernel (assuming vanishing cohomologies), and likewise

for d_ on b1g. This implies that we can decompose by; and byg as
bo1 = dJTr_do2 + d—CfO()a (5.20)
bio = dl dao + dy.doo.

Plugging this into (5.19), we see that terms involving the adjoint operators are orthogonal
and so cannot cancel. However, terms involving the differentials cancel when Joo = dgo. To
remove the kernel, we should set Czoo = —dgo. Finally, the bosonic action involving ghosts
of ghosts reads

o — /M(b;3 A diboo + b3 A dboo). (5.21)

Again assuming vanishing cohomologies, this term puts no constraints on bgg.
The antifields are constrained by demanding

Z/ U AT, =0. (5.22)
M
As bgp is unconstrained, we are forced to set b33 = 0. From the constraint on by1, we can

derive a constraint on b5,:
5o = Al dgy + d dj,. (5.23)
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The constraints on b33 and b3, come from requiring that

/M(b§2 Aot + bg A bio) = 0. (5.24)
This holds provided we set
b = dldss, by = dldss. (5.25)

To show this requires an integration by parts, and the fact that the Laplacians A, and
A_ are equal.

We now compute the contribution to the partition function for each term in the master
action of S§. For the classical term, the result is (det’ dyd_)~1/2 as the term is quadratic
in b1, which is bosonic. Note however that with the projection onto the Lagrangian
submanifold, the operator dd_ should be thought of as acting on dldi—exact (1,1)-forms.
The determinant is then

11172
I (5.26)

(det/(dd)) "/ = (det'(aldl dpd )" = (det’A
as again the Laplacians are equal. The dot below denotes the fact that we are acting on
didi—exact forms, as explained in appendix B.1. This is also the determinant we have
referred to as C' in figure 2.

Next, let us compute the partition function of the bosonic action S§ involving ghosts
and ghosts of ghosts. We can write the ghost of ghost action as

]| (B35 52) A (@4 + oo (5.27)
With the projection onto the Lagrangian submanifold, the result is
(det’(dy +d_)) " = (det’@o’o)_l/2 — A2, (5.28)
Finally, the fermionic ghost term reads
59 — /M(b01 +Bio) A (ds + )by (5.29)

The Lagrangian submanifold projects b, onto eA%? @ 42’2 ® Ae>2 as defined in ap-
pendix B.1. The contribution to the partition function of this term is therefore

R R . 1/2
det/(d; +d_) = (det’A™ det'sA22 det'Ae??) " = (AB'B)", (5.30)

where in the general Go x Gy case with flux there is a potential asymmetry between B and
B’ when mirroring the diagram of figure 2 about the vertical axis. In this case we denote
the Laplacians of the middle upper-left square and the middle lower-right square B, and
the middle upper-right and lower-left squares are denoted B’. For a global Go structure,
one has B = B’, which is the case shown in figure 2. Putting this together, the partition
function of the term S§ in the classical action is

/N 1/2
70 = (B§> . (5.31)
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ago Adyd_c22. Next we consider the term Sj in the classical action. The BRST trans-
formations read

Qcoo =dycio +d_co, Qcz0 = dycao,
Qci2 = dycoo +d_cq1, Qcoz = d—con, (5.32)
Qco1 = d_cy +dycan, Qc10 = dy-coo,
Qc11 = dycor + d_cio, Qcor = d+-coo,

while the field ago is gauge invariant. For each field and ghost ¢,, we again introduce an
antifield cf3 5, of statistics (—1)P*ra+! and ghost number p + ¢ — 5. We also introduce
a fermionic antifield a3 for the field ago.

The master action is now given as

S = Sg + Z /M 0?37},))(37(]) A QCpq, (533)
p,q

which is easily checked to satisfy {S,S} = 0, and generates the BRST transformations
as Qcpg = {5, ¢pq}. Similarly, the BRST transformations of the antifields are given as
Qcpy = 15, ¢5,) and Qa3y = {5, a33}. We proceed by introducing a Lagrangian subman-
ifold to project out kernels of kinetic terms in the master action. This is again done by
projecting each field onto a subspace orthogonal to its variation under gauge transforma-
tions. Assuming vanishing cohomologies, for the classical fields coo and agy we get

cog = df Al ds, (5.34)

or ¢z € A*? and with no conditions on agy. We can immediately compute the partition
[ ]

function of Sg :
Zb=A"1 (5.35)

Next consider the first-level fermionic ghost action
b — /M A (dyers + d_ca). (5.36)

The contribution from this is most easily computed by considering the BRST transforma-
tion of the antifield cJy:

Qcty = {8, i1} = dyd_coo. (5.37)

The Lagrangian submanifold should hence project cf; to s A @ ./.41’1 ® Aeb! and the

contribution from S? is straightforwardly computed as
Zb = (CBB")'/2. (5.38)
The second-level bosonic ghost action reads

S5 = /M c51 A (dycog +doci1) + /M iz A (d—coo +dyc11). (5.39)
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Consider first the terms involving the field ¢;;. The gauge transformation of ¢ requires
us to project c11 to Abl giving a contribution C~1/2 from these terms. The gauge trans-
[ ]

formation of cgo suggests projecting to .,flO’Q, while ¢oq is projected to 42’0. Both of these
terms hence contribute a factor A~1/2, giving

zb = A"lc7/2, (5.40)
The third-level fermionic action reads

St = /M(c;2 A (dicor +d_eo) + iy Ad_cor + ¢ A dyero). (5.41)

The contribution from this action is again most easily computed by considering the BRST
transformation of the antifields. We have

QC§2 =dycio +docor, (5.42)

which tells us that we should project b, to A%2. The term involving ¢}, then contributes
L]

a factor A'/2 to the partition function. Similarly, the BRST transformation of ¢ is

Qczp = dicyy. (5.43)

Neglecting cohomologies, we find that we should set cj; = 0 as part of the Lagrangian
projection. Similarly, we also set cj3 = 0. The third-level action thus contributes

zh = AY/? (5.44)

to the partition function.
The final term to consider is the bosonic action

St= [ (@ + i) Ay + e, (5.45)

As the ghost field ¢y is gauge invariant we have no constraints on this field. This term

hence contributes
zb = A7Y2, (5.46)

Collecting all contributions, we thus find

- (BB/)1/2
c=e

Final result. Putting together (5.31) and (5.47), the full partition function for the target-
space action (5.11) is

(5.47)

BB’
C1/2A2°
It is straightforward to check that this expression agrees with the general Gg X Go ex-

Z=272"= (5.48)

pression (5.8), and in particular the expression (5.10) for the special case of a global Gg
structure where B’ = B.
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6 The Spin(7) X Spin(7) complex

So far we have seen that we can use O(d,d) x R* generalised geometry to build a double
complex that gives the target-space analogue of the worldsheet BRST complex. We used
this double complex to compute the 1-loop partition function of the topological G string
and then identify a target-space action which reproduces this result. These arguments can,
in fact, be extended to any subgroup G C O(d) identified in [29] where one “doubles” the
complexes discussed in that work. These should provide the 1-loop partition function to a
suitably twisted o-model on a target space with the corresponding G-structure. Here, we
will focus on the Spin(7) case and use our results to provide a prediction for the conjectured
topological Spin(7) string [10]. The calculations here are entirely analogous to those in the
Go x Gg case, so we will be light on details and simply sketch out some of the proofs while
stating the key results.

6.1 Generalised Spin(7) X Spin(7) structures

The set up is much like section 4.1, except now we take M to be eight-dimensional, so
that we are working in O(8,8) x RT geometry. In this case, two globally non-vanishing
chiral?! spinors e € S(C4) each define a Spin(7) structure given by ©.. When the spinors
are linearly independent, the Spin(7) structures are orthogonal and intersect on a Ga or
SU(4) structure depending on the relative chirality of e [55, 56]. Much like in the Gs
case, however, there may be places where the spinors align and the structure degenerates
to Spin(7). If this is the case, the manifold admits only a local conventional G-structure,
however the spinors still define a global Spin(7) x Spin(7) structure within generalised
geometry.

One can describe certain backgrounds of type II strings compactified down to two
dimensions in terms of Spin(7) x Spin(7) structures. In this case, we assume that we
have a decomposition of the chiral ten-dimensional spinors as e+ = (1 ® e+ into irreducible
Spin(1, 1) and Spin(8) spinors respectively. For the background to preserve supersymmetry,
we need the supersymmetry variations of the gravitinos and dilatinos to vanish under €.
Under the decomposition above, and the assumption of vanishing RR flux, we find that
we need (4 to be constant spinors on RV, and that e; must satisfy the Killing spinor
equations (4.2) on M. It was shown in [55] that these equations hold if and only if ey
define a torsion-free Spin(7) x Spin(7) structure.

6.2 The double complex

A generalised Spin(7) x Spin(7) structure defines a generalised metric and hence a decom-
position £ = Cy @ C_ as discussed in appendix C.1. As we did for Go x Go structures, we
can use the G-structure to define a refinement of the exterior algebra of this space and take

AZS, = D(AR,C @ ALCL), (6.1)

2INote that the subscript + identifies which spinor bundle the spinors are sections of (as in section 4.1),
and not the chirality of the spinors.
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where m and n now denote Spin(7) representations. Then, given some compatible connec-
tion D, we can define a doubling of the complex (3.27) through the following diagram:

dy Agﬁ d_
VRN
A A
v N v N
A3 g A7 (02
Ny v Ny v
Az Agr
N e
A77
where for w € AR, we have defined
(dsw)ay.apiraiods = P+ V(P )araper 7 Doy Wiy by, 1.0 (6.3)

(d_w)a1~~apaln~aq+l = (_1)p(q + 1)(,P;/)(_ll..ﬁq+1blnbp+1Délw (6'4)

a1...ap52...l_7q+1 *

We will see that, when D is torsion-free, (6.2) defines a double complex and the restriction
to (A*0 d,) is isomorphic to (3.27).

First, we find the condition on the components of a generalised Levi-Civita connection
for it to be Spin(7) x Spin(7) compatible. As before, this comes from taking a type IIB
NSNS background of the form R x M where M is eight-dimensional, and then considering
the Killing spinor equations on M. The conditions on (H, ¢, A*) that we need to impose are

1 1 1

Doey = Vaeq — ﬂHabc’Vbce-i- - 78b¢7ab€+ + EAZbCVbCEJr =0, (6.5)
1

Dgey = Vae, — gHabc’ybce+ =0, (6.6)

where €4 are the internal spinors that appear in the Killing spinor equations and hence
define the Spin(7) x Spin(7) structure. The conditions above imply compatibility with the
first Spin(7) factor, while the analogous conditions for e_ imply compatibility with the
second Spin(7) factor.

Decomposing the fields under the first Spin(7), one finds

0p € 8, H c 8+48, AT € 48 +112. (6.7)

We can therefore write

Hape = Hd@dabc + ﬁabc: (68)
A;_bc = (Aade@bcde - A[a|de@|bc]de) + Aabc: (69)

where Hy € Qf, H,A € Qlg, and A transforms in the 112 representation. Using the
fact that

c A e 2.
(,Pgl)ab d70d6+ =0, A[a|de@\bc]d = gAabm (610)
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we find that the conditions for D to be a compatible connection are
) - .
H; = ?&iqﬁ, H =204, (6.11)

while A is unfixed. One finds analogous relations for the second Spin(7) factor.

As in the Go X Go case, we find that the operators in the double complex can be
defined in terms of a “simplified” connection D which is neither torsion-free, nor compatible.
Nonetheless, it can be used to check the nilpotency and anticommutivity of di. The
simplified connection is

Da? = Vavb,
Do = ngb = Vb — %Habcvc,
7 ) ) 7 (6.12)
ﬁavb = V;‘ b— Vavb + %Habgvé,
ﬁavb = Vavb.
Note that the first line of (6.12) immediately implies that (A*?,d ) is isomorphic to (3.27)
as required.

We now check the conditions for (3.27) to be a double complex. Firstly note that, as

in (4.25), we find that d% acting on w € A% is given by (P#)+ acting on the following:

A

[ﬁal’DQQ]wT)lEQ = _ch—;agE[l}ﬂWan]' (613)

However, after taking the projection, this vanishes because Rt ¢ 5]3*‘»117+ ® spin, . It is

clear, therefore, that da_ = 0 acting on any vertex of (6.2). The d2 = 0 condition follows

analogously, and so we just need to check {d;,d_} =0 on A%, A0 A%l and AL, The

calculation is very similar to those done in section 4.3, and so we will demonstrate it only
1,0 1o .

for w € Ag'y. First consider

A 1 1. 4
[Da, Djlw,g = (Ra,—fc = 5 VaH;,© ~ ZHal;dHJ e>we. (6.14)

Antisymmetrising on [ac], this becomes
1.,
- 57?’0,0 pWe> (615)

which is annihilated by (P2). The others follow similarly and hence we see that if D is a
torsion-free Spin(7) x Spin(7) connection, (6.2) defines a double complex.

6.3 Hodge theory

Next, we define Laplacians and analyse the Hodge theory. To do so, we introduce a metric
on the complex as we did in (4.33). That is, for «, f € AP, we have

(a, B) = /MQJG(Q,,B) = Kphkq /M e 2% vol af, (6.16)
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where now

1 p=0,1,
kp=1{ T (6.17)
4 p=2.

Defining adjoint operators d with this metric, we find their action on (p, g)-forms to be

d:_Oé = 77pDalaa1...apB1...Bq’ (618)
dla = (~1)""yD"y,, .5 5 (6.19)
where
1 p=1,
")/ fry 6.20
v {4 L, (6:20)

6.3.1 Kahler identities
As in the Go x Go case, the operators di satisfy the analogue of the Kéhler identities:

A2 = (d})? = {dl.,dz} =0. (6.21)

Unlike in the Go x Go case, however, we do not have isomorphisms connecting different
vertices in the complex. We must therefore check the relations on all vertices. For the
condition {dJr ,d_} = 0, the only non-trivial checks are on A0 ALY A29 and A%!. For
Ao € AY0) the condition follows simply from (C.28) and the fact that R, = 0 for torsion-
free Spln(?) X Spin(7) manifolds:

({d},d_}A10), = [Da, Da]A* = R;\" = 0. (6.22)
For A\i; € ALl we find
({dl,d_}Aia),; = 2(P2), Cd(v VoA — Vo VA
1 b, Lo e b \ya
+| —2VeVao + §vaE at ZHbE He o + Oy He o | N
(6.23)

1 _
+<2VCHade +7

1 _
Hdecha> )\aé)

= 2(P2) ;Y (~RLA"; + Rfdeav)—o.

The first term vanishes as before, and the second term vanishes because R™ € 5pm7 ®sping
and hence is annihilated by P2. For the remaining vertices, A%° and A%!, the calculation
is similar:
b — b
({d},d-}A20),, = —4RYN 6 — 2Ry A%
= 07

(6.24)

1 72
Cpoyb o Lo ) be +e b
({d+, d_ })\2 1) (P7) ( Rcb)‘ ad 2Rbcac)\ cd bA ae) (625)

=0.
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The terms involving R~ vanish since contraction with A gives a contraction between the
21 and 7 which is necessarily zero. The analysis for {dT_, d4+} then mirrors what we have
done above. Putting this all together, one sees

{di,dz} =o. (6.26)

One can also check that (dl)2 = 0. Unlike in the G2 x G2 case, this does not immedi-
ately follow from d2 = 0 and certain automorphisms of the complex. Instead, one needs
to do the calculation explicitly. For example, for A € A%, one finds

b —b b
((dL)QA)almaq = —ARUN"4, 4, — 20R 3" @, A5 = 0, (6.27)
and similarly for (dT_)z. This proves the Kéhler identities in (6.21).

6.3.2 Laplacians

Finally, we can define the Laplacians of the “plus” and “minus” differentials via
As =dlids 4 dedl. (6.28)

Taking the combined differential d = dy +d
dz = 0, and that

we find that the Kéhler identities imply

-

A=dfd+dd"=A, +A_. (6.29)

While we omit the rather lengthy calculations, one can follow the same arguments as in

section 4.4.2 to show that the Laplacians are again equal: Ay = A_ = %A

7 Relation to the topological Spin(7) string

The topological Spin(7) string was postulated in [10] but is far less understood than its
G2 counterpart. Despite this, we can use the double complex we have derived, along with
intuition gained from the A/B-model and the Go-string, to provide a conjecture for its
1-loop partition function.

The key idea is to take the double complex above as the target space interpretation of
the BRST complex and assume (5.8) holds for any topological string. That is, we assume
that the 1-loop partition function calculates the analytic torsion of the Spin(7) double

complex:
—-1/2

7, = H(det/Ap,q)(—l)“qpq 7 (7.1)
Pq
where now the product is taken over the vertices in the Spin(7) double complex. Again,
using the fact that the determinants depend only on the Spin(7) x Spin(7) representation,
we find
71 = (det’Aq 7)72(det’Ag 7)(det' Ay g)(det'Ag g)1/2. (7.2)

As before, the subscripts denote the Spin(7) x Spin(7) representation that Ais acting on.
The topological Spin(7) string should correspond to the case where we have a global
Spin(7) structure with vanishing flux, so that the metric on M has special holonomy. The
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Figure 3. For a global Spin(7) structure with vanishing flux, equality of AL means that all
det’AP? can be expressed in terms of three independent determinants. For example, det’ A0 =
det’Al’l = det’'Ay = A, det’A20 = det/Am]_ = det’Ay = B, and det’A22 = det'A7,7 =
det’Aq det’Agy det’Agy = C. The analytic torsion (the 1-loop partition function) is then given by
(A=*B2C~1)'/2, in agreement with (7.4).

above expression can then be rewritten using representations of the diagonal Spin(7) and
the fact that, by construction, A ~ A on these subspaces:

Zy = (det’A1)™?(det’ Aq) /2 (det’ Ag)?(det ' Agy ) /% (det’ Agy) 2

7.3
(det'Ags) ™12 (det’Agg)?. (7:3)

It is possible to further simplify this as, for a Spin(7) manifold, the Laplacians are not
independent. Using the relations outlined in appendix A.3 we find that

Zy = (det’ A1)~ H(det’Az)(det’Agy) " /2(det’ Agy) /2. (7.4)

Once more, this result can be read off directly from the double complex by assigning
values to the squares in the diamond, using the isomorphisms to see which are equal, and
multiplying them together with alternating powers of j:%. This is illustrated in figure 3.

Before providing more motivation for why this might be the correct 1-loop partition
function, we make some brief comments about the result. Firstly, this combination of
determinants does not define a topological invariant of the Spin(7) manifold, much like
the Gy case.?? This is not a surprise, given that the G-structure defines a unique metric
and the partition functions clearly depend on the G-structure. Secondly, there does not
appear to be a quadratic target-space action whose partition function reproduces (7.4)
since the natural “top form” one would write down transforms in the (7,7) and hence is
not a Spin(7) x Spin(7) invariant. Despite this, our analysis provides a natural geometric
interpretation of the 1-loop partition function as the product of (-regularised determinants
of Laplacians acting on the double complex (6.2).

?20ne can calculate the combinations of determinants that are topological, much like in [14]. For Spin(7)
there are three independent combinations, see appendix A.3. We find that Z; in (7.4) cannot be written as
a combination of these invariants.
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Let us now motivate the above result by finding worldsheet operators that act as d.
As we saw in section 2.3, the special NS highest-weight states selected out by the topological
string are the following:

0 0L 02

where we have written their interpretation as target-space differential forms underneath.
These states should be generated by the chiral ring of the theory, which in turn should
be annihilated by some nilpotent operator ) we are yet to find. Given the discussion in
this and the previous section, we expect that this @ should have a left-moving piece that
corresponds to the differential d described in (3.27).

Typically, the operator @ is built from the supersymmetry generators of the theory.?3
We therefore examine the OPE of the supercurrent G with the operators defining the NS
states above, and find

G(z)f(w):...—(MJr... (7.6)
G(2) A (w) = ... — aﬂé(fﬁz;w) 8?;?%“) (7.7)

where we have expressed only the order-one poles which give the action of G_; /5. We see
that, up to some term that involves dz*, we have G_; /5 ~ —%d. In fact, if we decompose
the expressions above according to their weight under 77 = %X , we find

1
0,10~ |35, (78)

1
(P2),/7 8, Agihiap? ~ M (7.9)
—%(Pél)uf”@pAow“w” + 0zt Ay, ~ [0]. (7.10)

We would like to pick some sub-operator of G_;/, that selects (7.8) and (7.9), but leaves
out (7.10).

To see what this could be, we need to understand better the fusion rules of the Ising
model. The Ising model is a minimal model at p = 3. It therefore has three states «,, for
n = 1,2,3, where the weight of «, is

(Bn—4)2 -1
48 B

L,
2, (7.11)
=3.

n
Qi ~ n
n

D= 5‘,_. =]

Plugging in the different values for n reproduces the weights we have written above as
expected. By examining the fusion rules, one finds [10]

a0 ~ o9, Qo ~ 1 + (3, Q309 ~ (9. (7.12)

23 At least this is true in the A/B-models, and there is evidence that a version of this is true for the G2
string.
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Using the conformal block decomposition of a state — in which we view a state o, as a
collection of maps between states dictated by the fusion rules — we find that we can write

_ 1 — +.
ay = +a;, a5 1y — Qptl, (7.13)

where we take a,, = 0 for n ¢ {1,2,3}.

Looking at (7.8)-(7.10), we see that, at least in the Ising sector, G_;/5 ~ az. De-
composing the action of G_;/, into conformal blocks as we did for az, the sub-operator
that selects only the special NS states in (7.5), and hence the natural candidate for the
left-moving BRST operator, is

QL=G",y~d_. (7.14)

One finds similar results for the right-moving sector with Qg = G~ and hence we

1/2)
reproduce the Spin(7) x Spin(7) double complex of section 6. Note that this construction
is analogous to that of the BRST operator in [11] for the topological G string. We view
this as strong evidence that this, or a small variation of this, is the correct worldsheet and

target-space interpretation of the BRST operator for the topological Spin(7) string.

8 Some other examples

Though we have focused on the cases of Go X G and Spin(7) x Spin(7), and the diagonal
subgroups relevant for topological strings, our construction is in fact far more general. Once
one has identified a group G C O(d) and the relevant instanton complex from [29], one can
find a doubled version of the complex by lifting to a G x G C O(d, d) structure and then
using a torsion-free generalised connection that is compatible with the structure. Moreover,
this construction will work for non-vanishing H-flux even if this breaks integrability of the
conventional G-structure.

Since the proofs are essentially the same as for the Gy and Spin(7) case with the relevant
groups and representations exchanged, we will not show explicitly that the diagrams we
give are double complexes, that the Kéhler identities hold, nor that the left and right
Laplacians are equal. Instead, we simply write down the complexes in a few cases of
interest and comment on connections to 1-loop partition functions.

8.1 A- and B-models with background H-flux

As we have seen, the double complex exists only for certain choices of H-flux. While
these choices may break integrability of the conventional G-structure, if the flux preserves
integrability of the generalised G x G structure, and hence the background is still super-
symmetric, the double complex is well defined.?* This allows us to describe topological
strings on backgrounds with non-vanishing flux where one necessarily needs to use gener-
alised geometry and the doubled complex. In particular, it is interesting to see how our
double complex describes the A- or B-models with flux.

24Recall that integrability of the generalised structure forces some components of H to vanish, while
others are related to 0¢ or left unconstrained.
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First, let us build the double complex that applies to six-dimensional supersymmet-
ric backgrounds. These backgrounds have a torsion-free SU(3) x SU(3) structure® which
means we can decompose the bundles C under this group into complex conjugate repre-
sentations

ce=ca 0t (8.1)

In this case, we can build two inequivalent double complexes out of this decomposition
that we suggestively call the A- and B-complexes. These are respectively defined by

AL =T(APCY @ AICM0), (8.2)
A = D(APCY @ A1CO). (8.3)

We can build the corresponding differentials from a torsion-free compatible connection as
before, this time with the projections mapping onto the vector spaces above. The 1-loop
partition function then follows immediately from the analytic torsion formula we used

previously, namely
-1/2

A H(detlﬁp’q)(’l)pﬂpq . (8.4)
Psa
Let us now see how this relates to the A- and B-models with flux, as studied in [15].

The relation of the A/B-models to generalised geometry has been studied in great
detail [45, 57, 58]. In general, a two-dimensional N = (2,2) o-model with H-flux has a
target space with a twisted generalised Kéhler structure [43, 59]. This is defined by two
commuting, torsion-free generalised complex structures [J1 and J2. Individually, they give
a decomposition of the generalised tangent bundle into eigenbundles:

Ec=L1® Ly = Ly & Lo, (8.5)

where L; is the +i eigenbundle of J;. Since the two complex structures commute, we can
find mutual eigenbundles and write

Ec=L{e Ly ® LT & L, (8.6)

where we have indicated the charges under (71, J2). We see that L; and Ls can be
identified with

Li=LfelL;, Ly=Lfa&lL. (8.7)

As usual, the two generalised complex structures define a generalised metric via G =
—J1J2, which in turn defines the subspaces Cy. It turns out that the decompositions (8.1)
and (8.5) are then related via

c’=rf, =1 (8.8)

%5In fact, one only needs the target space to be generalised Kéhler, which is a slightly weaker structure.
However, restricting to SU(3) x SU(3) ensures there are no anomalies in the twist [15].
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Using this, the vector spaces (8.2) and (8.3) that we have dubbed the A- and B-complexes
are given by

ART = T(APLT @ ATLT) C T(APHI L), (8.9)
AT = D(APLT @ ATLT) C T(APHITL), (8.10)

so that the total space of the A- and B-complexes are A®L5 and A® L] respectively.

Using the results of [43], we know that for any generalised complex structure 7, its +i
eigenbundle L defines a Lie algebroid under the Courant bracket. This means that there is
an associated differential d;, that makes (A®L*,dy) a complex. Furthermore, if J is part
of a generalised Kéhler structure, then the differential splits as

dp = 0f + 9y, (8.11)

with
OFf : APAL* — APTLAL*  9p APIL* — APOTLLY (8.12)
where we have defined AP9L] = A”f ® AqE, and similarly for Ly (see also [60]). One

can show that these differentials coincide with those in the double complex defined via
generalised connections, i.e. 5% = d.. Hence, the total BRST operator is

Q=Qr+Qr=dy +d_=09f +0; (8.13)
=d, (8.14)

where L is L1 for the B-model and Lo for the A-model. The chiral ring then corresponds to
the cohomology associated to one of the generalised complex structures, with the choice of
structure fixed by whether one uses the A or B twist. This exactly reproduces the results
of [15]. We can now interpret the 1-loop partition function (8.4) more concretely with the
knowledge that the relevant Laplacian A is that associated to the differential dj,.26

For completeness, note that one can recover the chiral rings of the A- and B-models
by defining a generalised Kéhler structure from a conventional Kéhler structure (I,w) via

10 0 —w!
jl:(o _I>, j2:<w 5 ) (8.15)

With this choice, the A- and B-complexes in (8.2) and (8.3) reproduce the chiral rings
of the A- and B-models respectively, with the 1-loop partition function in (8.4) reducing
to (2.29).

8.2 Topological strings on K3

A K3 manifold has an SU(2) C Spin(4) structure, for which the relevant instanton complex
is isomorphic to the Dolbeault complex

9 0

Qo0 Q! Qo2 (8.16)

26 As was shown in [15}, depending on whether one uses J1 or J2, Z1 may receive instanton corrections
at finite volume, and so we should view (8.4) as the 1-loop partition function at infinite volume.
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where we can choose any combination of the three commuting complex structures to define
the 0 operator. Lifting to a generalised SU(2) x SU(2) C Spin(4,4) structure, we find
two possible ways to define the doubling of the complex, corresponding to the A- and B-
models on K3. In both cases, in the infinite-volume limit where instanton corrections can
be neglected, the complex is naturally isomorphic to the Dolbeault complex:?”

/QLO \
N
/

020 < oLl 002 (8.17)
I

/ \
N /
N
021 0l.2

N ST

Q2,2

One can then find the 1-loop partition function of the topological string on K3 using the
analytic torsion (8.4). Thanks to the Calabi-Yau structure of a K3, one finds that the
(-regularised determinants of Laplacians have many identifications:

det’ AP = det’ AP = det'A* P4, (8.18)
det’Ab = (det’AM0)2 = (det’A%9)4, (8.19)

Applying these to (8.4), we find that the 1-loop partition function is trivial, ZK3 = 1. This
matches the result that the partition functions for the A- and B-models are trivial on a
K3 in the large-volume limit [7].2® Note that we were able to show this directly from the
target-space geometry without a detailed description of the worldsheet theory.

9 Conclusions and future directions

In this paper, we have given a prescription for calculating the 1-loop partition function of
certain topological string models whose target spaces admit torsion-free G x G structures
within O(d, d) x RT generalised geometry. We reviewed how there are natural complexes for
both Gy and Spin(7) structures. We then extended these to double complexes for Ga x Gg
and Spin(7) x Spin(7), with the relevant differentials constructed from torsion-free compat-
ible generalised connections. We showed that such connections exist provided the target
space satisfies certain differential conditions that correspond to it being a supersymmetric
NSNS background for a Minkowski spacetime. In each case, there existed an analogue
of Kéhler identities and Hodge theory which allowed us to define Laplacians acting on
representations of G x (. Starting from the conjecture that the 1-loop partition function
is given by a certain alternating product of determinants of these Laplacians, we showed

2TBy changing the choice of complex structure within the hyperkéhler structure, one can continuously
interpolate between the A- and B-model [58].

280ne needs to use the worldsheet theory to see that it is not possible to absorb fermion zero-modes in
order to show that the partition function for the A-model remains trivial at finite volume.
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that our formalism reproduced the known worldsheet results for the A- and B-models and
the Gg string. Our result for the Spin(7) string is new. Finally, as further examples, we
discussed how our formalism captures topological strings on K3 surfaces and the A- and
B-models with flux.

An overarching theme of our work is that G x G C O(d, d) x R structures within gen-
eralised geometry should be thought of as the correct target-space language for describing
worldsheet models, with the left- and right-moving sectors captured by the spaces C; and
C_ respectively (as mentioned previously in [46, 61]). By moving to the twisted theory,
one is restricted to special subspaces of C1 selected by the G-structure.

Unfortunately, we were not able to give a target-space action for the Spin(7) string,
nor for backgrounds with general G x G structure without special holonomy. Following
the logic of [9], one might imagine that there are functionals whose quantisation leads to
the 1-loop partition functions we have calculated in this paper. It may be that one needs
to consider RR degrees of freedom and extend to exceptional generalised geometry [62-66]
in order to understand these, or if one wants to understand the story in M-theory. We
hope to tackle this in the future, for example by building on the work defining invariant
functionals in [47, 67-69]. As a first step, one could imagine quantising variations of
the “hypermultiplet structure” of [67], which in type IIA would give the analogue of [9]
but for the A-model (or Kéhler gravity). However, in order to extend the Gg x G2 and
Spin(7) x Spin(7) constructions introduced in this paper one would need to identify the
corresponding structures in Egg) and Eyg) generalised geometries respectively, which have
not yet been formulated (though certain subsectors of Eg(g) generalised geometry have been
introduced in [70] which might provide clues on how to build the invariant functionals).

There are a number of research directions opened up by our work. In [14], the quantised
Go target-space theory was compared with the results of Pestun and Witten [9] by reducing
the theory on a circle. One could perform a similar check by reducing the Spin(7) double
complex to Go in the cases with and without H flux. Staying in eight dimensions, as another
direction one might consider embedding a global SU(4) structure in Spin(7) x Spin(7) where
it should give a non-critical version of the B-model on a fourfold.

Another relatively straightforward extension of this work would be to consider the cases
where the generalised intrinsic torsion of the Ga x Ga or Spin(7) x Spin(7) structures does
not (entirely) vanish. Recall that we used the fact that we were examining supersymmetric
Minkowski backgrounds to immediately conclude that the G x G generalised structures
must be torsion-free, and that was sufficient to prove the existence of the corresponding
double complexes. However, it is possible that one may be able to weaken this constraint
for other backgrounds — in particular, supersymmetric AdS backgrounds are described in
generalised geometry by constant singlet torsion [71-73]. For the G2 x Ga case, one could
then hope to use the concepts developed in this work to make contact with worldsheet
computations for NSNS AdSs3 backgrounds [30].

It would also be worthwhile to understand whether there is a physical interpretation
of the double complexes when the groups for right- and left-movers on the worldsheet are
not matched. For example, one could imagine taking SU(3) x Go C O(7) x O(7). Such a
generalised structure would be defined by three global spinors, a pair of orthogonal 6}’_72 and
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an e_, so that the seven-dimensional manifold would generically have an SU(2) structure
that becomes SU(3) wherever e_ is parallel to either €. Again, one can write down the
conditions for the structure to be torsion-free and construct differentials using the corre-
sponding torsion-free compatible connection. Closely related to this would be considering
the generalised geometric description of heterotic supergravity, where the relevant group
is O(d) x O(d + n), with the gauge group G embedding in the second factor [68, 74-80].
If a double complex can be constructed in this case, one imagines it could be related to
G-instantons.

Given the importance of the A- and B-models for understanding mirror symmetry on
Calabi-Yau threefolds, one might wonder if these double complexes could be used to probe
mirror symmetry on Gg or Spin(7) manifolds [10, 32, 81-84], or if the 1-loop partition
functions can be expressed in terms of the “p-characteristic” of [85] which has special
properties for self-mirror manifolds. As a consistency check, Gg mirror symmetry appears
on the worldsheet as a certain automorphism of the right-moving extended algebra [86-88],
suggesting that figure 2 should be symmetric when reflected along the diagonal from the
top left to the bottom right, which indeed it is.

Our work may also have applications in K-theory and index formulae, which can be
seen by reinterpreting the construction of the double complexes in terms of generalised
spinors (similar to the perspective of [60]). Indeed, for Spin(7) x Spin(7), one can check
that the total space of the double complex is isomorphic to the space of generalised spinors.
The operators D+ = d4 + dl then define new elliptic operators on this space which are
related to, but not exactly, (twisted) Dirac operators on Q°®(M ). If these operators, or some
construction related to them, has a parallel Cliff (8, 8) action, it would descend to the finite-
dimensional space ker Dy, giving it the structure of a Cliff (8, 8) module. The residue of this,
as defined in e.g. [89], would give a Z-valued index for the manifold which, under general
arguments, should be invariant under continuous deformations of the operator [90, 91].
We would like to see if and how this index is related to other indices on eight-dimensional
manifolds. Something even more curious happens in the Gs x Go case. Here, the total
space of the double complex is isomorphic to two copies of the generalised spinors, possibly
indicating that the correct description should be in terms of pinors. In any case, if one
can find a parallel Cliff(7,7) action with respect to D4, then the finite-dimensional space
ker Dy becomes a Cliff(7,7) module. Due to the split signature of the Clifford algebra,
the residue of this representation does not trivially vanish as one would expect for seven-
dimensional manifolds. This may give a new index that could be used to distinguish Gs
structures.

More speculatively, one might hope that higher-loop contributions to the partition
function can also be captured by the generalised geometry of the target space. Similarly,
one might wonder whether one can use the double complexes to compute twisted world-
sheet indices in the spirit of Cecotti et al. [92]. In another direction, there has also been
recent progress in both the physics and mathematics literature in understanding instan-
tons, invariants and enumerative geometry in the exceptional setting, see e.g. [93-97]. As
mentioned, for instantons and their counting, the single complexes of [29] play a natural
role. Then, in analogy with how the open-closed duality of the A-model and gauge theory
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can be used to compute Gromov-Witten invariants of Calabi-Yau manifolds [98], one could
ask about the relations between our double complexes and the counting of, for example,
associative submanifolds and G instantons.
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A Conventions and useful identities

In this appendix, we collect our conventions together with a number of useful identities
and projectors for Gg and Spin(7).
A.1 Conventional geometry
Given a conventional connection V on M, we can express its torsion 77 € T'(TM ®
A2T*M) as
V" = 0pv™ + " poP,
T(v,w) = Vyw — Vv — [v,w], (A1)

m _ m m
T np—Fn p_Fp )

where [, ] is the Lie bracket. The curvature of V is then given by the Riemann tensor
R € T(A*T*M @ End T M), defined by

R(u,v)w = [Vy, Vylw — v[uvv}w’

(A.2)
Ryn? qw? = [V, VypJwP — T,V wP,

with the Ricci tensor and Ricci scalar defined by
Rn = RpmPn, R =9g""Rmn. (A.3)

We define the generalised Kronecker delta as
gy = gl gy, (A.4)

so that its components are zero or i:‘%. In particular, this convention implies

Sy gy — g [mamm] (A.5)

ni.np
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Following the notation of [66, appendix A], we use _ to indicate the contraction of
a p-vector with a g-form. Given the forms A\ and v, we take A_v to mean first raising
the indices of A\ using the conventional metric (defined by whatever G-structure we are
considering), followed by the contraction:

1

()‘ - l/)ml...mq_p = Z?)\nl"'npl/nl‘..'rzpml..‘mq,p if p < q, (Aﬁ)
1
()\ . V)ml...mp_q _ a)\ml...mp,qnl...nqynlmnq if »>q. (A7)

A2 Go

We use a (conventional) orthonormal frame ¢,,, = dn, and take the seven-dimensional
gamma matrices to furnish a representation of Cliff(7;R) with &) = 41 .. A7 = —i1.%
We take the Gg structure to be defined by a Majorana spinor € normalised such that ee = 1.
The Ga-invariant 3-form ¢ and its Hodge dual xp are defined as

Pmnp = _iE'Yman (*(p)ml,..mzl = _E’le...m4€- (AS)

In an orthonormal frame, these can be written as

@ = M6 _ o235 _ o5 _ 136 | 127 | 34T | 567

(A.9)
1234 + 61256 + 63456 + e1357 _ 61467 _ 62367 _ 62457.

*QO =€
Identities. Using Fierz identities on products of four €’s, one can show the following
identities hold:

(pmlm2p90n1n2p — 2577{;1””212 =+ (*(,O)m1m2n1nza
S oo, (A.10)
(pmlm2m3@m1m2m3 = 42,
(*(p)mlm2m3p90n1n2p = —65[m1 [n1 ¢n2]m2m3]’ (All)

mi1m2pip2 — mi1ms2
(xp) Onpips = 4 n-

One also has

(50) ™ () .y = 4B 4 T2OTR (),

ni...n4g [n1n2
—16(5[m1 [n1 (pmgm3m4] Prangng]s
(+P) ™2 (50 iy = 602 + 98T (x0) ™23,y — @R O
(*(‘D)m1m2p1p2 (*90)7’&17121711?2 — 857Tﬁ1nﬂ212 + 2(*80)m1m2n1n27
(*Cp)mplpzpza (*@)nplpzps — 245mn7

(*(P)plmm(*@)pl---m = 168.
(A.12)
Other useful identities include

mimaoms

© Pningng = 3(70[m1m2 [nISOmS]ngng] + 65[7711 1 (*@)m2m3}n2n3]v

‘p[mlmgmg 90m4m5]p = (*90) [m1...mq 5m5}p‘

(A.13)

20ne can take the gamma matrices to be imaginary and antisymmetric, so that a Majorana spinor is
real and obeys € = €T [99)].
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Projectors on forms. It is useful to have explicit expressions for the various projectors
onto representations of Go. We define the projectors PF, which project a p-form onto the
r representation, so that

2 2 nn'
)‘mm’ = (P7 + Pl4)mm/ )‘nn” (A 14)
3 3 3 ningn :
Omimams = (Pl + Pr +7D27)m1m2m3 o 30711“2713'
In indices, these projectors are given by
i 1 i 1 !
(PR ™ = 5 (S + 5 D™ )
! 1 ! ]_ !
(Plamn™ = 5 (2000 — 5 (@)™ ),
1
(,P%)m1m2m3mn2n3 = E@mlmzmswmmma (A~15)
11
(P;)m1m2m3mn2n3 = Z?(*‘P)m1m2m3q(*¢)nm2n3q,
(7)3 ) ninans — §6n1n2n3 _ §6 [n1 (* ) ngng] + i ninans
27 )mimoms 4 mamams 3 [m1 P )mama] 56(Pm1m2m390 .
From these we can obtain useful relations like
* @mnpq(/\7)pq = 4()\7)’”“’17 *‘Pmnpq(/\14)pq - _2()\14)mn~ (A-16)

A.3 Spin(7)

We use an orthonormal frame ¢, = d;mp and take the eight-dimensional gamma matrices
to furnish a representation of Cliff(8;R) with v(?) = ~'...~® = 1.3% We take the Spin(7)
structure to be defined by a chiral Majorana spinor €, with chirality v(¥¢ = € normalised
such that ee = 1. The self-dual Spin(7)-invariant 4-form is defined as

Omnpg = EVmnpgE- (A.17)

In an orthonormal frame, this can be written as

O — _ 1234 _ 1256 _ 1278 _ 3456 _ 3478 _ 5678 _ 1357

(A.18)
+€1368 + 61458 + 61467 + 62358 + 62367 + e2457 _ 62468.

Identities. Again, using Fierz rearrangement one can show the following identities hold:

O™,y = 336, (
QIO = 4257, (A.20
OPIMQ), i = 126P9 — 40P9,. (
O™ = 651% — 901§ (

k]
par :

]

390One can take the gamma matrices to be real and symmetric, so that a Majorana spinor obeys € = €* [99].
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Projectors on forms. We define the projectors P, which project a p-form onto the r
representation of Spin(7), so that

At = (P2 +P31), " At (A.23)
Omimoms = (Pg + PiS)mlm2m3n1n2n30n1n2n3a (A24)
Tongma = (PL+ Pg+ Pag + Pas) o ™ Ty (A.25)
In indices, these projectors are given by
/7 1 ! 1 ’
2 nn nn nn
o' — (g’ Zg - n' ) A2
PR™ = 3 (W00 = 50mm™ ) (4.26)
nn' 3 nn' 1 nn'
(Pgl)mm’ = 4< mm! T égmm’ >7 (A27)
7)3 ni1mons __ 1 577,1112713 3@ [n1n25n3] A 28
( 8)m1m2m3 - ? mimoms 5 [mlmg m3] ) ( . )
7)3 ninan3 __ 1 G Srinans 3@ [n1n25”3} A.929
( 48)m1m2m3 - ? mimaoms + 5 [mlmz mS} ) ( . )
ny...7 1 ny...7
(P%)mlm4 Pt = %(_)mlrm;@ b 47 (ABO)
(,P’Z?l)ml-..mzl tet = 8(577111"'%4 - Ee[mlmz[ ! 2577:37;]4} - ée[mlmg[ 16m4] ? 4])7
(A.31)
(P§7)m1---m4 1 = 8<3 5m11...7;1z4 + ?@[m1m2[ ' 25775372]4}
) ) (A.32)
_§®[m1---m3 . @m4]n2...n4] + 7@m1“.m4®m---"4>,
(P§5)m1...m4 tet = 8<4 5m11‘..7;ll4 - 6®[m1m2[ ! 26m331;’1b]4]
) X (A.33)
+§@[m1m3 [nl @m4]n2--~n4] - 6@m1...Tn4@nlmn4) .
Note in particular the helpful relations
@mnpq(A7)pq = _6(A7)mn’ emnpq()\21)pq = 2()\21)mn- (A34)

Differential operators. Using the decomposition of differential forms into Spin(7) rep-
resentations and taking f € O, a € Qf, B € 0%, v € Q3;, 0 € Qig, p € Q37 and v € Q45,
one can write the exterior derivative as combinations of the following operators

dg: 04 — Qf, dgf = df, (A.35)
d8: Qf — Q2 d8a = Pda, (A.36)
d§;: Qf — 0, d8;a = P3da, (A.37)
d§s: QfF — Qi d§sar = Pasd * (a A ©), (A.38)
dig: 97 — Qfs, d7sB = PigdB, (A.39)
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dis: Q31 — Qis, iy = Pisdy, (A.40)
d33: Qs — Q3r, d336 = Paqdd, (A.41)
d38. 03 — Qi d388 = Pasdd. (A.42)
We also impose (dg)T = dg, where the adjoint is defined by the standard inner product

on differential forms. Adapting the arguments made in [40], one can find the following
decomposition of the exterior derivative:

df =dgf, (A.43)
d(fO) =dgf A O, (A.44)
da = dSa + d§; a, (A.45)
1 1
d* (e AO) = —§d§oz o + §(d§oz) -0 + dsa, (A.46)
dlan®)=d3ane +d3ane, (A.47)
dxa=—xd}a, (A.48)
3 7 7
dg = o ¥ (dgB A ©) +dagh, (A.49)
16
d(B-0) = —701;[3 A O+ 4xdigs, (A.50)
dx B = =d§p, (A.51)
1
dy =+ (d3'y A ©) + d3g7, (A.52)
d x vy = xd2ly, (A.53)
1
dé = g(d‘#‘é) - O 4 d38s + d3Ss, (A.54)
d*d = —xds30 — xd536, (A.55)
dp = xd3gp, (A.56)
dv = %dg% A O —xd33v. (A.57)

In the above, we have used the notation -0 to denote the isomorphism Q2 — Q2 given by

(B ©)abed = 4Bal Oifpea- (A.58)

Laplacians. One can use the relations above to prove various identities for determinants
of Laplacians on Spin(7) manifolds. In particular, one has

det ,As = (det 'A7)(det ,Al), (A.59)
det’A35 = (det'A27)(det'A8), (AGO)
det ,A48 = (det 'A27)(det /Azl). (A.Gl)
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As an example, we will prove the first of these relations — the others follow similarly. Using
the decomposition of the exterior derivative into dfj, and the fact that d?a = d?j3 = 0, for
a € Qf and B € 0% we have

Ay f =didsf, (A.62)
Arf = 4d8d3B, (A.63)
Aga = did8a + 4d3dda. (A.64)

Then one finds
det’Ag = det’(dgdd + 4d3d$)
= det((d§ + 2dZ)(d§ +245))
= det”((df + 2d5)(d§ + 2d3))
= det’(d3d} + 2d847 + 2d3d} + 4d8q7) (A.65)
= 198 1498 7d8 748
= det’(d3d} + 4d8d})
= det /(Al + A7)
= (det'Al)(det'A7).
Note that, in going from the second to the third line, we used the fact that det’ is the (¢-
regularised) product of non-zero eigenvalues. In going from the fourth line to the fifth, we
used dgdé = 0, which is simply the statement that (3.27) is a complex. The final identity
follows from noting that A1 A7y = ArA; = 0.
One can ask when a product of determinants [ is independent of the metric
I = (det’A%)%(det’ AM)o(det’A%)¢(det ' A%)(det ' A%)e. (A.66)
Using the techniques in [14], we can consider the variation of I under a change of the metric
dg. We find that, to first order, §I is proportional to
a + 8b 4 28¢ + 56d + T0e. (A.67)

Hence, this linear combination must vanish so that I is independent of the metric. We call
these “topological” invariants. Decomposing into Spin(7) representations and using the
identities (A.59)-(A.61) above, a choice of basis for these invariants is given by

= (det’A1)"(det’ A7)~ 1, (A.68)
= (det’A7)5(det’Agq) 72, (A.69)
= (det’Al) 1(det A7)(det'A21)(det’A27)_1. (A.70)

B Determinants and partition functions

B.1 (-regularised determinants

We give a brief outline of (-regularised determinants and their properties [100]. We follow
the notation of [9].
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Given an increasing sequence of positive real numbers A = {ay, a9, ...}, we define the
(-regularised sum of the numbers to be (4(—1) where, for large Re s, we define

CA(S):ZCL,;S Res > 0, (B.1)

and then extended to the whole of C by analytic continuation. The (-regularised product
of A is then defined to be
e, (B.2)

where the prime denotes differentiation with respect to the complex parameter s.

Given a vector space V and an operator A: V — V with only non-negative real
eigenvalues, we define the (-regularised determinant, denoted det’A, to be the (-regularised
product of its non-zero eigenvalues. That is

det’A == ¢~ (B.3)

where we have used the same symbol for the operator and its sequence of non-zero eigen-
values. For an operator B: V — W, we note the useful identity

det’B| = (det’'BB)'/2, (B.4)
Note that since we neglect the zero eigenvalues, we also have
det’B'B = det'BB'. (B.5)
Given two operators A, B: V — V that obey AB = BA = 0, it is simple to show
det’(A+ B) = det’Adet’B. (B.6)

These determinants are useful when looking at Laplacians of differential operators. We
will highlight some useful identities for these determinants in the de Rham and Dolbeault
complexes. The results in the latter case all naturally generalise to the Gs x G and
Spin(7) x Spin(7) complexes we discuss in this paper.

First consider the de Rham Laplacian A = ddf + dfd. Denoting the space of p-forms
on an n-dimensional manifold M by P, the Hodge decomposition gives

QF =dP L g dfQrtt @ HP. (B.7)

Figure 4a shows this pictorially: we can associate the exact (resp. co-exact) subspaces with
the left (resp. right) region surrounding the node in the de Rham complex. Note that, by
definition, HP is the zero eigenspace of A and so can be neglected when calculating det’A.

Hence, we can write
det’AP = det’("AP) det'(A'P), (B.8)

where /AP is the restriction of AP to dQP~!, and A’ is the restriction to dTQP+1. Observe

that one can identify
‘A=ddl, A'=dd (B.9)
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(a) (b)

Figure 4. A pictorial representation of the Hodge decomposition of differential forms (neglecting
harmonic forms). Figure (a) shows the de Rham decomposition of ©? into exact and co-exact pieces
which we can view as coming from the left and right of the node respectively. Figure (b) shows
the Dolbeault decomposition of 279. Pictorially, the subspaces can be associated with the squares
surrounding the node, corresponding to the direction the double differential maps from.

Due to (B.5), we see that
det’('AP) = det’(AP7Y). (B.10)
Furthermore, since the Hodge star commutes with the Laplacian, we have

det’AP = det’A™P, (B.11)

where n = dim M.
For Kéhler manifolds, we can refine this further. We have the Laplacians for 9, 9 and
d which are proportional:

1
We also have the Hodge decompositions of Q77 with respect to & and 0:

QP — gOP—14 @ ot QP+ @ HY, (B.13)
— 591’7‘1*1 e 5TQP,Q+1 @ Hqu. (B14)

By (B.12), we have equality of the spaces of harmonic forms, H5Y = Hg’q, which means
that we can combine the Hodge decompositions above and write

OP9 = 9oOP—1a-1 g potar—Latl g gtgortia—1 g gtgtQrrlatl o gra, (B.15)

Once again, HP-? is the zero eigenspace of A and so can be ignored when computing det’.
The Laplacian A then decomposes according to its action on the four subspaces in (B.15).
One can identify these subspaces with the four squares surrounding a vertex in the Hodge
diamond, as shown in figure 4b. Given this decomposition, one finds

det’A = (det'A)(det As) (det'A)(det'sA), (B.16)
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where the position of e« denotes the restriction of A to the relevant subspace as labelled in
figure 4b. For example

A = A|8(§QP*1’Q*1‘ (Bl?)

Note that we also use this notation for the spaces AP¢, with the replacement (0, 5) —
(d4,d-). Using (B.5) and (B.12) one then finds

det /AP = det/(AePI~ = det/AP~1I7T = det/(sA)P 1. (B.18)

Hence, the value of the determinant depends only on the “square” in the Hodge diamond

and not the vertex (as is shown in figure 1).3!

One can then use the symmetries of the
Hodge diamond to relate the value of determinants on different squares. In particular, for a
Calabi-Yau n-fold, one can use Hodge duality, complex conjugation, and contraction with

the holomorphic n-form to see that
det’APY = det’ATP = det’ A" P9 = det’ AP = det A" P, (B.19)

For a Calabi-Yau threefold, this leaves us with three independent determinants, as shown
in figure 1.

All of this generalises to the G2 x G5 and Spin(7) x Spin(7) complexes, where for Go
the maps 0+ play the role of Hodge duality and contraction with the holomorphic n-form.
A small distinction is that in general there is no notion of “complex conjugation” and so
det’ AP # det’ AP However, when one has a genuine Gy or Spin(7) structure, these
determinants are in fact equal, leading to figures 2 and 3.

B.2 Direct calculation of partition function

In section 5.2 of the main text, we gave a calculation of the partition function of the
target-space theory for the Gg x Go double complex (4.19) via BV quantisation. Here,
following [9], we will show that this calculation agrees with a direct calculation using
formal manipulations of the path integral.

The partition function of the theory is

1
Z=—— | DaDbDce 50 B.2
V(g)/ aDbDce >0, (B.20)

where the measure is for the fields by1, agyp and cog, Sy is the quadratic target-space ac-
tion (5.11), and V(G) is the volume of the gauge group.

bi1 Adyd_b11. Let us start by focusing on Sf, the term in the action that depends on
b11. Since S§ is a quadratic action for a single real bosonic field with a second-order kinetic
operator, the path integral over bi; is formally given by

1 V(HM) V(e AW V(AL) V(A1)

V(@Y Jdet’d d_| 4.1
: (B.21)

1 V(HY) V(s AL V(AL V( Aol

- V(ga) \/ det /AC ’

31These were referred to as the determinants of the “face” Laplacians in [9].

Za
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where we are again denoting the volume of a (formally infinite-dimensional) space Q by
V(€2). Here the determinant comes from the integral over the component of by; that is
orthogonal to gauge transformations (so that the restricted kinetic operator has no kernel).
One then needs to account for by that do come from gauge transformations, which in this

case is simply the product of the volumes of e A1, .;ll’l and Ae™!. One can think of these
as by that are of the form d4bg; + d_by1g, where b1g and bg; can be independent of each
other. We then need to compute the (formal) volumes of the spaces.

First consider d_: 41,0 — oAb Since d_ is an invertible map between real vector
spaces, the ratio of the volumes is

V(e 1,1 =
V((,Ztlo)) = /det/dT_d,LAl,o =1/det’Ap, (B.22)

where we have observed that the operator dhd_ acting on A" is simply Ap. Using the

Hodge decomposition, the volume of A0 is
V(AY) = V(AM) V(A0 V(HY), (B.23)

where V(H'0) is the space of A-harmonic (1, 0)-forms. Finally, using the map d : 40,0 —

Ae0 we have
o1.0)
“jloo [detd! EHpE Vdet/A 4. (B.24)

Noting that V(A%Y) = (40’0) (H*Y), we then have

\/d t/A
V(AL a B V (B.25)
\/det’AA

One can find V(As™!) in a similar fashion:

\/d t'Ap
V(A1) = bl (B.26)
\/det/AA

Finally, we need to calculate V(AY!). Given d_: Ae!0 — ALl one has

(:41 1

v 10 — Jdet’al d_| yor0 = y/det’A . (B.27)

Using the above expressions for V(As'Y), one then finds

V(ALY = det A, V(A®), (B.28)

1
V(H0.0)
Putting this together, one has

AR

(B.29)

1 V(HY)VH) (det’Apdet’Ap /7 V(AL0) V(A1)
V(Ge) V(HYO) V(H™) det’'A¢ V(A%D)



Formally, one identifies V(G%) with V(A) V(A%1)/V(A%Y), so that the gauge group G°
can be thought of as gauge transformations by (1,0) and (0,1) fields, modulo (0, 0)-form
ghosts. The contribution to the partition function from S§ is then

7 = (B.30)

V(HY) V(HO) (det'Ap det’Ag \
V(H0) V(H") det’A¢ '
apgo Ndyd_cz2. We now compute the contribution of 5’8, which depends on agg and cos.

In this case, since S is an action for two real bosonic fields with a second-order kinetic
operator, the path integral over agg and coo is formally given by

1 V(H") V(H22) V(e A22) V(A22) V(Ae22)
V(gb) det 'd+d_ |A2,2

zb =
(B.31)
L1 V(HOO)V(H22) V(e A22) V(A22) V(A22)
V(gb) det’AA ’

where again the determinant comes from the component of coo that is orthogonal to gauge

transformations (so that the restricted kinetic operator has no kernel). Note that agy has
no gauge transformations. Again, we need the volumes of the spaces appearing above.
Consider first the map d_: A% — ¢ 422 so that

[ ] 272 A~
Mél) =, /det /dT_d,|A2,1 =\/det’Ap. (B.32)
V(.fl ) .
We also note that

V(A = V(}{Q,l)V(A.Q,l)V(Vle,l)V(.AQ,I)V(HQ,I)‘ (B.33)

We now want to write the volume of the various subspaces of A%! in terms of lower-degree
AP4, For example, we have

V(HL) det’Ay V(AZ0)V(A%0)

V(eA?!) = B.34
( ) V(H20) V(HO0) \/M V(ALD) ( )
Similar calculations for V(As?!) and V(AQ’l) give
VAety = VU V) ydet'Ac VAL V(AY) (B.35)
V(HYWO)V(HM) det’Ap V(AY) V(A%)’ '
®o1 V(Hov ) det’Ap V(A“J)
B.

Using these we have

V(H2O)VHYY)V(H?Y)  det’Ap V(A2 V(A0 V(A
VUEDVHEVEHEDM) | fger1A 4 det/Ag YA VAR VALY

(B.37)

V(e A??) =
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from which it is simple to see

V(H"?) VHY ) V(H?)  det'Ap  V(AY2)V(AM0) V(A

V(Ae??) = . (B.38
( ) V(HL?)V(HLO) V(Hovl) \/det’AA det’Ac V(Ao’z)V(.Alvl)V(onO) ( )
Finally we need V(.;lm) which is given by
. 1,0 0,1 I'A 1,1 0,0

VUV ) oAy dorr b VAT VAT

Putting this all together, we find that the contribution to the partition function is

1 V(H*?)V(H?*%)V(H*?)V(HY) V(H0)? \/det/ABdet'AB,
V(gh)  V(H>N)V(HD2)V(H) V(HO) det 2A 4
y V<A2,1)V(A1,2)V(A1,O) V(Ao’l)

V(AQVO) V(_AO,Q) V(.Alvl) V(A0,0)'

7b =

(B.40)

Again, taking V(G®) to cancel the various volumes of the spaces of forms, this simplifies to

V(HQ,Q) V(HQ,O) V(HO,Q) V(Hl,l) V(HO,O)Q \/det ,AB det ,AB’

7t = .
V(H?1) V(HY2) V(H0) V(HO1) det2A 4

(B.41)
Final result. Combining the contributions from S§ and Sg, the partition function is
given by

2,2 2,0 0,2 1,1\2 0,013 1A I'A ,
, _ V(H??) V(H20) V(HO?) V(H)? V(HO0)? det’Apdet’Ap (B4

VI VO VIRV g | Jara,

Upon taking the cohomologies to be trivial and setting det’ Ay = A, and so on, we have

Z = BB'A~2C1/2 in agreement with both the double complex calculation in section 5.1
and the BV quantisation calculation in section 5.2.

C Review of O(d,d) X RT generalised geometry

Generalised geometry is a geometric formalism in which one extends the tangent bundle
by a sequence of differential forms to create a vector bundle 7' — FE that has an enlarged
structure group GL(d,R) < G. The case we will be interested in is the geometry defined
by the vector bundle

E=ToT (C.1)

with sections or generalised vectors written as V' = v+ A. This bundle has a natural O(d, d)
structure which preserves a symmetric bilinear form

n(V,V) = v\ (C.2)
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One can then take tensor products of E and decompose them according to O(d, d) repre-
sentations, and sections of such bundles are called generalised tensors.

One can also define a bracket [-,-] which gives E the structure of an exact Courant
algebroid [101, 102].32 Tt is called the Courant bracket and is given by

1
[o+Xw+p] =Lyw+ Lyp— LA — id(v_nu — wi), (C.3)

where W = w + p is another section of E.
The Courant bracket is clearly covariant under diffeomorphisms and also under a closed
2-form transformation b € Q2 (M) given by

(w+ N =v4+ A\ —vib. (C4)

We therefore have an enlarged automorphism group of the Courant algebroid given by
Diff — GDiff = Diff x2 (M), whose elements we refer to as generalised diffeomorphisms.
These are generated by a local derivative along a generalised vector V' = v + A called the
Dorfman derivative. The action of the Dorfman derivative is

LyW = Low + Lyp — wadA. (C.5)

Note that this is not antisymmetric but instead satisfies
1 1
JILvW = LwV)=[V.W],  S(LvW+LwV) = dy(V,W). (C.6)

We can naturally incorporate the NSNS flux H into the construction by twisting the
Dorfman derivative (and hence the Courant bracket) to get the flux twisted derivative

LEW = Low + Lopp — wadX 4+ wo(vaH). (C.7)

An alternative but equivalent way to include the flux is to take (C.1) to just be a local
definition and allow non-trivial patching by Q%(M). That is, for an open subset U; C M
and V; = v; + \; € D(U;, E), V; = vj + \j € T(U;, E), there exists a A;; € QY (U; NU;) such
that, on U; NU;

vV = Q}j

= Vi = ey, (C.8)
)\i = )‘j - Uj_ldAij

This patching defines a bundle E. The equivalence of (C.7) and (C.8) comes from choos-
ing a global isomorphism E¥ ~ E. To do so, one must pick a connection B which is locally
a 2-form, and patches as3

B; = B; —l—dA,‘j on U; NU;,

(C.9)
Aij + Nji + A = dAgj on U; NU; N Uy,

320ne also needs a smooth bundle map a: E — T called the anchor in the definition of the Courant
algebroid. We will normally take this to just be the projection onto 7" in (C.1).
33This non-trivial constraint on triple intersections means B is a connective structure on a gerbe [103].
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where Ajjp € C*°(U; NU; NUy). The flux is determined by this connection via H = dB
locally. It is easy to see from the patching (C.8) and (C.9) that V € I'(F) if and only if
eBV e I(EM). Moreover, it is easy to check that L.z, eBW = ePLEW. Hence a choice of
B defines an isomorphism of algebroids

(EH, L) «— (B, LY). (C.10)

It is possible to show that a twist by H and H' are equivalent as algebroids if and only
if H' = H + da. That is, inequivalent exact Courant algebroids are classified by [H| €
H3(M) [101].3* This equivalence of twisted bundle versus twisted derivative applies to all
generalised tensor bundles and we will often move between the two pictures in (C.10) and
will drop the superscript H to avoid cluttering our notation further.

Since it geometrises the H flux, generalised geometry turns out to be naturally well
suited to describe the NSNS sector of string backgrounds. In fact, as was shown in [46], one
can also account for the dilaton by enlarging the structure group further to O(d,d) x R*.
All tensors should then be appropriately weighted under the R™ by including factors of
det T* in the bundles. In particular, we can consider weighted generalised vectors V € I'(E)
and the induced action of the O(d, d) metric n

E=E@detT* = n(V,W)eD((detT*)?). (C.11)
The O(d, d) structure defines a Clifford algebra via
{T4, 15} =5, (C.12)

where nB are the components of the O(d, d) inner product 1 in some orthonormal frame.
One can show that this has a natural representation on the exterior algebra, so that
weighted p-forms (det T*)_l/ 2 @ A*T* form a spinor representation of Spin(d,d) x R*.
We then call any p € T'((det T%)~'/2 ® A®*T*) a generalised spinor and denote the vector
bundle of generalised spinors by S. Note that S is reducible as an O(d, d) x RT representa-
tion. There exists a notion of chirality and we can define even/odd spinors to be even/odd
polyforms. That is

S=8,®S., Si=(detT")"V/2@ A/l (C.13)
More generally we can define the weighted spinor bundles
S = (det T*)* ® Sk, (C.14)

so that SE_LI /2 corresponds to unweighted polyforms.
There exists a natural O(d, d)-invariant pairing on S called the Mukai pairing. Taking
NTRS F(Sf)), it is given by

(o, 1) = Z pi N o (pa—i) € T((det T*)?P), (C.15)

34In addition, this class must be quantised in string theory.
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where p; means the restriction of the polyform p to its degree ¢ component, and o: S — S
is the automorphism defined by?°

o () = (=)D, (C.16)

Note that for d even, (-,-) restricts to a pairing on SE_E/2), and that for d = 6 this pairing

defines a non-degenerate symplectic structure.

As with conventional geometry, one has a notion of connections, torsion and curvature.
A generalised connection is simply a first-order linear differential operator D which acts
on a generalised vector in frame indices as

DAVB = 8AVB + QABCVC, (C.17)

where 04 denotes the natural embedding of the ordinary partial derivative in F, and the
generalised connection one-form {2 takes values in the adjoint representation of O(d, d) xR,
so that the action of D has the obvious extension to any generalised tensor with arbitrary
conformal weight. The generalised torsion T' of such a connection is a generalised tensor
defined in terms of the Dorfman derivative (C.5) by

T(V)-a=LYa— Lya, (C.18)

where V' € T'(E), « is a generalised tensor, and L is the Dorfman derivative with all
partial derivatives replaced with the connection D. One might also expect there exists
a generalised analogue of the Riemannian curvature, however the naive object one would
define turns out to not be tensorial, and we find that there is no useful notion of “generalised
curvature” for an arbitrary generalised connection without specifying additional structure.

C.1 0O(d) x O(d) structures

A generalised metric is given by a reduction of O(d,d) x RT to the maximal compact
subgroup O(d) x O(d) [43, 46, 104]. As for many conventional G-structures, it is defined
by a set of globally non-vanishing tensors (®,G), where ® € I'(det 7%) — which specifies
the isomorphism between weighted and un-weighted generalised vectors E = E — and
G: S?E — R is a positive-definite inner product on E that is compatible with the O(d, d)
metric (C.2) in the following sense. Using 1 as an isomorphism E = E* we can view
G: E — E and then require G2 = 1. Given such a G, we get a decomposition of E into
eigenbundles of G so that

E=C,aC_, (C.19)

where C are n-orthogonal subbundles of E such that n|c, is positive (resp. negative)
definite. The inner product G can then be written

G =nlc, —nlc_. (C.20)

Hence a choice of G is equivalent to a choice of decomposition (C.19).

35This convention is different than the one chosen in e.g. [43].
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An alternative definition of a generalised metric (®, G) is given via a choice of conformal
split frame of E. This is defined to be a local frame {E;} U {E5 } such that

(B, B = 6w, (C.21)
n(By, E) = -5y, (C.22)
n(Bf Eo) =0, (C.23)

This determines ® uniquely and defines C to be the span of {E+}.
A generalised metric is equivalent to a choice of conventional metric g, B-field, and

dilaton ¢. Indeed, given two independent local orthonormal frames &, é; of T, the
conformal split frame can be written as

Ef =7 /g (el + 109 +14B),

e 20 (o (C.24)
E; =e “%\/g(é; — te-9 + zégB).

In several applications, it is useful to evaluate O(d) x O(d) expressions in which one chooses
frames such that ¢ = é; = é, are aligned.

A generalised G-structure is said to be torsion-free if there exists a torsion-free gener-
alised connection that is compatible with the structure. An O(d) x O(d) structure is thus
torsion-free if there exists a generalised connection D that satisfies

DG =0, D®=0, LE=1Ly. (C.25)

We call a connection that satisfies these constraints a generalised Levi-Civita connection.
As was shown in [46], such connections always exist but are not unique. Using a split
frame, the torsion-free connection acting on V = v*E+ + v®E> takes the form
1 2
Db =Vl — gHabcvc — ﬁ(éabacgb - 5a08b¢)vc + Ajbcvc,
1

Davb = ngb = Vavb - §H&bcvc7
] ] o (C.26)
Dan = V;'Ub = Vavb + §HabEU57

Davl_) = Vavl_’ + 1IT[@EE’UE — (5@585¢ — (5@585¢)’Ua + AEEE’UE,

6 d—1
where V is the Levi-Civita connection for g, H = dB and A* are undetermined tensors
satisfying
+ _ + + +a _
Afbc ) _Aid)’ A[fbc] - Aa:b - (C.27)
Ao = Ao A[aBE} =0, Az =0,

so that they do not contribute to the torsion. The A* tensors thus parametrise the failure
of the metric-compatibly and vanishing torsion conditions to specify a unique generalised
connection.

Thanks to the generalised metric structure, we can use the compatible connection D
to define generalised curvatures. The analogue of the Riemann tensor is not unique, i.e.,
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depends on the choice of generalised Levi-Civita, and so it is not a very useful object.
However, there exist certain contractions and projections that are uniquely defined. In
particular, we can define the generalised Ricci tensor R° and generalised Ricci scalar R via
the action of D on either generalised vectors [46]

Rgéwi = [DcwDB]wi» R%bw‘z = [Da,Db]wa_, (C.28)
or spinors
1 ) _
Ryy*e" = [v"Da, Dyle™, —ft€" = "Dy Dy = D*Da)e”, o
P an B ) ) i )
Rap"e” = [1"Da, Dyle ™, —3Re¢ = (1"Day* Dy — D" Do)

Here ¢ are S(Cy) spinors and the 4@ are representations of the Clifford algebra induced
by the O(d) structure on C'y.. Upon explicit evaluation, one finds

1 1

R’ = Rap — Zlﬂfacdﬂbcd + 2V, Vo + 562¢V0(e’2¢Hmb), (C.30)
1

R=TR+4V%p — 4(0¢)* — 1—2H2, (C.31)

where we have aligned the frames ¢ = é7, and Ry, and R are the conventional Ricci

a>
tensor and scalar for g. The right-hand side of these are simply the equations of motion
in the absence of RR fluxes, and hence both R, and R vanish on on-shell. In particular,
since a background which is supersymmetric and solves the Bianchi identity dH = 0 auto-
matically solves the equations of motion, both R}, and R must vanish for supersymmetric

backgrounds. This crucial result is used many times in the main text.

C.2 Generalised Calabi-Yau

A generalised Calabi-Yau structure is a reduction of the structure group to SU(n,n) where
d = 2n. It is defined by a nowhere-vanishing complex pure spinor ¥. Given such a spinor,
one can define the null space Ly

Ly ={Vel(E)| V¥ =VAT,¥ =0}. (C.32)
A generalised Calabi-Yau structure is then given by a ¥ satisfying
dimc Ly = d, (I, 0) £ 0. (C.33)

A spinor satisfying the first condition is said to be pure, and the associated null space is
said to be maximally isotropic. The generalised Calabi-Yau structure is torsion-free (i.e.
there exists a torsion-free compatible connection) if and only if

dw = 0. (C.34)

Hitchin showed that for d = 6 these structures can be described via a variational
problem [27]. Indeed, consider a real chiral spinor p which is stable in the sense of [105].
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Since (-, ) defines an O(d, d) invariant symplectic structure, there is an associated moment
map p: St — g* given by

u(p)a) = 5la-p.p)  VYae Odd) (C.35)

Then we can consider the following map which is an invariant quartic homogeneous function
in p

q: St — (det T*)?, q(p) = tr(,u(p)Q). (C.36)
It turns out that p defines an SU(n,n) structure if and only if ¢(p) < 0, which is an open
condition on p. Such a p is known as stable. Note that q(p) € I'((det T*)?) which has a
canonical orientation and hence a well-defined notion of a negative section. The real spinor
p then becomes the real part of the complex pure spinor ¥, with the imaginary part p
given by the first variation of the functional

H(p):/M,/_Q(;) = 5H:/M<5p,,3>. (C.37)

Note that H is a homogeneous functional of degree 2 in p. Denoting the space of stable
spinors of definite chirality by U, one can show that there is a torsion-free complex structure
J on p € I'(U) and that the second variation of the functional H is given by

52 H (81p, 62p) = /M<(51p, Tbap). (C.38)

Now suppose we fix some p € I'(U) such that dp = 0 and only allow variations within
the cohomology class of p. That is, we take dp = db for some real polyform b. Then
by (C.37) we have

SH(db) = /M<db, p) = /M<b, dp)=0 = dp=o0. (C.39)

Therefore, stationary points of H within a fixed cohomology class [p] correspond to SU(3, 3)
structures with dp = dp = 0, that is d¥ = d(p +ip) = 0. Hence, stationary points
correspond to torsion-free SU(3, 3) structures.

C.3 The generalised Hitchin functional for torsion-free G2 X G2 structures

Turning now to the generalised geometry of a seven-dimensional manifold, in the main text
we describe Go x Gg structures in terms of a pair of Cy spinors. However, following [48, 55],
one can also define them through a Spin(7,7) x RT globally defined nowhere-vanishing real
chiral spinor p € Sy that is stable in the sense of [105]. By a simple dimension count, one
has that the spinor lives in an open orbit of Spin(7,7) x R*.

One can define an operator [1, which maps spinors of one chirality to the other given by

O,: S+ — S+, O,(a) = P xo(e Pa), (C.40)

where « is a generalised spinor, * is the Hodge operator associated to the Riemannian
metric g and o was given in (C.16). If we work in the flux twisted differential picture
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instead, then we can just write O,(o) = *o(a). It is possible to show that this is an
O(7) x O(7) covariant map and hence a generalised G2 x G structure can be equivalently
described by either a stable p € I'(S4) or a stable O,p € I'(S). The Gy x Gg structure is
then said to be torsion-free (there exists a compatible torsion-free generalised connection)
if and only if

dp=d0,p =0, (C.41)

which is the analogue of d¥U = d(p +ip) = 0 for an SU(3, 3) structure. For concreteness,
we will take p € I'(S_), and so O,p € T'(S4).

To match the description of generalised Gg x Go structures given in the main text
around 4.1 where we consider the spinors ex € S(CL), we note that there is also a natural
isomorphism between these bundles and the bundle of O(d, d) x R spinors S as

S~ S(Cr)®S(C-), (C.42)
and under this isomorphism we associate
e 2P, @e ) =p+ Oop- (C.43)

In general, a Ga x G structure defines a local SU(3) structure on the manifold. We can
then write p,,p explicitly in terms of the local SU(3) structure of the manifold. While
the results of this paper will hold in general, we will mostly be interested in the case where
the generalised structure is induced from a genuine Gs structure. In that case, we can
write

p=e %8 (—p +vol), (C.44)
O,0 = e 2B (1 — x ). (C.45)

where vol is the volume form associated to the metric defined by the Go structure.

We can write the generalised Go X Go structure more explicitly in terms of the local
SU(3) structure defined by the er. This SU(3) structure locally defines a 1-form «, a
2-form w, and two 3-forms ¢+ which can be viewed as the real and imaginary parts of a
holomorphic 3-form on some 6-dimensional D C T that is orthogonal to .. There is also a
scalar cos a, where a is the angle between €4 and e_ as 8-dimensional real vectors. Without
loss of generality, we can take p € I'(S_) and can write

1
p:e2¢eB<sa—c(w++w/\oz)—s¢_—32w2/\a+cvol>, (C.46)
—2¢ B Ly 13
Opp=e %7 c+ sw—c w_/\a+§w +sz/1+/\a—36w , (C.A47)

where s and ¢ are shorthand for sina and cosa, and vol is the volume form defined by
the SU 3 structure. While individually the tensors in these expressions are defined only
where s # 0, the precise combinations that appear can be written as bilinears of e+ and so
are globally defined. When s = 0, the spinors e+ become parallel and the SU(3) stabiliser
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degenerates to a Gy defined by some 3-form . At these points one finds

p=e %P (—p +vol), (C.48)
O,p = e 2%eB(1 — x ). (C.49)

As for SU(3, 3) structures, one can understand torsion-free generalised Ga x G struc-
tures via a variational approach [55]. Since p € I'(S_) must be in an open orbit of
Spin(7,7) x R, we can consider a function

q(p) = (p,0pp) € T(det T7), (C.50)

where we think of this as defined on U C S_, the space of stable p. As shown in [55], this
is a homogeneous function of degree 2 in p and the first variation is given by

5q(6p) = (6p,Lpp)- (C.51)

Integrating q over M, one obtains the Hitchin functional for Gg x Gg structures:

H(p) = [ (0.0,0). (C.52)

If we assume that dp = 0 and vary only within a cohomology class §p = db, we find that
the extrema of the Hitchin functional are given by

SH(5p) = / (db,0,p) = / bddp) =0 =  dd,p=0. (C.53)
M M
Hence the functional extremises on torsion-free Go x Go structures.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] E. Witten, Mirror manifolds and topological field theory, in AMS/IP Studies in Advanced
Mathematics 9, American Mathematical Society, Providence RI U.S.A. (1998), pp. 121-160
[hep-th/9112056] [INSPIRE].

[2] R. Dijkgraaf, S. Gukov, A. Neitzke and C. Vafa, Topological M-theory as unification of form
theories of gravity, Adv. Theor. Math. Phys. 9 (2005) 603 [hep-th/0411073] [INSPIRE].

[3] A.A. Gerasimov and S.L. Shatashvili, Towards integrability of topological strings. I.
Three-forms on Calabi-Yau manifolds, JHEP 11 (2004) 074 [hep-th/0409238] InSPIRE].

[4] N. Nekrasov, A la recherche de la M-theorie perdue Z theory: Chasing M/F-theory, in
proceedings of the Annual International Conference on Strings, Theory and Applications,
Paris, France, 28 June-2 July 2004, hep-th/0412021 [INSPIRE].

E. Witten, Topological Sigma Models, Commun. Math. Phys. 118 (1988) 411 [inSPIRE].

E. Witten, Topological Quantum Field Theory, Commun. Math. Phys. 117 (1988) 353
[INSPIRE].

= o

— 70 —


https://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/hep-th/9112056
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9112056
https://doi.org/10.4310/ATMP.2005.v9.n4.a5
https://arxiv.org/abs/hep-th/0411073
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0411073
https://doi.org/10.1088/1126-6708/2004/11/074
https://arxiv.org/abs/hep-th/0409238
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0409238
https://arxiv.org/abs/hep-th/0412021
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0412021
https://doi.org/10.1007/BF01466725
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C118%2C411%22
https://doi.org/10.1007/BF01223371
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C117%2C353%22

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[24]

M. Bershadsky, S. Cecotti, H. Ooguri and C. Vafa, Kodaira-Spencer theory of gravity and
exact results for quantum string amplitudes, Commun. Math. Phys. 165 (1994) 311
[hep-th/9309140] [INSPIRE].

N.J. Hitchin, The Geometry of Three-Forms in Siz Dimensions, J. Diff. Geom. 55 (2000)
547 [math/0010054] [NSPIRE].

V. Pestun and E. Witten, The Hitchin functionals and the topological B-model at one loop,
Lett. Math. Phys. 74 (2005) 21 [hep-th/0503083] [INSPIRE].

S.L. Shatashvili and C. Vafa, Superstrings and manifold of exceptional holonomy, Selecta
Math. 1 (1995) 347 [hep-th/9407025] [INSPIRE].

J. de Boer, A. Naqvi and A. Shomer, The Topological Go string, Adv. Theor. Math. Phys.
12 (2008) 243 [hep-th/0506211] [INSPIRE].

P.A. Grassi and P. Vanhove, Topological M-theory from pure spinor formalism, Adv. Theor.
Math. Phys. 9 (2005) 285 [hep-th/0411167] [INSPIRE].

L. Anguelova, P. de Medeiros and A. Sinkovics, On topological F-theory, JHEP 05 (2005)
021 [hep-th/0412120] [INSPIRE].

J. de Boer, P. de Medeiros, S. El-Showk and A. Sinkovics, Go Hitchin functionals at one
loop, Class. Quant. Grav. 25 (2008) 075006 [arXiv:0706.3119] [INSPIRE].

A. Kapustin and Y. Li, Topological sigma-models with H-flux and twisted generalized
complex manifolds, Adv. Theor. Math. Phys. 11 (2007) 269 [hep-th/0407249] [INSPIRE].

E. Witten, On the Structure of the Topological Phase of Two-dimensional Gravity, Nucl.
Phys. B 340 (1990) 281 [NSPIRE].

J. de Boer, P. de Medeiros, S. El-Showk and A. Sinkovics, Open Gy strings, JHEP 02
(2008) 012 [hep-th/0611080] [INSPIRE].

W. Lerche, C. Vafa and N.P. Warner, Chiral Rings in N = 2 Superconformal Theories,
Nucl. Phys. B 324 (1989) 427 [INSPIRE].

P. Candelas, X.C. De La Ossa, P.S. Green and L. Parkes, A Pair of Calabi-Yau manifolds

as an exactly soluble superconformal theory, in AMS/IP Studies in Advanced Mathematics

9, American Mathematical Society, Providence RI U.S.A. (1998), pp. 31-95 [Nucl. Phys. B
359 (1991) 21] [nSPIRE].

P.S. Aspinwall and D.R. Morrison, Topological field theory and rational curves, Commun.
Math. Phys. 151 (1993) 245 [hep-th/9110048] [INSPIRE].

M. Gromov, Pseudo holomorphic curves in symplectic manifolds, Invent. Math. 82 (1985)
307.

M. Vonk, A Mini-course on topological strings, hep-th/0504147 [INSPIRE].

S. Cecotti and C. Vafa, Ising model and N = 2 supersymmetric theories, Commun. Math.
Phys. 157 (1993) 139 [hep-th/9209085] [INSPIRE].

M. Bershadsky, S. Cecotti, H. Ooguri and C. Vafa, Holomorphic anomalies in topological
field theories, in AMS/IP Studies in Advanced Mathematics 1, American Mathematical
Society, Providence RI U.S.A. (1996), pp. 655-682 [Nucl. Phys. B 405 (1993) 279]
[hep-th/9302103] [INSPIRE].

D.B. Ray and L.M. Singer, Analytic torsion for complex manifolds, Annals Math. 98 (1973)
154 [INSPIRE].

71—


https://doi.org/10.1007/BF02099774
https://arxiv.org/abs/hep-th/9309140
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9309140
https://arxiv.org/abs/math/0010054
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0010054
https://doi.org/10.1007/s11005-005-0007-9
https://arxiv.org/abs/hep-th/0503083
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0503083
https://doi.org/10.1007/BF01671569
https://doi.org/10.1007/BF01671569
https://arxiv.org/abs/hep-th/9407025
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9407025
https://doi.org/10.4310/ATMP.2008.v12.n2.a2
https://doi.org/10.4310/ATMP.2008.v12.n2.a2
https://arxiv.org/abs/hep-th/0506211
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0506211
https://doi.org/10.4310/ATMP.2005.v9.n2.a3
https://doi.org/10.4310/ATMP.2005.v9.n2.a3
https://arxiv.org/abs/hep-th/0411167
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0411167
https://doi.org/10.1088/1126-6708/2005/05/021
https://doi.org/10.1088/1126-6708/2005/05/021
https://arxiv.org/abs/hep-th/0412120
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0412120
https://doi.org/10.1088/0264-9381/25/7/075006
https://arxiv.org/abs/0706.3119
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0706.3119
https://doi.org/10.4310/ATMP.2007.v11.n2.a3
https://arxiv.org/abs/hep-th/0407249
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0407249
https://doi.org/10.1016/0550-3213(90)90449-N
https://doi.org/10.1016/0550-3213(90)90449-N
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB340%2C281%22
https://doi.org/10.1088/1126-6708/2008/02/012
https://doi.org/10.1088/1126-6708/2008/02/012
https://arxiv.org/abs/hep-th/0611080
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0611080
https://doi.org/10.1016/0550-3213(89)90474-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB324%2C427%22
https://doi.org/10.1016/0550-3213(91)90292-6
https://doi.org/10.1016/0550-3213(91)90292-6
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB359%2C21%22
https://doi.org/10.1007/BF02096768
https://doi.org/10.1007/BF02096768
https://arxiv.org/abs/hep-th/9110048
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9110048
https://doi.org/10.1007/BF01388806
https://doi.org/10.1007/BF01388806
https://arxiv.org/abs/hep-th/0504147
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0504147
https://doi.org/10.1007/BF02098023
https://doi.org/10.1007/BF02098023
https://arxiv.org/abs/hep-th/9209085
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9209085
https://doi.org/10.1016/0550-3213(93)90548-4
https://arxiv.org/abs/hep-th/9302103
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9302103
https://doi.org/10.2307/1970909
https://doi.org/10.2307/1970909
https://inspirehep.net/search?p=find+J%20%22Annals%20Math.%2C98%2C154%22

[26]
[27]

[28]

[37]
[38]

[39]

[44]

[45]

[46]

J. Cheeger, Analytic torsion and reidemeister torsion, Proc. Nat. Acad. Sci. T4 (1977) 2651.

N.J. Hitchin, Generalized Calabi-Yau manifolds, Quart. J. Math. 54 (2003) 281
[math/0209099] [INSPIRE].

J.M. Figueroa-O’Farrill, A Note on the extended superconformal algebras associated with
manifolds of exceptional holonomy, Phys. Lett. B 392 (1997) 77 [hep-th/9609113|
[INSPIRE].

R. Reyes Carrion, A generalization of the notion of instanton, Differ. Geom. Appl. 8 (1998)
1 [INSPIRE].

M.-A. Fiset and M.R. Gaberdiel, Deformed Shatashvili-Vafa algebra for superstrings on
AdSs x M+, JHEP 05 (2021) 156 [arXiv:2101.10327] NSPIRE].

N. Benjamin, S.M. Harrison, S. Kachru, N.M. Paquette and D. Whalen, On the elliptic
genera of manifolds of Spin(7) holonomy, Ann. Henri Poincaré 17 (2016) 2663
[arXiv:1412.2804] INSPIRE].

A.P. Braun, S. Majumder and A. Otto, On Mirror Maps for Manifolds of Exceptional
Holonomy, JHEP 10 (2019) 204 [arXiv:1905.01474] [INSPIRE].

M.-A. Fiset, SW(3,2) subsymmetry in Ga, Spin(7) and N'=2 CFTs, JHEP 07 (2020) 198
[arXiv:2001.10539] [INSPIRE].

M.-A. Fiset and M. Galdeano, Superconformal algebras for generalized Spin(7) and G
connected sums, JHEP 10 (2021) 137 [arXiv:2104.05716] [INSPIRE].

R. Heluani, Recent advances and open questions on the susy structure of the chiral de Rham
complez, J. Phys. A 50 (2017) 423002.

M. Fernandez and A. Gray, Riemannian manifolds with structure group Ga, Ann. Mat. Pur.
Appl. 132 (1982) 19.

R.L. Bryant, Metrics with exceptional holonomy, Ann. Math. 126 (1987) 525.

M. Fernandez and L. Ugarte, Dolbeault cohomology for Go-manifolds, Geom. Dedicata 70
(1998) 57.

S. Salamon, Riemannian geometry and holonomy groups, Longman Scientific and Technical,
Harlow U.K. (1989) [Acta Appl. Math. 20 (1990) 309].

R.L. Bryant, Some remarks on Ga-structures, math/0305124 INSPIRE].

D.D. Joyce, Compact manifolds with special holonomy, in Oxford Mathematical
Monographs, Oxford University Press, Oxford U.K. (2000).

S. Karigiannis, Flows of Spin(7)-structures, arXiv:0709.4594.

M. Gualtieri, Generalized complex geometry, Ph.D. Thesis, Oxford University, Oxford U.K.
(2003) [math/0401221] INSPIRE].

R. Zucchini, A Sigma model field theoretic realization of Hitchin’s generalized complex
geometry, JHEP 11 (2004) 045 [hep-th/0409181] [INSPIRE].

V. Pestun, Topological strings in generalized complex space, Adv. Theor. Math. Phys. 11
(2007) 399 [hep-th/0603145] [INSPIRE].

A. Coimbra, C. Strickland-Constable and D. Waldram, Supergravity as Generalised
Geometry I: Type II Theories, JHEP 11 (2011) 091 [arXiv:1107.1733] [InSPIRE].

79 -


https://doi.org/10.1073/pnas.74.7.2651
https://doi.org/10.1093/qjmath/54.3.281
https://arxiv.org/abs/math/0209099
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0209099
https://doi.org/10.1016/S0370-2693(96)01506-7
https://arxiv.org/abs/hep-th/9609113
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9609113
https://doi.org/10.1016/S0926-2245(97)00013-2
https://doi.org/10.1016/S0926-2245(97)00013-2
https://inspirehep.net/search?p=find+J%20%22Differ.Geom.Appl.%2C8%2C1%22
https://doi.org/10.1007/JHEP05(2021)156
https://arxiv.org/abs/2101.10327
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.10327
https://doi.org/10.1007/s00023-015-0454-5
https://arxiv.org/abs/1412.2804
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.2804
https://doi.org/10.1007/JHEP10(2019)204
https://arxiv.org/abs/1905.01474
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.01474
https://doi.org/10.1007/JHEP07(2020)198
https://arxiv.org/abs/2001.10539
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.10539
https://doi.org/10.1007/JHEP10(2021)137
https://arxiv.org/abs/2104.05716
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.05716
https://doi.org/10.1088/1751-8121/aa8539
https://doi.org/10.1007/BF01760975
https://doi.org/10.1007/BF01760975
https://doi.org/10.2307/1971360
https://doi.org/10.1023/A:1004940807017
https://doi.org/10.1023/A:1004940807017
https://doi.org/10.1007/BF00049573
https://arxiv.org/abs/math/0305124
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0305124
https://arxiv.org/abs/0709.4594
https://arxiv.org/abs/math/0401221
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0401221
https://doi.org/10.1088/1126-6708/2004/11/045
https://arxiv.org/abs/hep-th/0409181
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0409181
https://doi.org/10.4310/ATMP.2007.v11.n3.a3
https://doi.org/10.4310/ATMP.2007.v11.n3.a3
https://arxiv.org/abs/hep-th/0603145
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0603145
https://doi.org/10.1007/JHEP11(2011)091
https://arxiv.org/abs/1107.1733
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.1733

[47) A. Ashmore, C. Strickland-Constable, D. Tennyson and D. Waldram, Generalising G
geometry: involutivity, moment maps and moduli, JHEP 01 (2021) 158
[arXiv:1910.04795] [INSPIRE].

[48] C. Jeschek and F. Witt, Generalised Go-structures and type IIB superstrings, JHEP 03
(2005) 053 [hep-th/0412280] [INSPIRE].

[49] J.P. Gauntlett, D. Martelli, S. Pakis and D. Waldram, G structures and wrapped
NS5-branes, Commun. Math. Phys. 247 (2004) 421 [hep-th/0205050] INSPIRE].

[50] A. Coimbra, C. Strickland-Constable and D. Waldram, Supersymmetric Backgrounds and
Generalised Special Holonomy, Class. Quant. Grav. 33 (2016) 125026 [arXiv:1411.5721]
[INSPIRE].

[51] A. Coimbra and C. Strickland-Constable, Supersymmetric Backgrounds, the Killing
Superalgebra, and Generalised Special Holonomy, JHEP 11 (2016) 063 [arXiv:1606.09304|
[INSPIRE].

[52] T. Friedrich and S. Ivanov, Parallel spinors and connections with skew symmetric torsion in
string theory, Asian J. Math. 6 (2002) 303 [math/0102142] [INSPIRE].

[63] T. Friedrich and S. Ivanov, Killing spinor equations in dimension 7 and geometry of
integrable Go manifolds, J. Geom. Phys. 48 (2003) 1 [math/0112201] InSPIRE].

[54] I.A. Batalin and G.A. Vilkovisky, Gauge Algebra and Quantization, Phys. Lett. B 102
(1981) 27 [INSPIRE].

[65] F. Witt, Generalised Gy manifolds, Commun. Math. Phys. 265 (2006) 275 [math/0411642]
[INSPIRE].

[56] V. Varadarajan, Spin(7)-subgroups of SO(8) and Spin(8), Expo. Math. 19 (2001) 163.

[57] U. Lindstrém, Generalized N = (2,2) supersymmetric nonlinear sigma models, Phys. Lett.
B 587 (2004) 216 [hep-th/0401100] [INSPIRE].

[58] A. Kapustin, Topological strings on noncommutative manifolds, Int. J. Geom. Meth. Mod.
Phys. 1 (2004) 49 [hep-th/0310057] [INSPIRE].

[59] S.J. Gates Jr., C.M. Hull and M. Rocek, Twisted Multiplets and New Supersymmetric
Nonlinear Sigma Models, Nucl. Phys. B 248 (1984) 157 [INSPIRE].

[60] G.R. Cavalcanti, Hodge theory of SKT manifolds, Adv. Math. 374 (2020) 107270
[arXiv:1203.0493] INSPIRE].

[61] C. Strickland-Constable, Classical worldvolumes as generalised geodesics,
arXiv:2102.00555 [INSPIRE].

[62] C.M. Hull, Generalised Geometry for M-theory, JHEP 07 (2007) 079 [hep-th/0701203]
[INSPIRE].

[63] P. Pires Pacheco and D. Waldram, M-theory, exceptional generalised geometry and
superpotentials, JHEP 09 (2008) 123 [arXiv:0804.1362] [INSPIRE].

[64] M. Grafia, J. Louis, A. Sim and D. Waldram, E7(7) formulation of N = 2 backgrounds,
JHEP 07 (2009) 104 [arXiv:0904.2333] [INSPIRE].

[65] A. Coimbra, C. Strickland-Constable and D. Waldram, Eq4) x R* generalised geometry,
connections and M-theory, JHEP 02 (2014) 054 [arXiv:1112.3989] [INSPIRE].

- 73 —


https://doi.org/10.1007/JHEP01(2021)158
https://arxiv.org/abs/1910.04795
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.04795
https://doi.org/10.1088/1126-6708/2005/03/053
https://doi.org/10.1088/1126-6708/2005/03/053
https://arxiv.org/abs/hep-th/0412280
https://inspirehep.net/search?p=find+J%20%22JHEP%2C0503%2C053%22%20and%20year%3D2005
https://doi.org/10.1007/s00220-004-1066-y
https://arxiv.org/abs/hep-th/0205050
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0205050
https://doi.org/10.1088/0264-9381/33/12/125026
https://arxiv.org/abs/1411.5721
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.5721
https://doi.org/10.1007/JHEP11(2016)063
https://arxiv.org/abs/1606.09304
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.09304
https://arxiv.org/abs/math/0102142
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0102142
https://doi.org/10.1016/S0393-0440(03)00005-6
https://arxiv.org/abs/math/0112201
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0112201
https://doi.org/10.1016/0370-2693(81)90205-7
https://doi.org/10.1016/0370-2693(81)90205-7
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB102%2C27%22
https://doi.org/10.1007/s00220-006-0011-7
https://arxiv.org/abs/math/0411642
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0411642
https://doi.org/10.1016/S0723-0869(01)80027-X
https://doi.org/10.1016/j.physletb.2004.03.014
https://doi.org/10.1016/j.physletb.2004.03.014
https://arxiv.org/abs/hep-th/0401100
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0401100
https://doi.org/10.1142/S0219887804000034
https://doi.org/10.1142/S0219887804000034
https://arxiv.org/abs/hep-th/0310057
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0310057
https://doi.org/10.1016/0550-3213(84)90592-3
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB248%2C157%22
https://doi.org/10.1016/j.aim.2020.107270
https://arxiv.org/abs/1203.0493
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.0493
https://arxiv.org/abs/2102.00555
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.00555
https://doi.org/10.1088/1126-6708/2007/07/079
https://arxiv.org/abs/hep-th/0701203
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0701203
https://doi.org/10.1088/1126-6708/2008/09/123
https://arxiv.org/abs/0804.1362
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0804.1362
https://doi.org/10.1088/1126-6708/2009/07/104
https://arxiv.org/abs/0904.2333
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0904.2333
https://doi.org/10.1007/JHEP02(2014)054
https://arxiv.org/abs/1112.3989
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.3989

[66]

[67]

[68]

[69]

[76]

[77]

78]

[79]

[80]

[81]

[82]

[83]

[84]

A. Coimbra, C. Strickland-Constable and D. Waldram, Supergravity as Generalised
Geometry II: Eqqy X R and M-theory, JHEP 03 (2014) 019 [arXiv:1212.1586] [INSPIRE].

A. Ashmore and D. Waldram, Ezceptional Calabi- Yau spaces: the geometry of N = 2
backgrounds with fluz, Fortsch. Phys. 65 (2017) 1600109 [arXiv:1510.00022] [INSPIRE].

A. Ashmore, C. Strickland-Constable, D. Tennyson and D. Waldram, Heterotic backgrounds
via generalised geometry: moment maps and moduli, JHEP 11 (2020) 071
[arXiv:1912.09981] [INSPIRE].

D. Tennyson and D. Waldram, Fzceptional complex structures and the hypermultiplet
moduli of 5d Minkowski compactifications of M-theory, JHEP 08 (2021) 088
[arXiv:2104.09900] [iNSPIRE].

C. Strickland-Constable, Subsectors, Dynkin Diagrams and New Generalised Geometries,
JHEP 08 (2017) 144 [arXiv:1310.4196] [INSPIRE].

A. Coimbra and C. Strickland-Constable, Generalised Structures for N' =1 AdS
Backgrounds, JHEP 11 (2016) 092 [arXiv:1504.02465] [INSPIRE].

A. Ashmore, M. Petrini and D. Waldram, The exceptional generalised geometry of
supersymmetric AdS flux backgrounds, JHEP 12 (2016) 146 [arXiv:1602.02158] [INSPIRE].

A. Coimbra and C. Strickland-Constable, Supersymmetric AdS backgrounds and weak
generalised holonomy, arXiv:1710.04156 [INSPIRE].

A. Coimbra, R. Minasian, H. Triendl and D. Waldram, Generalised geometry for string
corrections, JHEP 11 (2014) 160 [arXiv:1407.7542] [iInSPIRE].

A. Ashmore, X. De La Ossa, R. Minasian, C. Strickland-Constable and E.E. Svanes, Finite
deformations from a heterotic superpotential: holomorphic Chern-Simons and an Lo
algebra, JHEP 10 (2018) 179 [arXiv:1806.08367] INSPIRE].

M. Garcia-Fernandez, Torsion-free generalized connections and Heterotic Supergravity,
Commun. Math. Phys. 332 (2014) 89 [arXiv:1304.4294] [InSPIRE].

M. Garcia-Fernandez, R. Rubio and C. Tipler, Infinitesimal moduli for the Strominger
system and Killing spinors in generalized geometry, Math. Ann. 369 (2017) 539
[arXiv:1503.07562] [INSPIRE].

X. de la Ossa, M. Larfors and E.E. Svanes, The Infinitesimal Moduli Space of Heterotic Gy
Systems, Commun. Math. Phys. 360 (2018) 727 [arXiv:1704.08717] INSPIRE].

A. Clarke, M. Garcia-Fernandez and C. Tipler, T-Dual solutions and infinitesimal moduli of
the Ga-Strominger system, arXiv:2005.09977 [inSPIRE].

X. de la Ossa, M. Larfors and M. Magill, Almost contact structures on manifolds with a Ga
structure, arXiv:2101.12605 [INSPIRE].

G. Papadopoulos and P.K. Townsend, Compactification of D = 11 supergravity on spaces of
exceptional holonomy, Phys. Lett. B 357 (1995) 300 [hep-th/9506150] [iINSPIRE].

B.S. Acharya, Dirichlet Joyce manifolds, discrete torsion and duality, Nucl. Phys. B 492
(1997) 591 [hep-th/9611036] [INSPIRE].

B.S. Acharya, On mirror symmetry for manifolds of exceptional holonomy, Nucl. Phys. B
524 (1998) 269 [hep-th/9707186] [INSPIRE].

A.P. Braun and M. Del Zotto, Mirror Symmetry for Go-Manifolds: Twisted Connected
Sums and Dual Tops, JHEP 05 (2017) 080 [arXiv:1701.05202] [INSPIRE].

— 74—


https://doi.org/10.1007/JHEP03(2014)019
https://arxiv.org/abs/1212.1586
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.1586
https://doi.org/10.1002/prop.201600109
https://arxiv.org/abs/1510.00022
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.00022
https://doi.org/10.1007/JHEP11(2020)071
https://arxiv.org/abs/1912.09981
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.09981
https://doi.org/10.1007/JHEP08(2021)088
https://arxiv.org/abs/2104.09900
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.09900
https://doi.org/10.1007/JHEP08(2017)144
https://arxiv.org/abs/1310.4196
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.4196
https://doi.org/10.1007/JHEP11(2016)092
https://arxiv.org/abs/1504.02465
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.02465
https://doi.org/10.1007/JHEP12(2016)146
https://arxiv.org/abs/1602.02158
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1602.02158
https://arxiv.org/abs/1710.04156
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.04156
https://doi.org/10.1007/JHEP11(2014)160
https://arxiv.org/abs/1407.7542
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.7542
https://doi.org/10.1007/JHEP10(2018)179
https://arxiv.org/abs/1806.08367
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.08367
https://doi.org/10.1007/s00220-014-2143-5
https://arxiv.org/abs/1304.4294
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.4294
https://doi.org/10.1007/s00208-016-1463-5
https://arxiv.org/abs/1503.07562
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.07562
https://doi.org/10.1007/s00220-017-3013-8
https://arxiv.org/abs/1704.08717
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.08717
https://arxiv.org/abs/2005.09977
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.09977
https://arxiv.org/abs/2101.12605
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.12605
https://doi.org/10.1016/0370-2693(95)00929-F
https://arxiv.org/abs/hep-th/9506150
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9506150
https://doi.org/10.1016/S0550-3213(97)00163-6
https://doi.org/10.1016/S0550-3213(97)00163-6
https://arxiv.org/abs/hep-th/9611036
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9611036
https://doi.org/10.1016/S0550-3213(98)00140-0
https://doi.org/10.1016/S0550-3213(98)00140-0
https://arxiv.org/abs/hep-th/9707186
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9707186
https://doi.org/10.1007/JHEP05(2017)080
https://arxiv.org/abs/1701.05202
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.05202

[85]

[86]

[87]

[101]
[102]

[103]

[104]
[105]

L. Borsten, M.J. Duff and S. Nagy, Odd dimensional analogue of the Euler characteristic,
JHEP 12 (2021) 178 [arXiv:2105.13268] [INSPIRE].

K. Becker, M. Becker, D.R. Morrison, H. Ooguri, Y. Oz and Z. Yin, Supersymmetric cycles
in exceptional holonomy manifolds and Calabi-Yau 4 folds, Nucl. Phys. B 480 (1996) 225
[hep-th/9608116] [INSPIRE].

R. Roiban, C. Romelsberger and J. Walcher, Discrete torsion in singular Go-manifolds and
real LG, Adv. Theor. Math. Phys. 6 (2003) 207 [hep-th/0203272] [INSPIRE].

M.R. Gaberdiel and P. Kaste, Generalized discrete torsion and mirror symmetry for Go
manifolds, JHEP 08 (2004) 001 [hep-th/0401125] [iInSPIRE].

H.B. Lawson and M.L. Michelsohn, Spin geometry, Princeton University Press, Princeton
NJ U.S.A. (1998).

M.F. Atiyah, K-theory and reality, Q. J. Math. 17 (1966) 367 [INSPIRE].
M. Karoubi, K-Theory. An Introduction, Springer-Verlag (1978).

S. Cecotti, P. Fendley, K.A. Intriligator and C. Vafa, A New supersymmetric index, Nucl.
Phys. B 386 (1992) 405 [hep-th/9204102] [INSPIRE].

S. Donaldson and E. Segal, Gauge Theory in higher dimensions. II, arXiv:0902.3239
[INSPIRE].

D.D. Joyce, Conjectures on counting associative 3-folds in Go-manifolds,
arXiv:1610.09836 [INSPIRE].

A. Doan and T. Walpuski, On counting associative submanifolds and Seiberg- Witten
monopoles, Pure Appl. Math. Quart. 15 (2019) 1047 [arXiv:1712.08383| [INSPIRE].

A.P. Braun, M. Del Zotto, J. Halverson, M. Larfors, D.R. Morrison and S. Schéifer-Nameki,
Infinitely many M 2-instanton corrections to M-theory on Ga-manifolds, JHEP 09 (2018)
077 [arXiv:1803.02343] [INSPIRE].

B.S. Acharya, A.P. Braun, E.E. Svanes and R. Valandro, Counting associatives in compact
G2 orbifolds, JHEP 03 (2019) 138 [arXiv:1812.04008] [INSPIRE].

M. Aganagic, A. Klemm, M. Marino and C. Vafa, The Topological vertex, Commun. Math.
Phys. 254 (2005) 425 [hep-th/0305132] [INSPIRE].

J.P. Gauntlett, D. Martelli and D. Waldram, Superstrings with intrinsic torsion, Phys. Rev.
D 69 (2004) 086002 [hep-th/0302158] [INSPIRE].

D.B. Ray and I.M. Singer, R Torsion and the Laplacian on Riemannian manifolds, Adv.
Math. 7 (1971) 145 InSPIRE].

Z. Chen, M. Stienon and P. Xu, On Regular Courant Algebroids, arXiv:0909.0319.

D. Roytenberg, Courant algebroids, derived brackets and even symplectic supermanifolds,
math/9910078.

N.J. Hitchin, Lectures on special Lagrangian submanifolds, in AMS/IP Studies in Advanced
Mathematics 23, American Mathematical Society, Providence RI U.S.A. (2001),
pp. 151-182 [math/9907034] [INSPIRE].

M. Gualtieri, Generalized Kihler geometry, arXiv:1007.3485 [INSPIRE].
N.J. Hitchin, Stable forms and special metrics, math/0107101 [INSPIRE].

— 75 —


https://doi.org/10.1007/JHEP12(2021)178
https://arxiv.org/abs/2105.13268
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.13268
https://doi.org/10.1016/S0550-3213(96)00491-9
https://arxiv.org/abs/hep-th/9608116
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9608116
https://doi.org/10.4310/ATMP.2002.v6.n2.a2
https://arxiv.org/abs/hep-th/0203272
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0203272
https://doi.org/10.1088/1126-6708/2004/08/001
https://arxiv.org/abs/hep-th/0401125
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0401125
https://doi.org/10.1093/qmath/17.1.367
https://inspirehep.net/literature/1748013
https://doi.org/10.1016/0550-3213(92)90572-S
https://doi.org/10.1016/0550-3213(92)90572-S
https://arxiv.org/abs/hep-th/9204102
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9204102
https://arxiv.org/abs/0902.3239
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0902.3239
https://arxiv.org/abs/1610.09836
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.09836
https://doi.org/10.4310/PAMQ.2019.v15.n4.a4
https://arxiv.org/abs/1712.08383
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.08383
https://doi.org/10.1007/JHEP09(2018)077
https://doi.org/10.1007/JHEP09(2018)077
https://arxiv.org/abs/1803.02343
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.02343
https://doi.org/10.1007/JHEP03(2019)138
https://arxiv.org/abs/1812.04008
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.04008
https://doi.org/10.1007/s00220-004-1162-z
https://doi.org/10.1007/s00220-004-1162-z
https://arxiv.org/abs/hep-th/0305132
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0305132
https://doi.org/10.1103/PhysRevD.69.086002
https://doi.org/10.1103/PhysRevD.69.086002
https://arxiv.org/abs/hep-th/0302158
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0302158
https://doi.org/10.1016/0001-8708(71)90045-4
https://doi.org/10.1016/0001-8708(71)90045-4
https://inspirehep.net/search?p=find+J%20%22Adv.Math.%2C7%2C145%22
https://arxiv.org/abs/0909.0319
https://arxiv.org/abs/math/9910078
https://arxiv.org/abs/math/9907034
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F9907034
https://arxiv.org/abs/1007.3485
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.3485
https://arxiv.org/abs/math/0107101
https://inspirehep.net/search?p=find+EPRINT%2Bmath%2F0107101

	Introduction
	Review of topological strings
	The A- and B-models
	The G(2) string
	The Spin(7) string

	G-structure complexes for special holonomy manifolds
	A G(2) complex and Hodge theory
	A Spin(7) complex and Hodge theory

	The G(2) x G(2) complex
	Generalised G(2) x G(2) structures
	Torsion-free generalised G(2) x G(2) structures
	The double complex
	Hodge theory
	Kähler identities
	Laplacians


	Relation to the topological G(2) string
	1-loop partition function
	A quadratic target-space action

	The Spin(7) x Spin(7) complex
	Generalised Spin(7) x Spin(7) structures
	The double complex
	Hodge theory
	Kähler identities
	Laplacians


	Relation to the topological Spin(7) string
	Some other examples
	A- and B-models with background H-flux
	Topological strings on K3

	Conclusions and future directions
	Conventions and useful identities
	Conventional geometry
	G(2)
	Spin(7)

	Determinants and partition functions
	zeta-regularised determinants
	Direct calculation of partition function

	Review of O(d,d) x R**(+) generalised geometry
	O(d) x O(d) structures
	Generalised Calabi-Yau
	The generalised Hitchin functional for torsion-free G(2) x G(2) structures


